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RNA degradation is tightly regulated to selectively target aberrant RNAs, including viral RNA, but this regulation
is incompletely understood. Through RNAi screening in Drosophila cells, we identified the 3′-to-5′ RNA exosome
and two components of the exosome cofactor TRAMP (Trf4/5–Air1/2–Mtr4 polyadenylation) complex, dMtr4 and
dZcchc7, as antiviral against a panel of RNA viruses. We extended our studies to human orthologs and found that
the exosome as well as TRAMP components hMTR4 and hZCCHC7 are antiviral. While hMTR4 and hZCCHC7
are normally nuclear, infection by cytoplasmic RNA viruses induces their export, forming a cytoplasmic complex
that specifically recognizes and induces degradation of viral mRNAs. Furthermore, the 3′ untranslated region (UTR)
of bunyaviral mRNA is sufficient to confer virus-induced exosomal degradation. Altogether, our results reveal that
signals from viral infection repurpose TRAMP components to a cytoplasmic surveillance rolewhere they selectively
engage viral RNAs for degradation to restrict a broad range of viruses.
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RNA decay is tightly regulated to ensure cellular homeo-
stasis. This requires specific recognition and targeting by
RNA exonucleases (Garneau et al. 2007). The 5′ RNA deg-
radation machinery uses decapping enzymes to remove
the 5′ cap, allowing 5′-to-3′ exonucleases to degrade target
RNA (Hsu and Stevens 1993; Muhlrad et al. 1994). Degra-
dation from the 3′ end is largelymediated by the RNAexo-
some, a highly conservedmultisubunit complex generally
consisting of nine core factors that form a barrel structure
(Schneider and Tollervey 2013). RNAs are inserted into
this barrel and subsequently degraded by the two associat-
ed 3′-to-5′ exonucleases Rrp6 andDis3. Exosomal degrada-
tion has roles in normal RNA biogenesis and turnover as
well as surveillance of aberrant RNAs, including mis-
folded or mismodified tRNAs and mRNAs with defective
polyadenylation (Allmang et al. 1999; Kadaba 2004; Milli-
gan et al. 2005). The exosome has also been implicated in
regulation of RNA regulons, functionally related sets of
mRNAs that are tightly coregulated through common se-

quences in their 3′ untranslated regions (UTRs) (Chen
et al. 2001; Mukherjee et al. 2002; Keene 2007; Singer
et al. 2012; Blackinton and Keene 2014).

Specificity for exosomal degradation is provided by
RNA-binding cofactor complexes anchored by DExD/
H-box helicases that directly associate with the target
RNA and the exosome, inserting these RNAs for decay
(Houseley and Tollervey 2009). The best-characterized co-
factors are the yeast TRAMP (Trf4/5–Air1/2–Mtr4 polya-
denylation) and Ski (Superkiller) complexes, which have
known roles in the nucleus and cytoplasm, respectively
(Brown et al. 2000; LaCava et al. 2005; Vanácová et al.
2005; Wyers et al. 2005). In yeast, the TRAMP complex
facilitates nuclear surveillance of improperly processed
mRNAs, rRNAs, snRNAs, snoRNAs, and tRNAs, while
the Ski complex is involved in mRNA turnover, non-
sense-mediated decay, and nonstop decay (Anderson and
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Parker 1998; Kadaba 2004; Milligan et al. 2005; Wyers
et al. 2005; Houseley et al. 2006). In human cells, the nu-
clear surveillance roles are only beginning to be elucidated
but appear to be further subdivided into two Mtr4-an-
chored complexes: HumanTRAMP is restricted to the nu-
cleolus and engages rRNA precursors, while the NEXT
(nuclear exosome targeting) complex, which is restricted
to the nucleoplasm, binds mRNAs, snRNAs, snoRNAs,
and promoter upstream transcripts (PROMPTs) (Lubas
et al. 2011, 2015; Andersen et al. 2013). The full spectrum
of RNA targets of these cofactor complexes and the exo-
some remains unknown.
Viral RNAs,much like aberrant cellular transcripts, dif-

fer from normal RNAs. These differences can include the
presence of dsRNA structures, 5′ triphosphates, and short
or absent poly-A tails (Barbalat et al. 2011; Moon and
Wilusz 2013). From mammals to arthropods, RNA-bind-
ing proteins can recognize these foreign RNA motifs and
trigger a range of antiviral responses. Diverse helicases
recognize viral RNAs; mammalian RIG-I and MDA5 rec-
ognize 5′ triphosphates and long dsRNAs, respectively, to
induce antiviral transcriptional responses (Hornung et al.
2006; Kato et al. 2006; Pichlmair et al. 2006), and DDX17
recognizes bunyaviral RNA stem–loops to restrict infec-
tion in both Drosophila and human cells (Moy et al.
2014a). Other RNA-binding proteins have been implicat-
ed in the recognition or restriction of viral RNAs, suggest-
ing that there are additional players to be discovered (Guo
et al. 2004; Miyashita et al. 2011; Dong et al. 2016).
Emerging evidence suggests that viral RNAs are tar-

geted for decay. RNASEL, which is induced by interferon
signaling, nonspecifically degrades both viral and cellular
RNA as a step toward cell death (Hassel et al. 1993;
Castelli et al. 1997; Brennan-Laun et al. 2014). In contrast,
recent studies have shown that 5′ exonucleases and de-
capping machinery selectively target flaviviruses and
bunyaviruses, respectively (Hopkins et al. 2013, 2015;
Moon and Wilusz 2013). The 3′-to-5′ RNA exosome and
its associated cofactor complexes have been implicated
in some immune functions but are less understood. Early
work showed that the yeast Ski complex restricts dsRNA
viruses, although the mechanism is not clearly under-
stood (Masison et al. 1995; Anderson and Parker 1998;
Benard et al. 1998). More recently, the human Ski compo-
nent hSKIV2L has been shown to regulate endogenous
RIG-I RNA targets to prevent autoimmunity; however,
it likely does so independently of the canonical Ski com-
plex and the exosome (Eckard et al. 2014). Additionally,
other mammalian antiviral RNA-binding proteins (ZAP,
DDX60, and AID) have been shown to bind the exosome
and, in some cases, depend on the exosome for their anti-
viral function; however, none of these factors has been
shown to induce exosome-mediated degradation of viral
RNAs (Guo et al. 2007; Miyashita et al. 2011; Liang
et al. 2015). Furthermore, no studies have explored poten-
tial roles of the nuclear exosome cofactors in viral
infection.
We performed a series of RNAi screens to identify pre-

viously unknown RNA processing factors that restrict
RNA viruses. First, we screened a library of 177 genes im-

