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Viruses and their hosts can reach balanced states of evolution
ensuring mutual survival, which makes it difficult to appreciate
the underlying dynamics. To uncover hidden interactions, virus
mutants that have lost defense genes may be used. Deletion of
the gene that encodes serine protease inhibitor 1 (SPI-1) of rabbit-
pox virus and vaccinia virus, two closely related orthopoxviruses,
prevents their efficient replication in human cells, whereas cer-
tain other mammalian cells remain fully permissive. Our high-
throughput genome-wide siRNA screen identified host factors that
prevent reproduction and spread of the mutant viruses in human
cells. More than 20,000 genes were interrogated with individual
siRNAs and those that prominently increased replication of the SPI-
1 deletion mutant were subjected to a secondary screen. The top
hits based on the combined data—replication factor C3 (RFC3),
FAM111A, and interferon regulatory factor 2 (IRF2)—were con-
firmed by custom assays. The siRNAs to RFC1, RFC2, RFC4, and
RFC5 mRNAs also enhanced spread of the mutant virus, strengthen-
ing the biological significance of the RFC complex as a host restric-
tion factor for poxviruses. Whereas association with proliferating
cell nuclear antigen and participation in processive genome repli-
cation are common features of FAM111A and RFC, IRF2 is a tran-
scriptional regulator. Microarray analysis, quantitative RT-PCR, and
immunoblotting revealed that IRF2 regulated the basal level expres-
sion of FAM111A, suggesting that the enhancing effect of depleting
IRF2 on replication of the SPI-1 mutant was indirect. Thus, the viral
SPI-1 protein and the host IRF2, FAM111A, and RFC complex likely
form an interaction network that influences the ability of poxviruses
to replicate in human cells.
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Prokaryotes and eukaryotes use diverse mechanisms to rec-
ognize and survive virus infections. For example, triggering

the type I IFN response leads to expression of hundreds of
proteins with antiviral effector functions (1). To persist in nature,
viruses evolved a variety of subterfuges to hide from their hosts
or actively counter defense mechanisms. The numerous viral
genes devoted to host interactions provide a living record of the
natural selection that has occurred over millennia. Indeed, such
genes constitute approximately half of the large DNA genomes
of poxviruses (2, 3). In general, the defense genes can be rec-
ognized by their location near the ends of the genome and their
variability compared with the ∼100 genes highly conserved in all
vertebrate poxviruses that are needed for replication and dis-
semination (4). The diversity of defense genes likely reflects their
acquisition at different times during evolution and in different
hosts. Among the members of the orthopoxvirus genus, more
narrow host adaptations have led to the inactivation of many
genes. Thus, cowpox virus retains the full set of orthopoxvirus
defense genes (5) and can replicate in rodents, felines, and hu-
mans, whereas many defense genes are interrupted or truncated
in the viruses that cause smallpox (6) and camelpox (7, 8), which
specifically infect humans and camels, respectively. In addition

to species variation, spontaneous and targeted mutations lead to
host-range restrictions. Because the latter genetic alterations are
well defined, such mutants are ideal for probing the molecular
basis of virus–host interactions, many of which are incompletely
understood.
Large-scale screens in which expression of individual cellular

genes is reduced or prevented are useful for identifying virus–
host interactions. Several such screens have been carried out
with vaccinia virus (VACV), the prototype member of the pox-
virus family, and have identified cell proteins that the virus uses
for entry, uncoating, DNA replication, and assembly (9–13). In
principle, such screens should also identify host antiviral path-
ways. However, inactivation of host antiviral genes may not en-
hance virus replication if the virus already has an adequate
defense. This potential roadblock to discovery could be over-
come by screening mutant viruses that are lacking one or more
defense genes and consequently have lost the ability to replicate
in certain nonpermissive cells (14). An appealing feature of this
approach is that depletion of a relevant mRNA in nonpermissive
cells should enable replication of the mutant virus providing
a positive response. One caveat is that screens with individu-
al siRNAs might fail if redundant antiviral host genes exist.
Nevertheless, this host-range strategy was used successfully to
identify the cellular genes encoding SAMD9 and WDR6; small
interfering RNAs (siRNAs) to mRNA of each gene alleviated
the restriction of a VACVK1L/C7L deletion mutant in human cells
(14). Here we further demonstrate the usefulness of this strategy by
identifying additional human genes with an antiviral function.

