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ABSTRACT RNA interference (RNAi) screens intended to identify host factors that restrict virus replication may fail if the virus
already counteracts host defense mechanisms. To overcome this limitation, we are investigating the use of viral host range mu-
tants that exhibit impaired replication in nonpermissive cells. A vaccinia virus (VACV) mutant with a deletion of both the C7L
and K1L genes, K1L�C7L�, which abrogates replication in human cells at a step prior to late gene expression, was chosen for this
strategy. We carried out a human genome-wide small interfering RNA (siRNA) screen in HeLa cells infected with a VACV
K1L�C7L� mutant that expresses the green fluorescent protein regulated by a late promoter. This positive-selection screen had
remarkably low background levels and resulted in the identification of a few cellular genes, notably SAMD9 and WDR6, from
approximately 20,000 tested that dramatically enhanced green fluorescent protein expression. Replication of the mutant virus
was enabled by multiple siRNAs to SAMD9 or WDR6. Moreover, SAMD9 and WDR6 clustered regularly interspaced short palin-
dromic repeat (CRISPR)/Cas9 knockout HeLa cell lines were permissive for replication of the K1L�C7L� mutant, in agreement
with the siRNA data. Expression of exogenous SAMD9 or interferon regulatory factor 1 restricted replication of the K1L�C7L�

mutant in the SAMD9�/� cells. Independent interactions of SAMD9 with the K1 and C7 proteins were suggested by immunopre-
cipitation. Knockout of WDR6 did not reduce the levels of SAMD9 and interactions of WDR6 with SAMD9, C7, and K1 proteins
were not detected, suggesting that these restriction factors act independently but possibly in the same innate defense pathway.

IMPORTANCE The coevolution of microbial pathogens with cells has led to an arms race in which the invader and host continu-
ously struggle to gain the advantage. For this reason, traditional siRNA screens may fail to uncover important immune mecha-
nisms if the pathogens have already developed effective responses. However, host-restricted viral mutants have lost one or more
defense genes needed for their replication in nonpermissive cells. By screening human genome libraries of short RNAs that in-
hibit the expression of individual host genes in nonpermissive cells, we identified SAMD9 and WDR6 as major restriction factors
that prevented replication of a vaccinia virus mutant and suggest that host range screening can be generally useful for the inves-
tigation of host-pathogen interactions.
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The coevolution of microbial pathogens with cells has led to an
arms race in which the invader and host continuously struggle

to gain the advantage. In principle, human genome-wide small
interfering RNA (siRNA) screening of infected cells has the poten-
tial to reveal novel immune mechanisms. However, knocking
down expression of a host defense gene may have little effect if the
pathogen has already developed an effective counterresponse.
Theoretically, this limitation could be overcome by using a micro-
bial mutant that has lost the ability to effectively respond to a
specific immune mechanism. Since cells vary in the extent to
which they express innate defenses, such microbial mutants often

exhibit a host range phenotype. Consequently, one strategy would
be to screen siRNA libraries in nonpermissive cells infected with
host range mutants and monitor rescue of infection. An attractive
feature of such a screen is that knocking down mRNA expression
would enable replication of the mutant and therefore elicit a pos-
itive response, which is likely to minimize nonrelevant indirect
effects. The present study demonstrates the power of this ap-
proach using a poxvirus host range mutant.

Poxviruses are large DNA viruses that reproduce in the cyto-
plasm and encode numerous proteins involved in host interac-
tions and replicative functions (1). The best known poxvirus spe-
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cies belong to the orthopoxvirus genus and include variola virus,
the vanquished agent of smallpox; vaccinia virus (VACV), the live
vaccine that eradicated smallpox; monkeypox virus, the cause of a
smallpox-like zoonosis; and cowpox virus, the agent of a zoonosis
causing mainly localized skin lesions. Approximately half of the
200 genes of VACV, the most intensively studied orthopoxvirus,
are conserved in all chordopoxviruses (2) and most of these genes
are essential for replication. The remaining genes are mainly in-
volved in virus-cell interactions, and some determine host range
and virulence (3, 4). Although host range defects may be associ-
ated with loss of a single gene, the loss of both C7L and K1L is
necessary to restrict VACV replication in mammalian cell lines
(5–7). The requirement for both C7L and K1L is intriguing, be-
cause these two complementary genes are unrelated in sequence.
Moreover, a third unrelated gene from cowpox virus that is absent
from VACV is also able to functionally complement the absence of
C7L and K1L genes (6). Without these host range genes, the rep-
lication block is manifested at the level of viral gene expression
(8–12).