plicated in RNA biology in Drosophila cells (Zhou et al.
2008) against two disparate arthropod-borne RNA viruses
(arboviruses): vesicular stomatitis virus (VSV) and Sindbis
virus (SINV). VSV is a negative sense rhabdovirus that
causes oral and skin lesions in livestock and an influen-
za-like fever in humans (Letchworth et al. 1999). SINV, a
positive sense alphavirus, causes chronic polyarthritic
disease (Kurkela et al. 2005). Second, we mined our previ-
ously published genome-wide RNAi screen against Rift
Valley fever virus (RVFV), a trisegmented negative sense
bunyavirus that causes a febrile illness with 1%–3%mor-
tality in humans as well as abortions and juvenile mortal-
ity in livestock (Bird et al. 2009; Hopkins et al. 2013). The
screens converged on the identification of the two exo-
some-associated exonucleases Rrp6 and Dis3 as antiviral
against all three viruses in insect cells. Since the exonu-
cleases may have functions outside of the RNA exosome
(Schneider et al. 2007; Callahan and Butler 2008; Kiss
and Andrulis 2011), we tested the role of two core exo-
some structural components, Rrp4 and Rrp41, and found
that these also restrict infection. Since the exosome
does not target RNAs directly but uses cofactor complex-
es, we screened orthologs of three major cofactor com-
plexes—Ski, NEXT, and TRAMP—for their roles in viral
infection. These studies revealed that only the TRAMP-
associated helicase dMtr4 [l(2)35Df] and TRAMP-associ-
ated zinc finger RNA-binding protein dZcchc7 (CG9715)
are antiviral in flies. We extended our studies to human
cells, where we found that the broadly antiviral role for
the RNA exosome and TRAMP orthologs hMTR4 and
hZCCHC7 is conserved. Mechanistically, we found that
infection with these cytoplasmic viruses induces the ex-
port of hMTR4 and hZCCHC7,which are nuclear in unin-
fected cells, to the cytoplasm, where they form a complex
with the exosome as well as viral RNAs. Furthermore, we
found that viral RNAs are shortened at the 3′ end and are
stabilized by disruption of the exosome or the RNA-bind-
ing protein hZCCHC7. Additionally, we found that the
RVFVmRNA 3′ UTR confers exosomal regulation. These
findings show that a virus-induced cytoplasmic TRAMP-
like complex specifically targets viral RNAs for exosome-
mediated degradation to attenuate infection.

Results

RNAi screen identifies the RNA exosome as antiviral
in Drosophila cells

We previously identified an antiviral role in Drosophila
for dArs2 and the nuclear cap-binding complex through
RNA silencing (Sabin et al. 2009). We hypothesized that
additional genes involved in RNA metabolism and degra-
dation have antiviral roles against RNA viruses, so we
conducted a targeted RNAi screen against a panel of 177
genes with previously characterized roles in RNA metab-
olism in Drosophila cells, including dArs2 (Zhou et al.
2008). In order to identify broadly antiviral genes, this
gene set was screened against two disparate arthropod-
borne viruses: VSV and SINV. Drosophila DL1 cells
were treated with previously validated dsRNAs targeting
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each gene in the panel, and knockdown was allowed
to proceed for 3 d, after which cells were infected with
GFP-expressing VSV or SINV, and percent infection was
quantified by automated fluorescence microscopy. Each
screen was performed in duplicate, and genes with ro-
bustZ-scores of ≥2 for percent infection in both replicates
(P < 0.001) were considered antiviral hits. Using these
metrics, the positive control dArs2 as well as 25 other
genes were antiviral against both viruses (Supplemental
Table S1). One of these hits, dRrp6, is a catalytic 3′–5′ exo-
nuclease associated with the RNA exosome and the only
member of the RNA exosome in the 177-gene screening
set (Fig. 1A,B). We compared these data with our pub-
lished genome-wide RVFV screen and found that another
exosome-associated exonuclease, dDis3, was a validated
antiviral hit (Hopkins et al. 2013). The identification
of exosome components in multiple screens suggested
a broadly antiviral role, and thus we focused on the exo-
some for further study.

Since these exonucleases can potentially function out-
side of the canonical exosome (Schneider et al. 2007; Call-
ahan and Butler 2008; Kiss and Andrulis 2011), we tested
two core components of the exosome: dRrp4 and dRrp41.
In addition, we validated our screening results using in-

dependent dsRNAs against dRrp6 and dDis3. Knockdown
of dRrp4 and dRrp6 was verified by immunoblot of ec-
topically expressed tagged proteins (Hessle et al. 2009),
as antibodies against the endogenous proteins are not
commercially available (Supplemental Fig. S1A). Deple-
tion of each of these genes had little impact on cell viabil-
ity as measured by cell number (Supplemental Fig. S1B)
but led to significantly increased infection of VSV, SINV,
and RVFV as measured by both immunofluorescence
microscopy (Fig. 1C,D) and RT-qPCR (Fig. 1E). The effect
of the exonucleases dRrp6 and dDis3 on viral RNA was
stronger than that of the structural genes dRrp4 and
dRrp41, suggesting the possibility that the exonucleolytic
activity of the exosome is limiting. Taken together, these
studies suggest that the RNA exosome complex restricts a
broad range of RNA viruses in Drosophila cells.

Orthologs of TRAMP complex components
are antiviral in Drosophila

The exosome is dependent on RNA-binding cofactor
complexes to bring RNA targets to the exosome for
degradation. The best-characterized of these are the
Ski, TRAMP, and NEXT complexes (Lubas et al. 2011;

Figure 1. The RNA exosome is broadly antiviral in
Drosophila cells. A panel of 177 genes with roles in
RNA biology was depleted by RNAi in DL1 cells for
3 d and infected with VSV-GFP (A) (multiplicity of in-
fection [MOI] = 0.1, 24 h) or SINV-GFP (B) (MOI = 2.5,
36 h) and screened by immunofluorescence measur-
ing the percentage of infected cells. Robust Z-scores
are shown for two replicates. These screens identified
the positive control dArs2 (red) and the exosome com-
ponent dRrp6 (green). (C ) DL1 cells were treated with
dsRNAs targeting the indicated genes or negative
control dsRNA targeting β-galactosidase; infected
with VSV-GFP (MOI = 0.1, 24 h), SINV-GFP (MOI =
2.5, 36 h), or RVFV (MOI = 0.1, 30 h); and subse-
quently processed for automated immunofluores-
cence microscopy for GFP or RVFV nucleocapsid
(N). Representative images are shown with quantifi-
cation of the percentage of infected cells. (D) Mean ±
SEM of at least three experiments as shown in B, nor-
malized to control. Mean percent infection in control
cells was 5.40% (VSV), 3.80% (SINV), and 5.62%
(RVFV). (∗) P < 0.05 compared with control by Stu-
dent’s t-test. (E) Cells were infected as above and pro-
cessed for RT-qPCR for VSV N, SINV Nsp1, or
RVFV N compared with the housekeeping gene
Rp49. Mean ± SEM normalized to control is shown.
n≥ 3. (∗) P < 0.05, compared with control by Student’s
t-test.
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Schneider and Tollervey 2013). The Ski complex is cyto-
plasmic and consists of a DExH/D-box helicase (Ski2),
a tetratricopeptide repeat-containing protein (Ski3), and
a WD repeat-containing protein (Ski8), all of which have
Drosophila orthologs (Brown et al. 2000; Orban and Izaur-
ralde 2005). Depletion of the three Ski components
(dSki2/tst, dSki3/CG8777, and dSki8/CG3909) had no sig-
nificant effect on viral infection (Fig. 2B; Supplemental
Fig. S2A)
The TRAMP complex, which is nuclear in yeast and nu-