Significance

Viruses are important causes of human disease and provide tools
for understanding host immune defense mechanisms. Poxvi-
ruses are good models for probing the immune system because
many replicate well in human cells, some cause severe disease,
and nearly half of the 200 viral genes are devoted to host in-
teractions. The virus/host equilibrium can be perturbed by mu-
tating a viral gene and restored by suppressing the opposing
host genes. To find relevant host genes for one such poxvirus
mutation, we used a high-throughput human genome-wide
RNAi screen and monitored virus spread. Three proteins were
identified: Two participate in processive DNA replication and
another activates transcription of one of the DNA replication
proteins to form a putative antiviral network.
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The serpins are a superfamily of serine protease inhibitors
present in animals and plants that regulate numerous biological
processes. Serine protease inhibitor 1 (SPI-1) is conserved in all
orthopoxviruses and is expressed early in infection as an in-
tracellular, nonglycosylated 40-kDa protein (15–17). In vitro
studies indicate that SPI-1 can inhibit cathepsin G, a serine
protease with chymotrypsin- and trypsin-like activities, although
this is unlikely to be a significant substrate in cultured cells (18).
SPI-1 has a 44% amino acid identity to another VACV protein
called SPI-2, also known as crmA but with a different predicted
active center. SPI-2 inhibits the cysteine protease caspase 1 and
has antiinflammatory properties attributed to blocking IL-1β and
IL-18 (19, 20). A third VACV protein, SPI-3, is more distantly
related and functions as an inhibitor of virus-mediated cell fusion
and virus superinfection (21–23). Deletion of the SPI-1 gene but
not SPI-2 or SPI-3 from VACV or the closely related rabbitpox
virus (RPXV) causes an inability to efficiently propagate in hu-
man A549 and pig kidney 15 cells but not in several tested avian
or monkey cells (24–26). The host-range defect is correlated with
a severe block in formation of infectious virions, some decrease
in postreplicative gene expression, and alterations in nuclear
morphology. Remarkably, passage of a RPXV SPI-1 mutant in
nonpermissive cells led to suppressor mutations that mapped to
viral proteins essential for viral genome replication, even though
the mutant had displayed no obvious defect in DNA synthesis
(27). The functions of those extragenic suppressors suggest that
some cellular proteins may have a subtle involvement in the reg-
ulation of poxvirus DNA synthesis, which occurs in discrete re-
gions of the cytoplasm, called factories. Barrier-to-autointegration
factor is an example of a host DNA-binding protein that inhibits
VACV replication unless inactivated by the poxvirus B1 kinase
(28). No cellular proteins essential for poxvirus DNA replication
have been identified, although DNA ligase 1 can substitute for the
VACV DNA ligase (29) and topoisomerase II is recruited to sites
of viral DNA replication (30).
In the present study, we performed a high-throughput human

genome-wide RNAi screen in which the endpoint was enhanced
spread of a RPXV SPI-1 deletion mutant in human A549 cells. The
primary and secondary screens yielded three strongly positive hits:
interferon regulatory factor 2 (IRF2), family with sequence simi-
larity 111 member A (FAM111A), and replication factor C3
(RFC3), which were confirmed by additional experiments. IRF2 is a
regulatory factor that competitively inhibits IRF1-mediated tran-
scriptional activation of type 1 interferons and activates transcrip-
tion of vascular cell adhesion molecule 1 (31) and H4 histone (32).
FAM111A is a chromatin-associated protein that has homology
with trypsin-like peptidases, interacts with proliferating cell nuclear
antigen (PCNA) at replication sites (33), binds to SV40 large T
antigen, and acts as host restriction factor for SV40 (34). RFC3 is
a component of the five-subunit RFC, which loads PCNA onto
DNA at template primer junctions (35). The finding that two of the
three best hits were DNA replication proteins and one of them is a
predicted serine protease correlated with previous data regard-
ing the properties of SPI-1 and the extragenic suppressors of the
host-range defect. Our discovery that IRF2 is a transcriptional ac-
tivator of FAM111A ties the proteins together into a putative
antiviral network.