One or more homologs of the C7 protein are encoded by most
poxvirus genera, although they are only 20 to 30% identical and
share no recognizable motif (13). Myxoma virus carries genes en-
coding three tandem C7 homologs, but only MO62 could substi-
tute for VACV C7 in overcoming host range restriction (14). Fur-
ther studies indicated that the MO62 protein binds to the host
SAMD9 (sterile alpha motif domain-containing 9) protein and
that MO63, a second myxoma C7 homolog, facilitates the latter
interaction (15). Importantly, knockdown of SAMD9 expression
partially relieved the host range restriction of the MO62 null mu-
tant. However, the VACV C7 protein was reported not to bind
SAMD9 in the context of a myxoma virus infection, leaving open
the cellular antagonist of C7 (13, 15). The K1 protein, which is
encoded by some but not all members of the orthopoxvirus genus,
has no nonpoxvirus homologs and is comprised almost entirely of
ankyrin repeats that are important for function (16–18). K1 has
been reported to inhibit NF-�B activation by preventing I�B�
degradation (19) and to inhibit protein kinase R phosphorylation
(20). A common property of C7 and K1 proteins is their ability to
antagonize antiviral activities induced by type 1 interferon and
interferon-regulated factor 1 (IRF1) (21). Nevertheless, the
K1L�C7L� mutant is unable to replicate in IRF1-negative mouse
embryo fibroblasts, suggesting that the latter is not the primary
restriction factor in mouse cells.

We considered it likely that VACV C7 and K1 target the same
host defense pathway and decided to conduct a human genome-
wide siRNA screen to rescue the replication defect. In this com-
munication, we report our finding that both SAMD9 and WDR6
inhibit replication of the VACV K1L�C7L� mutant specifically.
Inhibition of the K1L�C7L� mutant by SAMD9 has also been
reported by Liu and McFadden (22).

RESULTS
Genes that restrict the VACV K1L�C7L� host range mutant
identified by a human genome-wide siRNA screen. We em-
ployed the VACV mutant vK1L�C7L�/GFP� with a deletion of
the K1L gene and replacement of the C7L gene with an open read-
ing frame (ORF) encoding the green fluorescent protein (GFP)
regulated by a VACV late promoter (7). GFP fluorescence was a
sensitive and appropriate readout, since late genes are not ex-
pressed in nonpermissive cells. The ability of vK1L�C7L�/GFP�

to replicate in African green monkey BS-C-1 cells, but not in hu-
man HeLa cells, is shown by plaque formation in Fig. 1A. To
prepare for the siRNA screen, we calibrated conditions by parallel
infections of permissive BS-C-1 and restrictive HeLa cell lines in a
384-well plate with serial dilution of the mutant virus. GFP-
positive (GFP�) cells were scored using automated fluorescence
microscopy. Even at the highest multiplicity of infection, there
were few GFP� HeLa cells (Fig. 1B). We empirically chose to use a
multiplicity of 0.1 PFU of the mutant virus per cell, which resulted
in the spread of virus to ~50% of the permissive cells after 18 h but
close to zero in the nonpermissive cells (Fig. 1B). These conditions
provided an extremely robust screen capable of detecting even
minute changes in virus replication.

The primary high-throughput screen was performed with the
Silencer Select siRNA library from Ambion, which consists of
three different siRNAs targeting each of 21,566 human genes in
individual wells. A secondary high-throughput siRNA screen was
carried out with the OnTargetPlus genome-wide siRNA library
from Dharmacon, which consists of four pooled siRNAs to each of
17,320 human genes. The complete data sets are provided in Ta-
bles S1.1 to S1.3 and S2 in the supplemental material. The redun-
dant siRNA analysis tool (RSA) was used to minimize the impact
of off-target activities (23). Table 1 shows the 30 RSA top-ranked
siRNA targets. By far, the strongest siRNA hit was to SAMD9,
which increased the number of GFP� cells to 27 to 46% for each of
the three siRNAs in the primary screen (Fig. 1C and Table 1) and
was also the strongest hit in the secondary screen (Table 1). WDR6
and FTSJ1 were ranked number 2 and 3, respectively, by RSA and
were the only other hits in which the GFP-positive cells exceeded
3% for each of the Ambion siRNAs and the pooled siRNAs (Ta-
ble 1). SAMD9, WDR6, FTSJ1, and one lower ranked target,
CDC37, were selected for additional specific testing. None of these
prioritized targets were significant hits in a previous human
genome-wide screen carried out with wild-type vaccinia virus
(24).

Ambion siRNAs targeting the selected genes and control
siRNA were transfected individually into HeLa cells, which were
subsequently infected with 0.01 PFU of vK1L�C7L�/GFP� per
cell and analyzed for GFP fluorescence by flow cytometry. The
siRNAs to WDR6, although less effective than the siRNA to
SAMD9, allowed the host range mutant to spread to about 15% of
the cells (Fig. 2A). While still lower in efficacy, the siRNAs to FTJ1
and CDC37 increased spread above that of the control siRNA with
a P value of �0.01 for the former (Fig. 2A). In the present study,
we focused on SAMD9 and to a lesser extent on WDR6 as major
human cell restriction factors for the K1L�C7L� host range mu-
tant.

SAMD9 knockdown restores the full replication cycle of the
K1L�C7L� mutant. Analyzing GFP expression in a virus spread
assay was a convenient quantitative measure of virus replication.
Nevertheless, we wanted to confirm the role of SAMD9 by con-
ventional methods. HeLa cells were transfected with individual
siRNAs specific for SAMD9 or with a control siRNA and then
infected with 1 PFU of vK1L�C7L�/GFP per cell. After 24 h, the
virus yields were determined by plaque assay in permissive BS-C-1
cells. There was a �150-fold increase in virus production after
SAMD9 knockdown compared to the control (Fig. 2B). Since rep-
lication of the host range mutant is arrested at the stage of viral late
protein synthesis, we also analyzed lysates of infected cells by
Western blotting using antibody to VACV proteins. Between 8
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and 16 h, there was a marked increase in synthesis of the major
viral proteins in cells that had been transfected with each SAMD9
siRNA (Fig. 2C).