cleolar in humans, consists of a DExH/D-box helicase,
Mtr4; a poly-A polymerase, Trf4/5 (Trf4-1 is the active
TRAMP polymerase in Drosophila); and a zinc finger
RNA-binding protein, Air1/2 (LaCava et al. 2005; House-
ley and Tollervey 2008; Nakamura et al. 2008; Fasken et
al. 2011; Lubas et al. 2011). The Drosophila ortholog of
Air1/2 is notwell characterized: Previous BLAST searches
with Saccharomyces cerevisiae Air1p and the human Air
ortholog hZCCHC7 found that CG9715 is the closest
Drosophila ortholog, which we refer to here as dZcchc7
(Fasken et al. 2011; Lubas et al. 2011).Mining of our recent
RVFV genome-wide RNAi screen revealed that dZcchc7
was also a validated antiviral gene (Hopkins et al. 2013).

In humans, Mtr4 forms an additional nuclear complex
called the NEXT complex, which is excluded from nucle-
oli (Lubas et al. 2011). This complex is composed of
hMTR4, hZCCHC8 (a zinc finger RNA-binding protein
similar to hZCCHC7), and hRBM7 (an RNA-binding mo-
tif-containing protein) (Guo et al. 2003; Gustafson et al.
2005).
We tested each of the Drosophila TRAMP orthologs

[dMtr4/l(2)35Df, dTrf4-1, and dZcchc7/CG9715] as well
as the NEXT orthologs (dZcchc8/CG4622 and dRbm7/
CG11454) for their roles in antiviral defense. While deple-
tion of the TRAMP component dTrf4-1 or theNEXT com-
ponents dZcchc8 and dRbm7 did not increase infection,
depletion of dMtr4 or dZcchc7 significantly increased
infection of VSV, SINV, and RVFV by both microscopy
(Fig. 2A,B) and RT-qPCR (Fig. 2C). Knockdown of dMtr4
was confirmed by immunoblot of tagged overexpressed
dMtr4 (Supplemental Fig. S2B) and RT-qPCR of endoge-
nous transcripts for the other genes (Supplemental Fig.
S2C). Altogether, this demonstrates that the helicase
(dMtr4) and RNA-binding zinc finger (dZcchc7) TRAMP
orthologs have a role in the control of viral infection in
Drosophila cells.

Figure 2. TRAMP orthologs dMtr4 and dZcchc7 are
antiviral in Drosophila. (A) DL1 cells were treated
with dsRNAs targeting the indicated genes or nega-
tive control dsRNA targeting β-galactosidase; infect-
ed with VSV-GFP (MOI = 0.1, 24 h), SINV-GFP
(MOI = 2.5, 36 h), or RVFV (MOI = 0.1, 30 h); and
subsequently processed for automated immunofluo-
rescencemicroscopy for GFP or RVFVN. Representa-
tive images are shown with quantification of the
percentage of infected cells. (B) Mean ± SEM of at
least three experiments as shown in A, normalized
to control. (∗) P < 0.05, compared with control by Stu-
dent’s t-test. (C ) Cells were infected as above and pro-
cessed for RT-qPCR for VSV N, SINV Nsp1, or RVFV
Ncomparedwith the housekeeping geneRp49.Mean
± SEM normalized to control is shown. n≥ 3. (∗) P <
0.05, compared with control by Student’s t-test. (D)
Adult flies depleted of exosome or TRAMP genes in
the fat body (YP1-Gal4>IR) or controls (YP1-Gal4>+)
were challengedwithRVFV for 6 d and then processed
for Northern blot. A probe that identified the S
segment genome/anti-genome and the N mRNA
was used. The housekeeping gene RpS6 was used
as a loading control. (E) Quantification of RVFV
N mRNA from three or more experiments as shown
in D. Mean ± SEM normalized to control. (∗) P <
0.05, compared with control by Student’s t-test.
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The exosome and TRAMP orthologs restrict RVFV
infection of adult flies

By taking advantage of genome-wide in vivo RNAi trans-
genic libraries, we tested the roles of exosome and
TRAMP genes during infection of adult animals. Because
these genes are essential, in vivoRNAiwas performed in a
nonessential organ, the fat body, which is the primary tar-
get of RVFV infection in adult flies (Moy et al. 2014b). We
expressed inverted repeats targeting dRrp4, dRrp6, dMtr4,
or dZcchc7 in the female fat body (Vidal et al. 2001) and
challenged these flieswithRVFV for 6 d, afterwhich infec-
tion was assessed by Northern blot. We found that de-
pletion of all four genes resulted in a significant increase
in RVFV replication compared with control (Fig. 2D,E).
Flies with exosome components depleted in the fat body
had survival similar to that of control flies, suggesting
that increased viral replication is not due to generalized
frailty (Supplemental Fig. S2D). These data suggest that
the RNA exosome and TRAMP orthologs dMtr4 and
dZcchc7 are antiviral both in cell culture and at the organ-
ismal level.