Results
Host-Range Restriction of SPI-1 Deletion Mutants Expressing
Enhanced GFP. Previous studies demonstrated that deletion of
the gene encoding SPI-1 from the genome of RPXV or VACV
significantly diminished replication of the mutant viruses in hu-
man cells but did not impair replication in monkey and some
other mammalian and avian cells. To construct a candidate virus
suitable for an RNAi screen and confirm the replication defect,
we replaced the SPI-1 gene of RPXV and VACV with one
encoding GFP under the control of the viral late p11 promoter to

produce RPXV-ΔSPI1-GFP and VACV-ΔSPI1-GFP. As a con-
trol, we also inserted the GFP gene between two ORFs of RPXV
and left the SPI-1 gene intact to produce RPXV-GFP. The pla-
ques formed by the RPXV (Fig. 1A) and VACV (Fig. S1A) SPI-
1 deletion mutants were similar in size to the control viruses in
monkey BS-C-1 cells but much smaller in human A549 cells.
Furthermore, robust viral protein synthesis was detected in BS-C-
1 cells but not in A549 cells following a low multiplicity infection
with RPXV-ΔSPI1-GFP (Fig. 1B) and VACV-ΔSPI1-GFP (Fig.
S1B). However, the host-range effect of the SPI-1 deletion mutant
was consistently greater in RPXV than VACV, apparently be-
cause of the different virus backgrounds. In contrast to a VACV
mutant with a deletion of the gene encoding the E3 dsRNA
binding protein (36), the host-range defects of VACV-ΔSPI1-GFP
(Fig. 1C) and RPXV-ΔSPI1-GFP (Fig. S1C) did not involve
phosphorylation of IRF3, a component of the IFN signaling
pathway or the translation initiation factor eIF2α (Fig. 1D and Fig.
S1C), suggesting involvement of novel restriction factors and
prompting a genome-wide RNAi screen to identify them.

Genome-Wide RNAi Screen with the RPXV SPI-1 Deletion Mutant. The
scheme used for the RNAi screen is depicted in Fig. 2A. A549 cells
were reverse-transfected with the Silencer Select siRNA library
from Ambion, which consists of three different siRNAs for each of

Fig. 1. Host-range restriction of SPI-1 mutants. (A) Plaque formation. BS-C-1
and A549 cells were infected with control RPXV-GFP or SPI-1 deletion mutant
RPXV-ΔSPI1-GFP. Plaques formed in 72 h were detected by immunostaining
with rabbit polyclonal anti-VACV antibody. (B) Immunoblots of viral pro-
teins. Proteins from BS-C-1 and A549 cells infected for 28 h with RPXV-GFP or
RPXV-ΔSPI1-GFP were resolved by polyacrylamide gel electrophoresis,
transferred to a membrane, and probed with polyclonal antibody to VACV
and actin as a loading control. (C) Immunoblot of IRF3. Proteins from
A549 cells that were noninfected (No Inf) or infected with wild-type VACV
strain WR (WR), a VACV E3 deletion mutant (ΔE3L), or VACV-ΔSPI1-GFP
(ΔSPI1-GFP) for 6 or 10 h, as indicated, were analyzed as in B and probed
with antibody to phosphorylated IRF3 (P-IRF3), total IRF3 (T-IRF3), or actin.
(D) Immunoblot of eIF2α. Same as C except that blots were probed with
antibody to phosphorylated eIF2α (P-eIF2α) or total eIF2α protein (eIF2α).
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21,584 human genes in individual wells of a 384-well plate. After
72 h, the cells were infected with RPXV-ΔSPI1-GFP at a low
multiplicity chosen to allow virus spread to ∼50% of the permissive
RK-13 cells by 28 h but only to 1–2% of nonpermissive A549 cells.
Automated microscopy was used to count the number of cells
determined by Hoechst-stained nuclei and the percentage of those
exhibiting GFP fluorescence. Genes were selected for follow-up
based both on the effects observed by siRNAs designed to target
them and based on imperfect, seed-based pairing of other siRNAs
with the 3′UTRs of these genes, as revealed by Haystack analy-
sis (37). As a result, some genes (notably FAM111A and IRF2)
were elevated in priority because of the high statistical signifi-
cance of these seed-based effects. Confirmation of FAM111A and
IRF2 with nonoverlapping siRNAs in the secondary screen dem-
onstrated the effectiveness of this strategy. Indeed, based on the
combined primary and secondary screens the three most signifi-
cant hits were RFC3, FAM111A, and IRF2 (Dataset S1). The
complete dataset for the primary screen and the Haystack analysis
are in Dataset S2.
Images taken directly from the primary screen are shown for