Interaction of VACV C7 and K1 with SAMD9. In view of the
evidence that SAMD9 is a major restriction factor for replication
of the K1L�C7L� mutant in HeLa cells, we designed an experi-
ment to determine whether the two proteins interact directly or
indirectly with SAMD9. The parental VACV used to construct
vK1L�C7L�/GFP� was vTF7-3 (25), which carries the gene en-
coding the bacteriophage T7 RNA polymerase regulated by a
VACV early/late promoter and has been used extensively in trans-
fection assays for expression of genes preceded by a T7 promoter.
Accordingly, we constructed plasmids with genes encoding V5
and FLAG epitope-tagged C7 and K1 proteins, respectively, with
T7 promoters. Both proteins were expressed following transfec-
tion of permissive and nonpermissive cells that had been infected
with vK1L�C7L�/GFP� (Fig. 3A). Furthermore, expression of
either protein alone rescued replication of the host range mutant,
demonstrating their biological activity (Fig. 3B). Next, we carried
out binding experiments in HeLa cells infected with vK1L�C7L�/
GFP�. Antibodies to V5 and FLAG were used to capture C7 and

K1, respectively. Western blotting showed that SAMD9 was pulled
down with either viral protein (Fig. 3C).

The above data could be explained by direct or indirect binding
of C7 and K1 proteins to SAMD9. To eliminate the possibility of
another viral protein mediating the association, we expressed C7
and K1 with different epitope tags using a cytomegalovirus
(CMV) promoter in uninfected HeLa cells. SAMD9 was captured
in association with hemagglutinin (HA) epitope-tagged C7 pro-
tein (C7-HA) and myc epitope-tagged K1 protein (K1-myc) and
detected by Western blotting (Fig. 4A). These data eliminated the
possibility that the binding of C7 and K1 to SAMD9 is mediated by
another VACV protein but did not exclude the participation of
another cellular protein.

Assuming that C7 and K1 proteins bind directly to SAMD9,
they could bind to the same or different sites. We carried out an
additional experiment to determine whether binding of SAMD9
to C7 and K1 was enhanced or inhibited by the other. HeLa cells
were infected with vK1L�C7L�/GFP� and transfected with dif-
ferent ratios of the plasmids expressing V5 epitope-tagged C7 pro-
tein (C7-V5) and FLAG epitope-tagged K1 protein (K1-FLAG)
regulated by T7 promoters. There was no obvious difference in the

FIG 1 Rescue of vK1L�C7L�/GFP� by siRNAs. (A) Replication of vK1L�C7L�/GFP� in monkey BS-C-1 cells, but not in human HeLa cells. Cells were infected
with wild-type VACV expressing GFP (vWT) or vK1L�C7L�/GFP� and incubated for 48 h at 37°C with a methylcellulose overlay. The images were taken with
a fluorescence microscope. (B) Effect of virus multiplicity on virus spread. HeLa and BS-C-1 cells were seeded into 384-well plates, and 48 wells of each cell type
were infected with each serial dilution of vK1L�C7L�/GFP�. After 18 h, the cells were fixed with 2% paraformaldehyde. The nuclei were stained with DAPI
(4=,6-diamidino-2-phenylindole) and imaged by automated fluorescence microscopy. GFP-positive cells were scored and plotted against a logarithmic scale of
the multiplicity of infection (MOI). Values are means � standard deviations (error bars). Values that are significantly different (P � 0.0001) as calculated by
two-way ANOVA and Bonferroni test after ANOVA comparing each dilution in permissive versus nonpermissive cells are indicated by an asterisk. Calculations
were made using PRISM by GraphPad. (C) SAMD9 siRNAs restore replication of vK1L�C7L�/GFP� in HeLa cells. Images of the GFP channel (top panels) and
DAPI stain (bottom panels) were taken from the genome-wide siRNA screens. Three separate SAMD9 siRNAs and a control siRNA (siControl) were tested. The
percentages of GFP-positive cells are indicated.
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capture of SAMD9 by C7 in the presence of K1 and vice versa
(Fig. 4B). In addition, there was no evidence for interaction of
C7-V5 with K1-FLAG.

Replication of the K1L�C7L� mutant in SAMD9 knockout
HeLa cells and reversal by expression of exogenous SAMD9 and
IRF1. Our evidence for the major role of SAMD9 in restricting
replication of vK1L�C7L�/GFP� was derived using siRNAs. To
further investigate the host range defect of K1L�C7L� mutants,
clustered regularly interspaced short palindromic repeat
(CRISPR)/Cas9 technology was used to disrupt the SAMD9 ORF
in HeLa cells. Only a trace of SAMD9 was detected by Western
blotting in one of the three clonally derived cell lines tested
(Fig. 5A). Using the latter, the replication of vK1L�C7L�/GFP�

was evident from the significant virus spread (Fig. 5B). Moreover,
transfection of a SAMD9-expressing plasmid into the SAMD9
knockout cells prevented replication of the host range mutant
(Fig. 5B).