The antiviral role of the exosome, Mtr4, and Zcchc7
is conserved from flies to humans

The RNA exosome and TRAMP have conserved roles
from yeast to flies to humans (Houseley and Tollervey
2009; Schneider and Tollervey 2013). While some studies
have explored the human RNA exosome, the human
TRAMP components were only recently identified, and
few RNA targets have been characterized (Fasken et al.
2011; Lubas et al. 2011). We tested whether the exosome
andTRAMPgenes hMTR4 and hZCCHC7 also restrict vi-
ral infection in human cells. We depleted the human exo-
some exonucleases hRRP6 and hDIS3, the core exosome
subunits hRRP4 and hRRP41, and the TRAMP compo-
nents hMTR4 and hZCCHC7 using siRNAs in human
osteosarcoma cells (U2OS), which are permissive to infec-
tion by a large number of viruses, including VSV, SINV,
and RVFV (Moy et al. 2014a). Knockdown was confirmed

by immunoblot for genes with a commercial antibody
that we could validate or RT-qPCR for the remaining
genes (Supplemental Fig. S3A,B). Quantification of cell
number revealed only modest effects on cell number un-
der these conditions (Supplemental Fig. S3C). Cells de-
pleted of the exosome, hMTR4, or hZCCHC7 and
infected with VSV, SINV, or RVFV showed increased viral
RNA levels as measured by RT-qPCR (Fig. 3A) and in-
creased viral protein by immunoblot (Fig. 3B–D). Togeth-
er, these data suggest that the RNA exosome and TRAMP
components are antiviral in human cells against diverse
RNA viruses.

MTR4 and ZCCHC7 form a cytoplasmic complex
with the exosome upon viral infection

While the RNA exosome is present in the nucleus and
cytoplasm, the human TRAMP complex is thought to be
exclusively nucleolar (Fasken et al. 2011; Lubas et al.
2011). However, VSV, SINV, andRVFV are all cytoplasmic
RNAviruses that are not thought to transport their RNAs
into the nucleus (Strauss and Strauss 1994; Letchworth
et al. 1999; Moon and Wilusz 2013). Therefore, we hy-
pothesized that if the TRAMP components were directly
targeting viral RNA, they would have to relocalize to the
cytoplasm during infection. We validated an antibody
against hZCCHC7by both immunoblot and immunofluo-
rescence (Supplemental Figs. S3B, S4A). While we validat-
ed an hMTR4 antibody by immunoblot (Supplemental
Fig. S3B), it did not recognize hMTR4 by immunofluores-
cence (data not shown). Next, U2OS cells were either
mock-infected or infected with RVFV or SINV, and
hZCCHC7 localization was monitored. While hZCCHC7
was exclusively nucleolar in uninfected cells, in RVFV- or
SINV-infected cells, hZCCHC7 accumulated in cyto-
plasmic punctae (Fig. 4A–D; monochrome images in
Supplemental Fig. S4B,C). Furthermore, the average num-
ber of cytoplasmic punctae per infected cell was similar
between RVFV and SINV infection (Supplemental Fig.
S4D).

Figure 3. The RNA exosome and TRAMP orthologs
are antiviral in human cells. (A) U2OS cells were trans-
fected with the indicated siRNAs; infected with VSV-
GFP (MOI = 0.05, 14 h), SINV-GFP (MOI = 1, 16 h), or
RVFV (MOI = 0.03, 18 h); and subsequently processed
for RT-qPCR for VSVN, SINVNsp1, or RVFVN com-
pared with the housekeeping gene GAPDH. Mean ±
SEM is shown normalized to control. n≥ 3. (∗) P <
0.05, compared with control by Student’s t-test. (B)
Cells were transfected with the indicated siRNAs, in-
fected with VSV-GFP (MOI = 0.05, 14 h), and then pro-
cessed for GFP immunoblot. A representative blot is
shown. n≥ 3. (C ) Cells were transfected with the indi-
cated siRNAs, infected with SINV-GFP (MOI = 1, 8 h),
and then processed forGFP immunoblot.A representa-
tiveblot is shown.n≥ 3. (D)Cellswere transfectedwith
the indicated siRNAs, infected with RVFV (MOI = 0.3,
18h), and thenprocessed forRVFVGnglycoprotein im-
munoblot. A representative blot is shown. n≥ 3.
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Next, we set out to explore the localization of these
factors using biochemical fractionation. Nuclear and
cytoplasmic lysates were isolated, and the purity of frac-
tionation was established by monitoring the nuclear pro-
tein lamin and the cytoplasmic protein tubulin. As
expected, hMTR4 and hZCCHC7were detected in the nu-
clear but not cytoplasmic fraction of uninfected cells (Fig.
4E). However, upon infection with VSV or SINV, both
hMTR4 and hZCCHC7 accumulated in the cytoplasm.
We also examined localization of the NEXT component
hZCCHC8, since it is similar in structure to hZCCHC7
and also associates with hMTR4 in the nucleus (Lubas
et al. 2011). In contrast to hMTR4 and hZCCHC7,
hZCCHC8 was exclusively nuclear in both uninfected
and infected cells (Fig. 4F; Supplemental Fig. S4E), sug-
gesting that there is specificity in the proteins relocalized
to the cytoplasm.
To determine whether the accumulation of these

TRAMP components in the cytoplasm was due to their
export from the nucleus or increased synthesis, we first
examined whether viral infection altered overall levels

of these proteins and observed no increase upon infection
with VSV, SINV, or RVFV (Fig. 4G). Next, we assessed
whether cytoplasmic accumulationwas dependent on nu-
clear export by testing whether the major nuclear export
protein CRM1, which we found previously to be broadly
antiviral (Yasunaga et al. 2014), was required for virus-in-
duced cytoplasmic accumulation. We validated that
siRNA treatment efficiently depleted CRM1 (Supplemen-
tal Fig. S4F). Next, CRM1-depleted or control cells were
infectedwithRVFV, and the nuclear and cytoplasmic frac-
tions were isolated. As with VSV and SINV, RVFV infec-
tion led to the accumulation of hMTR4 and hZCCHC7
in the cytoplasm (Fig. 4H). Furthermore, this virus-in-
duced increase was lost upon CRM1 depletion. These
data suggest that signals from viral infection induce the
export of these antiviral proteins from the nucleus to the
cytoplasm.
The TRAMP components hMTR4 and hZCCHC7 func-

tion in the nucleolus as a complex with the exosome
(Lubas et al. 2011). We reasoned that in order to target vi-
ral RNAs for exosomal degradation, these proteins must