IRF2, FAM111A, and RFC3 (Fig. 2B), which were determined
to be the most significant hits following the secondary screen.
The number of GFP+ cells for IRF2, FAM111A, and RFC3 siRNAs
compared with siRNAs for all other genes from both the primary
and secondary screens are depicted in Fig. 2C. RFC3 exists in a
complex with four other RFC subunits (RFC1, RFC2, RFC4, and
RFC5). The finding that 5 of 6 siRNAs targeting RFC3 and 11 of
12 siRNAs targeting the other four RFC subunits increased GFP
fluorescence above the median assay response (Fig. S2) suggested
that the entire RFC is a host-range factor.

IRF2, FAM111A, and RFC3 Depletions Rescue Replication of RPXV and
VACV SPI-1 Deletion Mutants. In the high-throughput screens we
found that siRNAs to IRF2, FAM111A, or RFC3 enhanced
spread of RPXV-ΔSPI1-GFP based on fluorescent detection of
GFP. The major host-range defect of the RPXV SPI-1 deletion

mutant is a decrease in infectious virus production. We con-
firmed the results of the screen using additional siRNAs to di-
rectly assess infectious virus production and extended the results
to the VACV SPI-1 deletion mutant, as detailed below. De-
pletion of the cognate mRNAs and proteins by siRNAs for IRF2,
FAM111A, and RFC3 were determined by quantitative RT-PCR
(RT-qPCR) (Fig. S3 A–C) and Western blotting (Fig. 3 A–C),
respectively. The siRNAs enhanced production of RPXV-
ΔSPI1-GFP virus by 10- to 30-fold (Fig. 3 D–F) and VACV-
ΔSPI1-GFP virus by two- to fivefold (Fig. 3 G–I), depending on
the siRNA. This difference for the two viruses reflects the
greater restriction of RPXV-ΔSPI1-GFP compared with VACV-
ΔSPI1-GFP in A549 cells, and was the reason we used the
RPXV mutant in the high-throughput screen. We also confirmed
the results by measuring spread of RPXV-ΔSPI1-GFP (Fig. 3 J–L)
and VACV-ΔSPI1-GFP (Fig. 3 M–O) by an immunoblot probed
with antibody to the I3 protein and by measuring viral C11 gene
expression by RT-qPCR (Fig. S3 D–F).

IRF2 Regulates Expression of a Subset of Human Genes Including
FAM111A. Our finding that depletion of three different host
proteins restored replication of the SPI-1 mutants suggested that
they might be acting in a common pathway or network. Although
IRF2 is a negative regulator of IRF1 gene expression (38), there
are reports of activation of some other genes (31, 32, 39).
Therefore, we considered that IRF2 could be acting indirectly to
inhibit SPI-1 deletion mutants by attenuating or inducing ex-
pression of some cellular genes. Because we could not find a
report describing a comprehensive screen of gene regulation by
IRF2, we carried out a microarray analysis of control cells and
cells depleted of IRF2 and parallel analyses in which the cells
were treated with IFN-β and a nontargeting or targeting siRNA
to IRF2. Expression of 57 genes was reduced twofold or more by
siRNA to IRF2, suggesting that IRF2 positively regulates their
basal level of expression (Fig. 4A and Dataset S3). When we
cross-checked the genes affected by IRF2 depletion with the