IRF1 induces a large number of interferon-stimulated genes
(26) and was shown to inhibit replication of the VACV
K1L�C7L� mutant in permissive human Huh7 cells (21). It was
therefore of interest to see whether expression of IRF1 would in-
hibit replication of K1L�C7L� mutant in SAMD9 knockout cells.
The latter cells were transfected with an IRF1 expression plasmid
and infected with vK1L�C7L�/GFP� or a control virus (iFire)
expressing K1 and C7 proteins as well as GFP and luciferase (not
relevant to this study). GFP expression was drastically reduced in

the transfected cells that were infected with the K1L�C7L� virus
but only modestly reduced in the control virus (Fig. 5C).

Replication of vK1L�C7L�/GFP� in permissive human Huh-
7.5.1 cells. Meng and coworkers (21) had reported that the repli-
cation of the VACV K1L�C7L� mutant was restricted by type 1
interferons in permissive Huh-7 cells. Therefore, we wanted to
determine whether these cells normally expressed SAMD9 and
whether SAMD9 was induced by beta interferon (IFN-�). In con-
trast to HeLa cells, SAMD9 was not detected in Huh7.5.1 cells by
Western blotting (Fig. 6A and B). However, IFN-�, but not IRF1,
increased SAMD9 expression in Huh-7.5.1 cells (Fig. 6A and B).
SAMD9 siRNA partially reduced SAMD9 expression induced by
interferon (Fig. 6A and B) and enhanced vK1L�C7L�/GFP�

spread in interferon-treated Huh-7.5.1 cells (Fig. 6C). Taken to-
gether, these data suggest that insufficient SAMD9 could explain
the permissiveness of Huh-7.5.1 cells in the absence of interferon.

Further analysis of the effect of WDR6 on vK1L�C7L� replica-
tion. WDR6 was the second strongest hit in the genome-wide
screen. In order to confirm the siRNA data, we used CRISPR/Cas9
technology to inactivate the WDR6 gene in HeLa cells. There was
a partial reduction of WDR6 expression in cell line 1 and a more
complete inactivation in cell line 2, suggesting knockout of one
and two alleles, respectively (Fig. 7A). In neither cell line, however,
was a reduction in SAMD9 noted (Fig. 7A). Moreover, SAMD9
retained the ability to interact with C7 and K1 proteins in the
absence of WDR6. Replication of vK1L�C7L� corresponded in-

TABLE 1 Priority hits of primary and secondary human genome-wide siRNA screensa

Gene symbol GeneID

% GFP-positive cells
No. of siRNAs with
�3% GFP� cells

RSA logP
scoreAmbion_1 Ambion_2 Ambion_3 Dharmacon

SAMD9 54809 46.49 34.10 26.98 16.10 4 �12.7
WDR6 11180 10.44 5.31 4.43 4.40 4 �7.6
FTSJ1 24140 5.31 3.77 3.41 6.18 4 �6.7
MAPK14 1432 3.68 3.54 3.22 0.29 3 �6.5
CDC37 11140 7.87 5.03 2.97 1.67 2 �6.3
GNPDA2 132789 5.68 5.15 2.97 0.36 2 �6.3
DPAGT1 1798 7.53 5.71 0.61 0.00 2 �5.6
CRHBP 1393 10.15 3.36 2.38 0.38 2 �5.3
IARS 3376 7.66 3.68 2.19 0.06 2 �5.2
ALPK2 115701 4.72 3.33 2.11 0.48 2 �5.2
SORCS3 22986 12.66 4.87 2.08 NA 2 �5.1
PPP1R11 6992 5.95 3.68 2.04 0.28 2 �5.1
DPAGT1 1798 7.53 5.71 0.61 0.00 2 �4.7
CKAP5 9793 4.80 4.80 0.00 0.00 2 �4.6
CDS1 1040 9.93 4.53 0.76 0.12 2 �4.5
PAQR5 54852 9.48 4.33 1.23 0.28 2 �4.5
PDCL 5082 4.19 4.18 1.64 0.89 2 �4.5
ARPC1A 10552 4.79 3.34 1.61 0.00 2 �4.4
UTP11L 51118 5.66 4.09 0.68 0.56 2 �4.3
PPP3CB 5532 8.97 3.87 0.19 0.39 2 �4.3
PDE4B 5142 6.47 3.84 0.94 0.10 2 �4.1
AMACR 23600 3.97 3.63 0.53 0.35 2 �4.1
AURKB 9212 6.93 3.57 0.20 0.00 2 �4.0
PROCA1 147011 4.07 3.45 0.65 0.16 2 �3.9
PTPN11 5781 3.48 3.26 1.03 0.08 2 �3.9
POLD2 5425 3.41 3.24 0.48 0.03 2 �3.9
KLK7 5650 6.55 3.12 0.60 0.00 2 �3.8
MSTN 2660 12.83 3.02 0.12 0.13 2 �3.7
ABHD4 63874 6.70 3.01 0.33 0.05 2 �2.5
KIF11 3832 5.03 1.63 0.62 6.28 2 �2.5
a The primary screen was performed with three individual siRNAs targeting each gene from the Ambion Silencer Select siRNA library. The secondary screen was performed with
four pooled siRNAs targeting each gene from the Dharmacon OnTargetPlus siRNA library. The genes are ordered according to their RSA logP scores.
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versely to the WDR6 level: WDR6#2 � WDR6#1 � HeLa cells
(Fig. 7B).