Figure 4. HumanMTR4 and ZCCHC7 are exported
to the cytoplasm upon viral infection. (A) U2OS cells
were infectedwith RVFV (MOI = 10, 12 h) ormock-in-
fected andprocessed for immunofluorescencemicros-
copy for hZCCHC7 (green), RVFV N (red), and nuclei
(blue). (B) Quantification of the percentage of cells
with cytoplasmic hZCCHC7 punctae in mock- or
RVFV-infected cells in at least three experiments as
in A. Mean ± SEM is shown. (∗) P < 0.05, compared
withmockby Student’s t-test. (C ) U2OScellswere in-
fected with SINV-mKate (MOI = 10, 5 h) or mock-in-
fected and processed for immunofluorescence
microscopy for hZCCHC7 (green), mKate (red), and
nuclei (blue). (D) Quantification of the percentage of
cells with cytoplasmic hZCCHC7 punctae in mock-
or SINV-infected cells in at least three experiments
as in C. Mean ± SEM is shown. (∗) P < 0.05, compared
withmock by Student’s t-test. (E) U2OS cells were in-
fected with SINV-GFP or VSV-GFP (MOI = 10, 8 h),
subjected to nuclear/cytoplasmic fractionation and
immunoblot, andprobed for thenuclear protein lamin
and the cytoplasmic protein tubulin to verify extract
purity alongwith hMTR4andhZCCHC7.A represen-
tativeblot is shown.n≥ 3. (F )U2OScellswereinfected
withRVFV(MOI = 10,12h),SINV-GFP(MOI = 10,8h),
orVSV-GFP (MOI = 10,8h); subjected tonuclear/cyto-
plasmic fractionationand immunoblot; andprobed for
the nuclear protein lamin and the cytoplasmic protein
tubulin to verify extract purity along with hZCCHC7
and hZCCHC8. A representative blot is shown. n≥ 3.
(G) U2OS cells were infected with VSV-GFP (MOI =
10, 8 h), SINV-GFP (MOI = 10, 8 h), or RVFV (MOI =
10, 12h), andwhole-cell lysateswereprocessed for im-
munoblot. A representative image is shown. n = 2. (H)
U2OS cells were transfected with siRNA specific to
CRM1 or control, infected with RVFV (MOI = 10, 12
h), subjected to nuclear/cytoplasmic fractionation
and immunoblot, and probed for the nuclear protein
Lamin and the cytoplasmic protein tubulin to verify
extract purity along with hMTR4 and hZCCHC7. A
representative image is shown. n≥ 3.
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both relocalize and form a complex in the cytoplasm. To
test this hypothesis, we first expressed Flag-tagged
hMTR4 (Lubas et al. 2011) or a vector control and con-
firmed expression by immunoblot (Supplemental Fig.
S5A). Next, transfected cells were infected with RVFV
or mock-infected, and anti-Flag immunoprecipitations
were performed. As expected, hMTR4-Flag immunopre-
cipitated hZCCHC7 and the exosomal protein hRRP6 in
both infected and uninfected cells in whole-cell lysates
(Fig. 5A). In contrast, cytoplasmic hMTR4-Flag precipitat-
ed hZCCHC7 and hRRP6 only in RVFV-infected cells
(Fig. 5B). While the specificity of hZCCHC7 coimmuno-
precipitation during infection can be explained by its
export to the cytoplasm, hRRP6 was coimmunoprecipi-
tated only during infection despite having a cytoplasmic
localization in uninfected cells as well. Coimmunopreci-
pitation of these factors was unchanged upon RNase A
treatment (data not shown), suggesting that these interac-
tions are not RNA-dependent. Taken together, our data
indicate that hZCCHC7 and hMTR4 are exported and
form a complex with the exosome in the cytoplasm
upon viral infection.

ZCCHC7 specifically binds RVFVmRNAand SINVRNA

In yeast, the zinc finger-containing Air proteins are
thought to confer RNA-binding specificity to TRAMP,

which in turn delivers its RNA cargo to the exosome for
degradation (Schmidt et al. 2012). This led us to hypo-
thesize that hZCCHC7, as the human Air ortholog, may
be the specificity factor that binds viral RNAs to target
them to the exosome. To examine this possibility, we
performed RNA immunoprecipitation (RNA-IP) with
hZCCHC7.We transfected Flag-tagged hZCCHC7 (Lubas
et al. 2011) or control vector and verified expression and
cytoplasmic localization of hZCCHC7-Flag during in-
fection by immunoblot (Supplemental Fig. S5A). Next,
transfected cells were infected with RVFV or SINV, cyto-
plasmic fractions were collected (input), and a fraction
was subjected to Flag-immunoprecipitation followed by
RT-qPCR. RNA quantification was normalized to vector
control for both input and Flag immunoprecipitation to
demonstrate that ectopic expression of hZCCHC7 did
not increase the input levels and to remove any signal
from nonspecific RNA binding to beads or the Flag anti-
body.We found that RVFVnucleocapsid (N) and nonstruc-
tural (NSs) mRNAs but not the S segment genome or anti-
genome fromwhich they were transcribed were selective-
ly and significantly bound by hZCCHC7 (Fig. 6A; Supple-
mental Fig. S5B, schematic of RNAs). This selective
binding is not explained by RNA abundance, as Northern
blot analysis revealed that NmRNA levels are lower than
those of S segment genome/anti-genome RNA in both
Drosophila and humans (Fig. 2D;Moy et al. 2014b). An en-
dogenous mRNA, hDCP2 (the levels of which are unaf-
fected by RVFV infection) (Hopkins et al. 2015), was
not significantly bound. Similar results were found for
SINV infection, in which SINV genomic and subgenomic
RNAs (which function as mRNAs) were significantly
bound by hZCCHC7 (Fig. 6B). These data suggest that
hZCCHC7 selectively binds viral mRNAs in the cyto-
plasm during infection.

RVFV mRNA, but not genomic or anti-genomic
RNA, is shortened at the 3′ end

The exosomeprocessively degradesRNA3′ to 5′; however,
RNAs partially degraded by the exosome can leave 3′ trun-
cated degradation intermediates (Eckwahl et al. 2015).
Since we found that hZCCHC7 selectively bound RVFV
mRNA, but not RVFV genomic or anti-genomic RNA,
we hypothesized that the mRNA would be truncated at
the 3′ end. To test this, 3′ rapid amplification of cDNA
ends (RACE)wasperformed, and individualRNAswere se-
quenced. Briefly, RNAwas harvested fromRVFV-infected
cells, and a linker was ligated to the 3′ end of the RNA.
RT–PCR was then performed using a linker-specific re-
verse primer and a virus-specific forward primer targeting
S segment genomic RNA, anti-genomic RNA, or N
mRNA. PCR products were cloned, and individual clones
were sequenced to identify the proportion of full-length
clones. We classified reads as full length or shortened
basedon the full-length sequencesof the genomic segment
as well as the transcription termination site that defines
the 3′ end of the N mRNA, N coding sequence (ORF),
and 3′ UTR (Ikegami et al. 2007). 3′ RACE revealed that
while most sequence reads from genomic and anti-

Figure 5. HumanMTR4 and ZCCHC7 form a cytoplasmic com-
plexwith the exosome upon infection.U2OS cells were transfect-
ed with an hMTR4-Flag expression vector or empty vector and
infected with RVFV (MOI = 10, 12 h) or mock-infected, and then
eitherwhole-cell lysates (A) or cytoplasmic fractions (B) were pro-
cessed for coimmunoprecipitation. Four percent inputwas loaded
for the hMTR4 immunoblot, and 8% input was loaded for other
proteins. Actin was used as a loading control. Representative
blots are shown. n≥ 3.
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genomic S segment RNA clones were full length, the ma-
jority of N mRNA reads were shortened at the 3′ end (Fig.
7A). A variety of truncated N mRNA sequences were
found with both intact and disrupted N coding sequence
(Fig. 7B; Supplemental Tables S2–S4, full sequence align-
ments). This suggests that the viral mRNA, but not geno-
mic or anti-genomic RNA, is subject to 3′ degradation.