Fig. 2. Genome-wide siRNA screen. (A) Schematic of
the human genome-wide screen. A549 cells in a 384-
well plate were reverse transfected for 72 h with the
Silencer Select siRNA library from Ambion, infected
with 0.01 PFU per cell of RPXV-ΔSPI1-GFP for 28 h,
fixed, and screened for cells that stained with
Hoechst and exhibited GFP fluorescence. Antiviral
genes were determined by increased number of cells
with GFP fluorescence compared with median.
(B) Images of the siRNA-transfected and virus-infected
cells from the primary screen. NT stands for non-
targeting siRNA. Hoechst stain, blue; GFP, green.
(Magnification: 10×.) (C) The percentages of fluo-
rescent cells from the primary and secondary screens
for individual IRF2, FAM111A, and RFC3 siRNAs (di-
vided by the percentages of fluorescent cells for
negative controls) compared with siRNAs for all other
genes. Color and symbol keys for siRNAs on right.
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significant hits from our RNAi screen, a match to FAM111A but
to no other gene was found. This result suggested that the host-
range role of IRF2 might be activation of FAM111A expression.
Interestingly none of the canonical IFN-stimulated genes (1)
were regulated by IRF2. In Fig. 4A, we also analyzed the genes
modulated by addition of IFN-β with those affected by depletion
of IRF2. Overall, the patterns of gene regulation were very dif-
ferent. However, a subset of the genes regulated by IRF2, which
included FAM111A, was also activated by IFN-β (Fig. 4A and
Dataset S3). Moreover, IFN-β increased expression of FAM111A
even in cells depleted of IRF2.
Immunoblotting confirmed that depletion of IRF2 effectively

depleted FAM111A in A549 cells but not if the cells were pre-
treated with IFN-β (Fig. 4B). Depletion of FAM111A by siRNA
and activation by IFN-β both occurred at the transcriptional level
(Fig. 4C). We also validated the regulation of several other genes
by IRF2 using RT-qPCR, although they were not involved in the
host restriction. Thus, depletion of IRF2 by siRNAs decreased
RNAs encoded by CYP4F11, UBE2L6, CIDEC, and CES1 (Fig.
S4). We also verified that the basal expression of the known IFN
stimulatory genes MX1 and RIG-I was stimulated by IFN-β but
unaffected by depletion of IRF2 (Fig. S4).

Discussion
We chose to investigate the SPI-1 protein because the cognate
gene is intact in all orthopoxviruses and a related gene is present
in the genera of some other chordopoxviruses, suggesting an
important but poorly understood function (24–26). Our pre-
liminary experiments showed that neither IRF3 nor eIF2α
phosphorylation, which can occur as a result of activation of the
IFN pathway, was increased under nonpermissive conditions.
Because a novel pathway might be involved, a genome-wide
RNAi approach was used to discover the identity of the host
genes that restrict replication of the SPI-1 mutants. Because the
molecular basis of the replication defect was unknown, a virus

cell-to-cell spread assay using a recombinant RPXV SPI-1 deletion
mutant expressing GFP was optimized for the high-throughput
gain-of-function screen.
Of the more than 20,000 genes interrogated, the siRNAs

targeted to IRF2, FAM111A, and RFC3 provided the most
notable enhancement of virus spread. As a group, IFN regulatory
factors are involved in antiviral defense but less is known about
IRF2 than others (40). IRF2 is a stable nuclear protein that is
constitutively expressed in many species and cell types. Although
IRF2 and IRF1 bind to the same promoter elements of IFN and
IFN-inducible genes, IRF2 is only a weak activator (39) and
competitively inhibits the strong activation by IRF1 (41). In
IRF2 knockout mice IFN-inducible genes are overexpressed (42)
and type 1 interferons are up-regulated following New Castle
disease virus infection (43). In addition, IRF2 confers some
protection of mice to Venezuelan equine encephalitis virus (44).
Because IRF1 inhibits the replication of diverse viruses and
IRF2 negatively regulates IRF1 functions, one might expect
depletion of IRF2 would restrict poxvirus replication rather than
enhance it, as shown here. To understand the possible role of
IRF2 in mediating restriction of the RPXV SPI-1 mutant,
we compared gene expression in IRF2-depleted and control
A549 cells. Microarray analysis revealed that when IRF2 was
depleted, expression of 57 genes, notably including FAM111A,
was reduced and 21 genes were increased by twofold or more.
Furthermore, immunoblotting and RT-qPCR demonstrated that
IRF2 positively regulated basal expression of FAM111A in
A549 cells. Comparison of gene expression after IRF2 depletion
and after IFN-β addition, indicated distinct though partially
overlapping patterns of gene regulation. Expression of FAM111A
was up-regulated by IFN-β even when IRF2 was depleted. How-
ever, IRF2 itself was not up-regulated by IFN.
The role of IRF2 in establishing a basal level of FAM111A in