DISCUSSION

The present study demonstrates the power of a genome-wide
siRNA screen to unambiguously identify cellular restriction fac-
tors for a virus host range mutant. Of the more than 20,000 human
genes probed, only siRNAs to SAMD9 fully rescued the VACV
K1L�C7L� host range mutant as determined by the facile GFP
spread assay. Moreover, SAMD9 was the strongest hit for each of

FIG 2 Validation of SAMD9 as a major host restriction factor for
vK1L�C7L�/GFP�. (A) Comparison of positive-hit siRNAs. The indicated
siRNAs were individually transfected into HeLa cells in a 24-well format. After
48 h, the cells were infected with 0.01 PFU of vK1L�C7L�/GFP� per cell and
incubated for 18 h. GFP-positive cells were scored by flow cytometry. Data
from three experiments each carried out in triplicate were combined. Values
are means plus standard deviation (error bars). Values that are significantly
different from the siControl value calculated by Bonferroni test after the one-
way ANOVA test using PRISM GraphPad software are indicated by asterisks as
follows: ***, P � 0.001; *, P � 0.05. (B) Replication of vK1L�C7L�/GFP� in
HeLa cells transfected with SAMD9 siRNA. Three different SAMD9 siRNAs
and control siRNA were transfected into HeLa cells in a 24-well format. After
48 h, the cells were infected with 0.01 PFU of vK1L�C7L�/GFP� and incu-
bated for 24 h. Cells were lysed by freezing and thawing, and infectious virus
titers were determined by plaque assay on permissive BS-C-1 cells. Data from
two experiments each carried out in triplicate were combined. Values are
means plus standard deviation (error bars). Values that are significantly dif-
ferent (P � 0.005) from the siControl value calculated by Bonferroni test after
the one-way ANOVA test using PRISM GraphPad software are indicated (**).
(C) Synthesis of viral proteins in HeLa cells transfected with SAMD9 siRNA
and infected with vK1L�C7L�/GFP�. HeLa cells were transfected with control
(siCtr) or three different SAMD9-specific siRNAs for 48 h and then infected
with 3 PFU of vK1L�C7L�/GFP� per cell for the indicated hours postinfection
(HPI). The cells were lysed, and the proteins were resolved by SDS-PAGE and
Western blotting with broadly reactive antibodies to VACV proteins. The elec-
trophoretic positions of molecular mass markers (in kilodaltons) are indicated
to the left of the gel.

FIG 3 C7L and K1L proteins physically interact with SAMD9. (A) Expression
of C7L-V5 and K1L-FLAG following transfection with bacteriophage T7 pro-
moter plasmids. HeLa cells were infected with vK1L�C7L�/GFP�, which ex-
presses the T7 RNA polymerase, and transfected 1 h later with plasmids T7-
C7L-V5 and T7-K1L-FLAG encoding C7L-V5 (two clones) or K1L-FLAG
regulated by T7 promoters, respectively. After 14 h, the cells were lysed, and
their proteins were resolved by SDS-PAGE and Western blotting with antibod-
ies to the V5 and FLAG epitope tags. The positions of molecular mass markers
(M) (in kilodaltons) are indicated to the left of the gel. (B) Rescue of
vK1L�C7L�/GFP� by expression of C7 or K1 protein. HeLa cells were infected
with vK1L�C7L�/GFP� and mock transfected (upper panel) or transfected
with T7-C7L-V5 or T7-K1L-FLAG for 16 h. Cells were imaged by GFP fluo-
rescence microscopy and bright-field microscopy. (C) Association of C7 and
K1 proteins with SAMD9. HeLa cells were infected with vK1L�C7L�/GFP�

and mock transfected (�) or transfected (�) with T7-C7L-V5 or T7-K1L-
FLAG for 16 h. The cells were lysed and incubated with antibodies to the V5 or
FLAG epitope tag and captured with magnetic beads conjugated to protein G.
Input and eluted proteins were resolved by SDS-PAGE following Western
blotting with antibodies to endogenous SAMD9 and to V5 and FLAG tags. The
position of the heavy chain of the antibody is indicated by an asterisk to the
right of the gel. The experiment was repeated three times with similar results.
Abbreviations: IP, immunopurification; �V5, antibody to V5 epitope; �FLAG,
antibody to FLAG epitope.
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three individual siRNAs in the primary screen as well as for a pool
of four siRNAs in the secondary screen. Only two additional gene
targets, namely, WDR6 and FTSJ1, scored highly positive for all
three individual siRNAs in the primary screen as well as the pooled
siRNAs in the secondary screen. Further analyses confirmed that
the siRNAs targeting SAMD9, WDR6, and FTSJ1 significantly en-
hanced spread of the mutant in the order SAMD9 � WDR6 �
FTSJ1. On the basis of these results, we focused primarily on
SAMD9 and to a lesser extent on WDR6. The roles of SAMD9 and
WDR6 in preventing replication of vK1L�C7L� were confirmed
by demonstrating that both SAMD9 and WDR6 CRISPR/Cas9

knockout human cell lines were permissive for replication of the
mutant virus.