RVFV mRNA stability is dependent on the
exosome and ZCCHC7

Bunyaviruses such as RVFV are unique in that mRNA
transcription but not the replication of the genome re-
quires concomitant protein translation (Barr 2007). Cyclo-
heximide, which inhibits translational elongation, can
therefore be used to block newmRNA synthesis, allowing
us to assess the rate of decay of previously transcribed
RVFV mRNA (Hopkins et al. 2013). To determine wheth-
er the stability of RVFV mRNA is exosome- and
hZCCHC7-dependent, we depleted the two exosome exo-
nucleases hRRP6 and hDIS3 or hZCCHC7 by siRNA in
U2OS cells. Cells were infected with RVFV (multiplicity
of infection [MOI] = 1, 12 h) and treated with cyclohexi-
mide for 0, 1, or 2 h, and RNA was processed for RT-
qPCR. As previously observed (Hopkins et al. 2013), we
found that RVFV mRNA significantly decayed after addi-
tion of cycloheximide in control cells (Fig. 7C), but RVFV
genome/anti-genome RNA did not (Supplemental Fig.
S5C). Furthermore, we observed that depletion of
hRRP6/hDIS3 or hZCCHC7 significantly reduced this de-
cay, suggesting that RVFV mRNA is destabilized by the
RNA exosome and hZCCHC7.

The RVFV NSs 3′ UTR is specifically regulated
by the exosome during infection

We set out to determine whether there are specific signals
in the RVFV mRNA that direct exosomal degradation.
Since cellular mRNAs are often targeted to the exosome
through signals at the 3′ end, including hypoadenylation,
3′ extension, and AU-rich elements in the 3′ UTR (Chen
et al. 2001; Milligan et al. 2005; Lubas et al. 2015), we hy-

pothesized that the 3′ UTR of a RVFV mRNA would be
sufficient to render an mRNA susceptible to control by
the exosome. To test this, we used a reporter system in
which the RVFV NSs 3′ UTR is cloned downstream
from a cGFP ORF. Since the mRNAs of RVFV are not pol-
yadenylated, we generated the exact 3′ end by cloning the
mascRNA (MALAT1-associated small cytoplasmic RNA)
sequence downstream from the 3′ UTR, which is pro-
cessed by endogenous RNase P, leaving the mature viral
3′ end (Supplemental Fig. S6A–D; Wilusz et al. 2012).
U2OS cells stably expressing this reporter or a control
reporter with the SV40 polyadenylation signal cloned
downstream from cGFP were transfected with siRNAs
targeting hRRP6 and hDIS3 or control and eithermock-in-
fected or infected with RVFV (MOI = 10, 18 h). Automated
fluorescence microscopy was used to calculate the per-
centage of cells expressing cGFP. We found that while
the NSs 3′ UTR reporter was unaffected by exosome
depletion in uninfected cells, RVFV infection caused a sig-
nificant reduction in reporter signal that was rescued to
uninfected control levels by exosome depletion (Fig. 7D).
In contrast, the SV40 poly-A reporter was unaffected by
either exosome depletion or viral infection. This demon-
strates that, upon viral infection, the exosome specifically
regulates the RVFV 3′ UTR but not a conventional polya-
denylated mRNA.

Discussion

Increasing evidence suggests that the RNA recognition
and decay machinery plays an important role in the con-
trol of viral infection. Through RNAi screening, we found
that the RNA exosome and two components of the exoso-
mal cofactor TRAMP complex were antiviral against
diverse RNA viruses from insects to humans.
Since the TRAMP complex normally binds specific

RNAs for exosome-dependent processing,we hypothesized
that the antiviral TRAMP components would recognize
viral RNAs and recruit the exosome to degrade them.
However, human TRAMP is thought to reside exclusively
in the nucleolus (Fasken et al. 2011; Lubas et al. 2011);

Figure 6. Viral mRNA is bound by
hZCCHC7. (A,B) U2OS cells were trans-
fected with an hZCCHC7-Flag expression
vector or empty vector, infected with
RVFV (A) (MOI = 10, 12 h) or SINV-GFP
(B) (MOI = 10, 8 h), and then fractionated.
Cytoplasmic extracts were collected (in-
put), and a fraction was subjected to Flag
immunoprecipitation and processed for
RT-qPCR. RNA quantification was nor-
malized to vector control input or Flag
immunoprecipitation. Fold change in
hZCCHC7-bound RNA normalized to vec-
tor-bound RNA is presented. hDCP2 was
used as an endogenous mRNA control, as
it is not known to be regulated during
RVFV or SINV infection. Mean ± SEM
shown. (∗) P < 0.05 by Student’s t-test.
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therefore, we testedwhether these antiviral TRAMP com-
ponents translocate upon infection to the cytoplasm,
where the viral RNAs are located. Indeed, we found that
hMTR4 and hZCCHC7 are dependent on the nuclear ex-
port protein CRM1 for their cytoplasmic accumulation
and associate with each other and the exosome in the cy-
toplasm during infection. In contrast, the related NEXT
complex component hZCCHC8 remained exclusively nu-
clear during infection, suggesting that the export of antivi-
ral TRAMP components to the cytoplasm is specific.
Furthermore, immunofluorescence analysis revealed in-
fection-induced hZCCHC7 cytoplasmic punctae. The
RNA exosome and some cofactors have been found previ-
ously in cytoplasmic granules distinct from P bodies or
stress granules (Sheth and Parker 2003; Graham et al.
2006; Lin et al. 2007). These data suggest that hZCCHC7
and hMTR4 accumulate in exosome granules during viral
infection to facilitate the specific degradation of viral
RNA.

The virus-induced translocation of antiviral factors
from the nucleus to the cytoplasm is an emerging theme;
we previously found that two additional RNA-binding
proteins, DDX17 and Drosha, are exported during infec-
tion for their roles in antiviral defense (Moy et al. 2014a;
Shapiro et al. 2014). Furthermore, we found CRM1 to be
broadly antiviral in both Drosophila and human cells
(Yasunaga et al. 2014), suggesting that this is at least in
part related to the requirement for the export of antiviral
RNA-binding proteins. The sensors necessary for export
of these effectors of antiviral defense are not yet well un-
derstood; we hypothesize that detection of virus-specific
signals such as dsRNA by sensors like RIG-I, MDA5, or
PKR may trigger export of hMTR4 and hZCCHC7. In-
deed, PKR sensing of viral RNA has been shown to induce
the formation of antiviral stress granules in the cyto-

plasm, opening the possibility that a similar process
may induce hZCCHC7 granules (Onomoto et al. 2012).