A549 cells suggested that IRF2 has an indirect role in restricting
replication of the SPI-1 mutant, whereas FAM111A may have a

Fig. 3. Effects of siRNAs to IRF2, FAM111A and
RFC3 on replication of RPXV and VACV SPI-1 deletion
mutants. (A–C) A549 cells were transfected with
control nontarget (NT) siRNA or nonoverlapping
siRNAs targeted to IRF2, FAM111A, or RFC3, which
are numbered consistently in all panels. After 72 h,
expression of the three proteins was determined by
immunoblotting with specific antibodies to IRF2,
FAM111A, and RFC3. Antibody to actin was used as a
loading control. (D–F) A549 cells were transfected
with control or IRF2, FAM111A, or RFC3 siRNAs for
72 h and infected with RPXV-ΔSPI1-GFP at a multi-
plicity of 0.001 PFU per cell. At 28 h of infection, the
cells were harvested to determine infectious virus
production by plaque assay on permissive BS-C-1
cells. Ratios of virus from cells transfected with spe-
cific siRNAs to control siRNA were plotted as bar
graphs. SEMs from triplicate infections are shown.
(G–I) Same as D–F except that cells were infected with
VACV-ΔSPI1-GFP. (J–L) A549 cells were transfected
with control or IRF2, FAM111A, or RFC3 siRNAs for
72 h and infected with RPXV-ΔSPI1-GFP at a multi-
plicity of 0.001 PFU per cell. At 28 h of infection the
cells were harvested and lysates were analyzed by
immunoblotting with antibody to the VACV
I3 protein or actin. (M–O) Same as J–L except that cells
were infected with VACV-ΔSPI1-GFP.
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more direct role. FAM111A is a chromatin-associated protein
that has a trypsin-like peptidase site and interacts with PCNA at
replication sites (33). Because FAM111A exhibits cell cycle-
dependent expression (45), and as we have shown here is in-
duced by IFN, IRF2 might not be needed for induction under
some conditions. Mutations of FAM111A cause Kenny-Caffey
syndrome (46, 47), hypoparathyriodism, and impaired skeletal
development (48). Interestingly, FAM111A is a host restriction
factor for an SV40 mutant (34). SV40 with C-terminal mutations
of large T antigen is unable to reproduce or provide helper
function to adenovirus in certain African green monkey cells
(49). The defect appears to be in late gene expression and virion

production rather than DNA replication (50, 51). The C-terminal
segment of SV40 large T antigen binds FAM111A and depletion
of FAM111A overcomes the host restriction in nonpermissive
cells (34). Nevertheless, the role of FAM111A in mediating the
host-range restriction of SV40 is uncertain because both permis-
sive and nonpermissive African green monkey cells express
FAM111A that can bind large T antigen. It would be interesting to
determine whether depletion of RFC3 would also overcome the
host-range restriction of SV40 mutants, as occurs with poxvirus
SPI-1 mutants.
RFC3 is a third host-restriction factor for poxvirus SPI-1 mu-

tants found in our RNAi screen. Enhanced virus spread was also
found with siRNAs for the other four subunits of the RFC
complex, strengthening the biological importance of this hit.
RFC loads PCNA onto DNA at template primer junctions by an
ATP-dependent process (35). It seems relevant for their com-
mon host-range function that both FAM111A and RFC interact
physically and functionally with PCNA. PCNA is a ring-like
homotrimer that encircles double-stranded DNA. PCNA medi-
ates the localization of many proteins, including FAM111A and
RFC, to replication sites and organizes proteins involved in
DNA replication, repair, and modification.
The finding that mutations in viral DNA replication proteins,