Although SAMD9 had been shown to be an antagonist of the
myxoma virus C7 homolog MO62 prior to this study (15), we did
not anticipate that it would also be a major restriction factor for
the VACV K1L�C7L� mutant for the following reason. Although
proteomic studies had identified SAMD9 as a binding partner of
MO62 (15), the C7 protein was reported not to interact with
SAMD9 when expressed by transfection in cells infected with
myxoma virus, leading to the suggestion that C7 might act at an-
other step, possibly in the SAMD9 antiviral pathway (13, 15). Fur-
thermore, replication of the C7L�K1L� mutant is restricted in
mouse cells (14), which do not carry genes that encode SAMD9
(27). Nevertheless, we found that C7 and K1 independently inter-
acted with SAMD9 both in VACV-infected and uninfected cells.
Differences in the experimental protocols likely contributed to the
different conclusions. Interestingly, SAMD9 was not diminished
in WDR6 knockout cells, and thus far, we have not detected an
interaction between WDR6 and SAMD9, C7, or K1. After our
screen was completed, Liu and McFadden (22) also reported that
knocking down SAMD9 rescued a VACV K1L�C7L� mutant in
human cells.

Although the K1L�C7L� VACV mutant is defective in most
human cells, hepatoma Huh-7 cells are an exception (7). The
VACV K1L�C7L� mutant was able to grow in Huh-7.5.1 cells
derived from Huh-7 cells (28) but was inhibited by pretreatment
of the cells with beta interferon. SAMD9 was detected by Western
blotting in Huh-7.5.1 cells only after interferon treatment. Knock-
down of SAMD9 with siRNA in interferon-treated Huh-7.5.1 cells
partially restored replication of the mutant virus, suggesting that
the innate level of SAMD9 in untreated Huh-7.5.1 cells may be too
low to inhibit the VACV K1L�C7L� mutant.

The K1L�C7L� VACV mutant, and the corresponding myx-
oma virus mutant, exhibit impaired viral protein synthesis (8–10,
15). However, relatively little is known about SAMD9 function
(27). In some cells, SAMD9 expression is upregulated by tumor
necrosis factor, type I and II interferons, and IRF1 (26, 28–30),
and mutations have been associated with the severe rare disease
normophosphatemic familial tumoral calcinosis (31). Liu and
McFadden (22) showed that SAMD9 associates with stress gran-
ules induced by sodium arsenate and cytoplasmic granules
formed after infection with myxoma virus MO62 and VACV
K1L�C7L� and VACV E3L� host range mutants. Still less is
known about WDR6 than SAMD9. WDR6 belongs to the WD
repeat protein family, found in all eukaryotes with roles in a vari-
ety of functions, including signal transduction, transcription, and
cellular proliferation (32–34). However, we are unaware of any
known relationship between SAMD9 and WDR6. Poxvirus host
range mutants may provide a handle to determine the cellular
functions of SAMD9 and WDR6. In addition, the successful use of
a poxvirus host range mutant for screening against a human
genome-wide library suggests that this approach should be appli-
cable to other virus families.

MATERIALS AND METHODS
Cells and viruses. BS-C-1 (ATCC CCL-26) and HeLa (ATCC CCL-2)
cells were grown in minimum essential medium with Earle’s salt and
Dulbecco minimum essential medium, respectively, supplemented with
10% fetal bovine serum, 100 U of penicillin, and 100 �g of streptomycin
per ml (Quality Biologicals, Gaithersburg, MD). Huh-7.5.1 cell were

FIG 4 C7L and K1L interact with SAMD9 independently and in the absence
of other viral proteins. (A) HeLa cells were infected with vK1L�C7L�/GFP�

and transfected with 3 �g of T7-C7L-V5 and increasing amounts of T7-K1L-
FLAG or with 3 �g of T7-K1L-FLAG and increasing amounts of T7-C7L-V5.
The amounts of T7-C7L-V5 and T7-K1L-FLAG (in micrograms) are given
above the gels (�, none). After 16 h, the cells were lysed and incubated with
antibodies for the V5 or FLAG epitope tag. Input and proteins captured by
magnetic beads conjugated to protein G were resolved by SDS-PAGE and
Western blotting with antibodies to endogenous SAMD9 and V5 or FLAG
epitope tag. The positions of mass markers (in kilodaltons) are shown to the
left of the gels. The positions of tagged proteins are shown to the right of the
gels. The position of the antibody heavy chain is indicated by an asterisk.
Abbreviations: IP, immunopurification; �V5, antibody to V5 epitope; �FLAG,
antibody to FLAG epitope. (B) Uninfected HeLa cells were transfected with
plasmids that express C7L-HA, K1L-myc, or enhanced GFP (eGFP) regulated
by CMV promoters. After 24 h, the cells were lysed and incubated with anti-
bodies to the HA or myc epitope tag. Input and eluted proteins were analyzed
by SDS-PAGE and Western blotting to detect C7L-HA, K1L-myc, and endog-
enous SAMD9.
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grown in Dulbecco minimum essential medium supplemented with 10%
fetal bovine serum, 10 mM HEPES, and 1� nonessential amino acids.
VACV with deletions of the C7L and K1L ORFs and expressing GFP and
bacteriophage T7 RNA polymerase (7) was a generous gift of Yan Xiang.