Next, we investigated whether this exported complex
binds viral RNA. We found that RVFV and SINV mRNA
are bound by hZCCHC7, but RVFV genome RNA,
RVFV anti-genome RNA, and an endogenous mRNA are
not. This specificity may be explained at least in part by
accessibility; bunyaviral genome and anti-genome RNAs
are coated by N and as such may not be accessible to cel-
lular degradationmachinery, whilemRNAmust be acces-
sible in order to be translated and thus is vulnerable to
RNases (Kolakofsky and Hacker 1991; Strauss and Strauss
1994). Furthermore, 3′ RACE revealed that while RVFV S
segment genome and anti-genome RNAs were largely full
length, the majority of RVFV N mRNA was shortened at
the 3′ end. Although RVFVNmRNA has been studied us-
ing 3′ RACE, previous studies sequenced only pooled and
size-selected RACE products, which would mask short-
ened ends (Albarino et al. 2007; Lara et al. 2011). This
led us to test whether the exosome impacts the stability
of viral mRNAs. Using cycloheximide to disrupt protein
translation and thus RVFV mRNA transcription (Barr
2007), we found that RVFV mRNA decay is exosome-
and hZCCHC7-dependent and that the genomic RNA is
not subject to this targeting.

This specificity suggests that theremay be signals or se-
quences in the viral mRNAs that direct their decay. In-
deed, the exosome degrades several classes of mRNAs
based on signals in their 3′ UTRs. Therefore, we tested
whether the 3′ UTR of RVFVmRNA confers this specific-
ity and found that the RVFVNSs 3′ UTR directs exosome-
dependent decay only during RVFV infection. This regu-
lated decay of viral mRNAs is reminiscent of other co-
horts of mRNAs, known as RNA regulons, which are
coregulated through signals in their 3′ UTRs such as

Figure 7. The RNA exosome and hZCCHC7 target
viral mRNAs for decay. (A) U2OS cells were infected
with RVFV (MOI = 0.3, 18 h), and 3′ RACE was per-
formed using primers that detect the RVFV small seg-
ment RNAs as indicated. Sequenced reads were
aligned to RVFV, classified as full length or slightly
shortened (<5 nucleotides), and plotted. Pooled data
fromthreebiological replicatesareshown. (B)Piechart
ofNmRNAreads fromA that are full length (blue), en-
code a full-length ORF but truncated 3′ UTR (red), or
encode a truncated ORF are shown (green). (C ) U2OS
cells were transfected with the indicated siRNAs and
infected with RVFV (MOI = 1, 12 h). Infected cells
were treated with 50 µg/mL cycloheximide and pro-
cessed for RT-qPCR at the indicated time points.
Mean ± SEM is shown normalized to hDCP2. n≥ 3.
(∗) P < 0.05, compared with control by Student’s t-
test. (D) U2OS cells stably expressing cGFP reporters
with the indicated 3′ UTRswere transfectedwith siR-
NAs targeting hRRP6 and hDIS3 or control and either
uninfected or infected with RVFV (MOI = 10, 18 h).
Cells were subsequently processed for automated im-
munofluorescencemicroscopy.Mean ± SEMis shown
normalized to mock-infected control. n≥ 3. (∗) P <
0.05, compared with control by Student’s t-test.
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AU-rich elements or C-rich motifs; regulation of these
RNAs is also exosome-dependent (Chen et al. 2001;
Mukherjee et al. 2002; Keene 2007; Singer et al. 2012;
Blackinton and Keene 2014).
We characterized a new role for an RNA-binding exo-

some cofactor complex that is regulated by infection to
specifically target viral RNAs for exosome-dependent deg-
radation. This may be part of a larger spectrum of exoso-
mal cofactors activated during infection. The antiviral
RNA-binding proteins DDX17, DDX60, ZAP, and AID
have all been found to coimmunoprecipitatewith the exo-
some (Guo et al. 2007; Lubas et al. 2011; Miyashita et al.
2011; Moy et al. 2014a; Liang et al. 2015). Furthermore,
both ZAP and AID restrict viral infection only if the exo-
some is intact. Further studies are needed to determine
whether these complexes drive exosomal degradation of
viral RNAs. Nevertheless, taken together with the pre-
sent study, these data suggest that viral infection may in-
duce a panel of RNA-binding cofactor complexes to target
viral RNAs for selective exosome-dependent decay.

Materials and methods

Cells, viruses, antibodies, and reagents

Drosophila DL1 cells and human U2OS cells were grown and
maintained as previously described (Cherry and Perrimon 2004;
Moser et al. 2012). VSV-eGFP (gift from J. Rose) was grown in
BHK cells as described (Ramsburg et al. 2005). SINV-GFP (gift
from R. Hardy) and SINV-mKate (gift fromM. Heise) were grown
in C636 cells as described (Burnham et al. 2007). An attenuated
strain of RVFV (MP-12) was grown in Vero cells as described
(Filone et al. 2010). Viral titers were calculated by plaque assay
on BHK cells. Antibodies are described in Supplemental Table
S5. Fluorescent secondary antibodies were obtained from Invitro-
gen, and HRP-conjugated antibodies were from Amersham. Oth-
er chemicals were purchased from Sigma.

Drosophila RNAi

dsRNAswere generated as described (Boutros et al. 2004). Knock-
downs for RNAi screening were performed in 384-well plates pre-
arrayed with 0.25 µg of dsRNA per well, as described (Zhou et al.
2008; Hopkins et al. 2013). Briefly, to knock down genes using
RNAi, DL1 cells were passaged into serum-free medium and
seeded into plates containing dsRNAs targeting the indicated
genes or β-galactosidase as a nontargeting control. Cells were se-
rum-starved for 1 h, after which complete medium was added,
and cells were incubated for 3 d. Knockdown was validated by
cotransfection of dsRNAs with plasmids expressing dRrp4-V5,
dRrp6-V5, or dMtr4-Flag using Effectene transfection reagent
(Qiagen) (Hessle et al. 2009). Plasmids are detailed in Supplemen-
tal Table S6.

Mammalian RNAi

Silencer Select siRNAs were obtained from Ambion and trans-
fected into U2OS cells using HiPerFect (Qiagen) as per the man-
ufacturer’s protocol. Cells were incubated for 3 d. The specific
siRNAs used are in Supplemental Table S7; siRNAs for each
gene were mixed and used together. Silencer Select Negative
Control #2 (Ambion) was used as a nontargeting control.