including the DNA polymerase and primase helicase, suppress
the host-range defect of the RPXV SPI-1 mutant was un-
anticipated because the mutant did not display an obvious defect
in viral DNA replication (27). Nevertheless, that result relates to
our current finding that the cellular DNA replication proteins
FAM111A and RFC are host factors that restrict replication of
the SPI-1 mutant. Thus far, investigations of poxvirus DNA
replication have focused on viral proteins, except to show that
cellular topoisomerase II is recruited by the viral DNA ligase to
sites of viral DNA replication (30) and that cellular DNA ligase
1 can substitute for the viral ligase (29). At this time we can only
suggest a speculative model for the roles of SPI-1, IRF2,
FAM111A, and RFC3 in host restriction of poxviruses that may be
useful for designing further studies (Fig. 5). The first step, tran-
scriptional activation of FAM111A by IRF2, was demonstrated in
this study. The interaction of FAM111A and RFC with PCNA has
been previously shown. We suggest that the putative peptidase
activity of FAM111A activates RFC either directly or indirectly
and that RFC in an unknown way interferes with poxvirus repli-
cation. According to our model, the antiviral network is inter-
rupted when SPI-1 inhibits the peptidase activity of FAM111A or
if there are suppressor mutations of viral DNA replication pro-
teins. In the absence of SPI-1 or suppressors, siRNAs to either
IRF2, FAM111A, or RFC3 interrupt the network. Future studies

Fig. 4. Expression profiling of IRF2-dependent genes. (A) Microarray heat
map. A549 cells were transfected with control (NT) siRNA or IRF2-specific
siRNA for 72 h and treated or not treated with IFN-β for the last 16 h. To-
tal RNA was extracted and fluorescently labeled cDNAs were hybridized to
Illumina HumanHT-12 V4.0 Expression BeadChip. Column 1, ratio of signal
from siIRF2 transfected cells divided by signal from NT siRNA transfected
cells; column 2, ratio of signal from NT siRNA transfected cells treated with
IFNβ divided by signal from NT siRNA transfected cells that were untreated;
column 3, ratio of siIRF2 transfected cells treated with IFNβ to NT siRNA
transfected cells treated with IFN-β. Genes that show a twofold or more
changes in expression with siRNA to IRF2 are listed. Color bars indicate the
degrees of change. (B) Basal level of FAM111A is regulated by IRF2 and IFN-β.
A549 cells were transfected with IRF2 siRNA or control NT siRNA for 72 h and
either treated with IFN-β or left untreated for the last 16 h. FAM111A, IRF2,
and actin were analyzed by immunoblotting with specific antibodies.
(C) Regulation of FAM111A by IRF2 and IFNβ occurs at transcriptional level.
Transfections, infections and IFN-β treatment were as in B. The relative
amounts of FAM111A mRNA were determined by RT-qPCR. Fold-changes
were normalized to NT siRNA of IFN-β untreated sample. P values are less
than 0.05 in t test for depletion of FAM111A compared with NT (without
INF-β) and with each of other conditions in one-way ANOVA.

Fig. 5. Model of SPI-1 host-range restriction. During infection with an SPI-1
mutant: (i) IRF2 transcriptionally activates the basal expression of FAM111A;
(ii) the putative peptidase activity of FAM111A activates RFC directly or in-
directly while both are associated with PCNA; (iii) RFC interferes with virus
replication in a yet to be determined way. The antiviral network can be
interrupted by SPI-1 inactivation of the FAM111A peptidase during infection
by wild-type virus or by extragenic suppressor mutations during infection
with a SPI-1 mutant.
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aimed at identifying the target of SPI-1, the substrate of
FAM111A peptidase and viral and cellular proteins associated
with the DNA of wild-type and mutant poxviruses should
prove enlightening.

Materials and Methods
The primary genome-wide siRNA screen was conducted using the Ambion
Silencer Select Human Genome siRNA Library v4, which consists of three
unique, nonoverlapping, nonpooled siRNAs for ∼21,584 gene targets. The
secondary screen was conducted using three independent siRNAs from
the Ambion Silencer library. The siRNAs were reverse transfected using the

Lipofectamine RNAiMAX Transfection Reagent. The wells were seeded with
A549 cells and after 72 h were infected with 0.01 PFU of RPXV-ΔSPI1-GFP and
incubated for 28 h. After fixation and Hoechst staining the plates were imaged
with Molecular Devices ImageXpress Micro XL High-Content Screening System
and the percent of GFP+ cells in each well was determined. Additional in-
formation regarding the screen analysis, custom siRNA assays, and other
methods and reagents is provided in SI Materials and Methods.
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