Plasmids. The following primers were used for PCR to construct plas-
mids in which K1L, C7L, and SAMD9 were regulated by bacteriophage T7
promoters: C7L forward, TAATACGACTCACTATAGGGAATTGTGAG
CGCTCGCCACATGGGTATACAGCACGAATTCGAC; C7L reverse,
TACGTAGAATCGAGACCGAGGAGAGGGTTAGGGATAGGCTTAC
CATCCATGGACTCATAATCTCTATACGG; K1L forward, TAATACG
ACTCACTATAGGGAATTGTGAGCGCTCGCCACATGGATCTGTCA
CGAATTAATACTTGG; K1L reverse, CTACTTGTCGTCATCGTCTTT
GTAGTCTACGTTTTTCTTTACACAATTGACGTACATG; SAMD9 for-
ward, TAATACGACTCACTATAGGGAATTGTGAGCGCTCGCCACA
TGGCAAAGCAACTTAACCTTCCAG; and SAMD9 reverse, (TTAAGC
GTAATCTGGAACATCGTATGGGTAAACAATTTCAATGTCATAAG
CAAGTGG.

PCR products were cloned into the Zero Blunt PCR cloning vector
(Life Sciences Technologies) and sequenced. CMV-C7L-HA and CMV-
K1L were codon optimized and synthetized by GeneArt, Life Sciences
Technologies.

Antibodies and other reagents. Antibodies specific for human
SAMD9 and epitope tags for V5, myc, HA and FLAG were purchased from
Sigma. IFN-� was purchased from Antigenix America Inc. Silencer Select
predesigned siRNAs were purchased from Ambion (Life Sciences Tech-
nologies).

High-throughput screen. Screening was conducted as previously de-
scribed (24) using the Ambion Silencer Select Human Genome siRNA
Library version 4, which targets ~21,500 genes with the vast majority
consisting of three nonoverlapping and nonpooled siRNAs and the Dhar-
macon On-Target Plus SMARTpool siRNA consisting of four unique
siRNA duplexes per gene in a single well. Image acquisition with a Molec-
ular Devices ImageXpress Micro high-content platform integrated into an
Agilent BioCel robotic system and image processing were previously de-
scribed (24). A number of parameters were calculated using associated
MetaXpress software. These included the percentage of cells positive for
virus and total nuclei. Data were ranked by the percentage of cells positive
for virus. The redundant siRNA analysis tool (RSA) was used to minimize
the impact of off-target activities (23).

Western blot analysis. Proteins of whole-cell lysates were separated in
4 to 12% Novex NuPAGE acrylamide gels with 2-(N-morpholino)
ethanesulfonic acid buffer or 3 to 8% Tris-acetate gels and transferred to
nitrocellulose membranes using the iBlot system (Invitrogen). The mem-
brane was blocked with 5% nonfat milk in Tris-buffered saline and then
incubated for 2 h at room temperature or overnight at 4°C in the same
solution with 0.05% Tween 20 and primary antibodies at appropriate
dilutions. Excess antibodies were removed by washing with Tris-buffered
saline containing Tween 20 followed by phosphate-buffered saline with-
out detergent. IRDye 800- or 700-conjugated secondary antibodies
against mouse and rabbit antibodies were added, and the mixture was
incubated for 1 h at room temperature, washed, and developed using an
Odyssey infrared imager (LI-COR Biosciences, Lincoln, NE). The images
were acquired with Image Studio software (LI-COR Biosciences, Lincoln,
NE) and prepared with Adobe Photoshop.

Immunoprecipitation. Cells from six-well plates were washed with
cold phosphate-buffered saline, scraped off, and lysed in 1% NP-40,

FIG 5 Rescue of vK1L�C7L�/GFP� by inactivation of SAMD9 and inhibi-
tion of replication by IRF1. (A) Generation of SAMD9-deficient cells by
CRISPR/CAS9 technology. HeLa cells were transfected with the CRISPR/Cas9
components as described in Materials and Methods. Colonies were lysed, and
their proteins were resolved by SDS-PAGE and analyzed by Western blotting
to detect endogenous SAMD9 and �-actin as a loading control. Colony 3 was
chosen for further experiments and labeled as SAMD9�/� HeLa cells. (B)
Functional validation of SAMD9�/� HeLa cells. Normal HeLa cells and
SAMD9�/� HeLa cells were infected with 0.01 PFU of vK1L�C7L�/GFP�.
One set of infected SAMD9�/� cells were transfected with T7-SAMD9-HA.
After 18 h, GFP-positive cells were scored by flow cytometry. (Inset) Western
blot demonstrating expression of SAMD9 by T7-SAMD9-HA. Data from two
separate experiments each performed in triplicate were combined. Values are
means plus standard deviations (error bars). The value that was significantly
different (P � 0.001) from the value for the untransfected control, calculated
by Bonferroni test after one-way ANOVA using PRISM GraphPad software is
indicated (***). (C) Overexpression of IRF1 prevents spread of vK1L�C7L�/
GFP� in SAMD9�/� HeLa cells. SAMD9�/� cells were mock transfected or
transfected with plasmid expressing IRF1 regulated by the CMV promoter. At
30 h after transfection, the cells were infected with 0.01 PFU of vK1L�C7L�/