Viral infections

Three days after RNAi, cells were infected with the indicated vi-
ruses. MOI was calculated based on viral titers on BHK cells. For
DL1 cells, VSV-GFP (MOI = 0.1) was processed at 24 h post-infec-
tion (hpi). SINV-GFP (MOI = 2.5) and RVFV (MOI = 0.1) were spi-
noculated at 1200 rpm for 2 h and processed at 36 and 30 hpi,
respectively. For infectivity studies in U2OS cells, VSV-GFP
(MOI = 0.05), SINV-GFP (MOI = 1), and RVFV (MOI = 0.03) were
added to cells in complete medium for 14, 16, and 18 h, respec-
tively, for RNAor 14, 8, and 18 h, respectively, for protein. For im-
munofluorescence localization studies, U2OS cells were infected
withRVFVor SINV-mKate (MOI = 10) for 12 and 5 h, respectively.
For fractionation and immunoprecipitation, U2OS cells were in-
fected with VSV-GFP (MOI = 10, 8 h), SINV-GFP (MOI = 10, 8 h),
or RVFV (MOI = 10, 12 h).

Immunofluorescence

Cells were processed as previously described (Shelly et al. 2009).
Cells were imaged with an ImageXpress Micro automated micro-
scope. At least four sites in each of three wells were imaged per
condition per experiment, and MetaXpress cell scoring was
used to calculate the number of cells and the percentage of infec-
tion. For protein relocalization studies, U2OS cells grown on
coverslips were imaged with a Leica DMI 4000 B fluorescent mi-
croscope. MetaXpress software was used to quantify cytoplasmic
hZCCHC7 punctae between 0.8 and 2 µm in size in mock-
infected and infected cells (infection was verified by immunoflu-
orescence for each cell to be quantified), with at least 25 cells
quantified per condition. All experimentswere performed at least
three times.

RNA quantification

Total RNA was extracted, and Northern blotting or RT-qPCR
were performed as previously described (Cherry 2005; Xu et al.
2012). Primer sequences are described in Supplemental Table S8.

Adult fly infections

Transgenic flies for in vivo RNAi were obtained from the Vienna
Drosophila RNAi Center or BloomingtonDrosophila Stock Cen-
ter and crossed to YP1-GAL4 (fly strains are listed in Supplemen-
tal Table S9). Four-day-old to 7-d-old flies were challenged with
RVFV (Cherry and Perrimon 2004), and 15 flies per condition
were processed for RNA 6 d after infection as previously de-
scribed (Xu et al. 2012).

Nuclear/cytoplasmic fractionation

Cells were lysed in buffer A (30 mM Hepes at pH 7.4, 2 mM
MgOAc, 0.1% NP40) supplemented with 5 mM DTT, PMSF,
and protease inhibitors (25× Roche complete tablets) by pipetting
three times through a 26-gauge needle. Nuclei were pelleted for
20 min at 500 g. Cytoplasmic supernatant was removed, and
the nuclear pellet was rinsed twice with buffer A and then lysed
with sonication in RIPA buffer (50 mM Tris-HCl at pH 7.4, 1%
NP-40, 0.5% Na-deoxycholate, 0.1% SDS, 150 mM NaCl, 2
mM EDTA, 50 mMNaF) supplemented with PMSF and protease
inhibitors. Lysates were analyzed by immunoblot. Each experi-
ment was repeated at least three times, and representative blots
are shown.
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Immunoprecipitation

U2OScellswere transfectedwith doxycycline-inducible hMTR4-
Flag, hZCCHC7-Flag, or empty vector control using Xtremegene
9 (Roche) (Lubas et al. 2011). Plasmids are detailed in Supple-
mental Table S6. Plasmid expression was induced at 24 h with
1 µg/mL doxycycline, and cells were infected at 48 h with
RVFV (MOI = 10) for 12 h. Cytoplasmic extracts or whole-cell ly-
sates were immunoprecipitated with anti-Flag M2 magnetic
beads (Sigma). For analysis of proteins, beads were treated with
100 μg/mL RNase A or untreated, washed with buffer A, and an-
alyzed by immunoblot. For analysis of bound RNA, beads were
washed in buffer A supplemented with 150 mM NaCl and 0.5%
NP40 and analyzed by RT-qPCR for efficient expression of the
construct and target RNAbinding. Each experimentwas repeated
at least three times, and representative blots are shown.

3′ RACE

3′ RACE was performed as previously described (Wilusz et al.
2008). U2OS cells were infected with RVFV (MOI = 0.3) for 18
h. Total RNA was harvested and treated with CIP (New England
Biolabs) to remove terminal phosphates, ligated tomiRNA linker
#3 (IDT), and reverse-transcribed using a linker-specific primer.
RACE PCR was performed against S segment genome, anti-ge-
nome, or N mRNA (see the Supplemental Material for primers),
and products were cloned using TOPO-TA (Invitrogen). Individu-
al colonies were screened for insert with colony hybridization
Southern blot and sequenced. Sequences were classified based
on previous studies of RVFV transcriptional termination (Ikegami
et al. 2007).

RNA stability assay

Three days after RNAi, cells were infected with RVFV (MOI = 1)
for 12 h. Cells were treated with 50 µg/mL cycloheximide for 0,
1, or 2 h, after which cells were processed for RT-qPCR. DCP2
was used as a control.

GFP 3′ UTR reporters

To generate plasmids encoding cGFP 3′ UTR reporters, the previ-
ously described pCRII-TOPO CMV-cGFP-SV40 poly-A sense
plasmid (Wilusz et al. 2012) was cleaved by the NotI restriction
enzyme to remove the SV40 polyadenylation signal. The
3′ UTR of RVFV NSs, RNase P cleavage site, and mascRNA se-
quences flanked by NotI sites (sequence: GCGGCCGCAGGTT
AAGGCTGCCCCACCCCCCACCCCCTAATCCCGACCGTAA
CCCCAACTCCCCTTCCCCCCAACCCCCTGGGACGCTGG
TGGCTGGCACTCCTGGTTTCCAGGACGGGGTTCAAGT
CCCTGCGGTGTCTTTGCTTGCGGCCGC) were then insert-
ed downstream from the cGFP ORF. The original plasmid ex-
pressing cGFP with a downstream SV40 polyadenylation signal
was used as a control. Proper processing of cGFP mRNA and
mascRNAwas validated byNorthern blot and small RNANorth-
ern blot, respectively. Expression of cGFP protein was validated
byWestern blot. Stable cell lines were generated and used for im-
munofluorescence experiments.
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