(Continued)

Figure Legend Continued

GFP�. After an additional 18-h incubation, GFP-positive cells were scored by
flow cytometry. (Inset) Western blot showing IRF1 expression. Data from
three separate experiments performed in triplicate were combined. Values are
means plus standard deviations (error bars). The values that were significantly
different calculated by Bonferroni test after one-way ANOVA using PRISM
GraphPad software are indicated by asterisks as follows: ***, P � 0.001 relative
to the value for C7L�K1L�/GFP�; *, P � 0.05 relative to the value for iFire.
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150 mM NaCl, 50 mM Tris-HCl (pH 7), and Complete protease inhibi-
tors (Roche) for 15 min on ice. Lysates were cleared by high-speed cen-
trifugation for 5 min, and portions (10%) of the supernatants were kept as
input controls. The lysates were incubated with 2 �g IgG for 2 h, followed
by 1-h incubation with protein G conjugated to Dynabeads magnetic

beads (Life Sciences Technologies). The beads were washed with lysis
buffer, and the proteins were eluted by boiling in reducing sample buffer.

Generation of knockout cells using CRISPR/Cas9. HeLa cells with an
inactivated SAMD9 gene were generated by using the Edit-R CRISPR-
Cas9 Gene Engineering kit (Dharmacon) according to the manufacturer’s
instructions. Transfections were carried out with Dharmafect Duo trans-
fection reagent (Dharmacon). Targeting sequences were designed using
the web tool CRISPR Design at http://crispr.mit.edu/. After transfection,
cells were treated with puromycin (1 �g/ml) for 48 h. The surviving cells
were plated in the absence of puromycin in 96-well plates with ~1 to 5
cells/well. Colonies were selected according to their ability to support
replication of vC7L�K1L�/GFP.

Statistical analysis. Figures with graphs with error bars show the
means of two or three independent experiments performed in triplicate,
and P values were calculated using one-way analysis of variance (ANOVA)
and multiple test correction using the Bonferroni method. The calcula-
tions were performed in GraphPad PRISM 6.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org/
lookup/suppl/doi:10.1128/mBio.01122-15/-/DCSupplemental.

FIG 6 Interferon induces SAMD9 expression in Huh-7.5.1 cells and inhibits
replication of vK1L�C7L�/GFP�. (A) Induction of SAMD9 in Huh-7.5.1
cells. Huh-7.5.1 and HeLa cells were transfected with control siRNA or
SAMD9 siRNA, and 24 h later, the cells were treated with 200 U/ml of IFN-� or
left untreated. After an additional 24 h, the cells were lysed and analyzed by
Western blotting with antibodies to SAMD9 and �-actin as a loading control.
(B) Quantification of SAMD9. The bands in panel A were quantified using
Image Studio software from LI-COR. The intensities of SAMD9 bands were
normalized to the intensities of the �-actin bands. (C) Inhibition of
vK1L�C7L�/GFP� replication in Huh-7.5.1 cells treated with IFN-� and par-
tial reversal with SAMD9 siRNA. Huh-7.5.1 cells were transfected with control
siRNA or siRNA to SAMD9 for 24 h and then were left untreated or treated
with 200 U/ml of IFN-� for 24 h. After infection with 0.01 PFU of
vK1L�C7L�/GFP� per cell for 18 h, GFP was measured by flow cytometry.
Data from two experiments each performed in triplicate were combined. Val-
ues are means plus standard deviation (error bars). Values that are significantly
different (P � 0.001) calculated as Bonferroni test after one-way ANOVA
using PRISM GraphPad software are indicated (***).

FIG 7 WDR6 is a restriction factor for vK1L�C7L�/GFP�. (A) Generation of
WDR6-depleted cells by CRISPR/Cas9 technology. HeLa cells were transfected
with the CRISPR/Cas9 components as described in Materials and Methods.
Cells from individual colonies 1 and 2 were lysed, and their proteins were
resolved by SDS-PAGE and analyzed by Western blotting to detect endoge-
nous WDR6, SAMD9, and actin. (B) HeLa cells and two WDR6 depleted
colonies were infected with vK1L�C7L�/GFP� (0.01 PFU per cell) and incu-
bated for 18 h. GFP-positive cells were quantified using flow cytometry. Data
from three experiments each performed in triplicate were combined. Values
are means plus standard deviations (error bars). The values that are signifi-
cantly different (P � 0.001) relative to the value for HeLa cells calculated by
Bonferroni test after one-way ANOVA using PRISM GraphPad software are
indicated (***). (C) HeLa cells and cells of two WDR6 depleted colonies were
infected with vK1L�C7L�/GFP� at 3 PFU per cell and mock transfected or
transfected with C7L-V5 or K1L-FLAG regulated by the T7 promoter. Eigh-
teen hours later, the cells were lysed and incubated with antibodies for the V5
or FLAG epitope tag. Input and proteins captured by magnetic beads conju-
gated to protein G were resolved by SDS-PAGE and Western blotting for
endogenous SAMD9 and V5 or FLAG epitope tag.
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