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Rift Valley fever virus (RVFV; family Bunyaviridae, genus Phlebovirus) is an important emerging pathogen of
humans and ruminants. Its NSs protein has previously been identified as a major virulence factor that
suppresses host defense through three distinct mechanisms: it directly inhibits beta interferon (IFN-�)
promoter activity, it promotes the degradation of double-stranded RNA-dependent protein kinase (PKR), and
it suppresses host transcription by disrupting the assembly of the basal transcription factor TFIIH through
sequestration of its p44 subunit. Here, we report that in addition to PKR, NSs also promotes the degradation
of the TFIIH subunit p62. Infection of cells with the RVFV MP-12 vaccine strain reduced p62 protein levels to
below the detection limit early in the course of infection. This NSs-mediated downregulation of p62 was
posttranslational, as it was unaffected by pharmacological inhibition of transcription or translation and MP-12
infection had no effect on p62 mRNA levels. Treatment of cells with proteasome inhibitors but not inhibition
of lysosomal acidification or nuclear export resulted in a stabilization of p62 in the presence of NSs. Further-
more, p62 could be coprecipitated with NSs from lysates of infected cells. These data suggest that the RVFV
NSs protein is able to interact with the TFIIH subunit p62 inside infected cells and promotes its degradation,
which can occur directly in the nucleus.

Rift Valley fever virus (RVFV) is a mosquito-borne Phlebo-
virus which is endemic to sub-Saharan Africa and has caused
large outbreaks among humans and ruminants in several other
African countries, including Egypt and Madagascar, as well as
Saudi Arabia and Yemen (3, 38, 39). Human infection with
RVFV usually manifests as an acute febrile illness; however, a
small number of cases progress to encephalitis, retinal vascu-
litis, hepatitis, or hemorrhagic fever-like illness with a poten-
tially fatal outcome (47). In ruminants, RVFV infection causes
frequent abortions and has a newborn mortality rate of up to
95%, which leads to significant economic loss during an outbreak
of RVFV (47). RVFV is a member of the family of Bunyaviridae
and contains a tripartite, negative-stranded genome which en-
codes four structural proteins, the RNA-dependent RNA poly-
merase (RdRp) L, the envelope glycoproteins Gn and Gc, and
the nucleocapsid N (45), two nonstructural proteins, NSs and
NSm, and a less well-characterized 78-kDa protein (38). NSm
and the 78-kDa protein are both encoded by the M segment
(46) and are dispensable for viral replication and infection (11,
51). The NSs protein, on the other hand, is encoded in an
ambisense manner on the S segment (13) and has been iden-
tified as the major virulence factor of RVFV (4, 49). NSs is a
multifunctional protein, and it is able to manipulate the host
cell through at least three independent mechanisms. It pro-
motes the degradation of double-stranded RNA-dependent
protein kinase (PKR) (14, 19), it specifically suppresses the
induction of type I interferons by forming a repressor complex
on the beta interferon (IFN-�) promoter (28), and it induces a
general transcriptional shutoff of the infected cell (2, 27).

The general inhibition of host transcription is a strategy
shared by a number of RNA viruses to evade cellular antiviral
responses (32). These viruses have evolved to target different
components of the host transcriptional machinery, and RVFV
has been shown to effect transcriptional shutoff by disrupting
the assembly of the basal transcription factor TFIIH (27). In
eukaryotic cells, the transcription of protein-coding genes re-
quires RNA polymerase II (Pol II) and the six general tran-
scription factors TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and
TFIIH (36). The last factor to be recruited into the preinitia-
tion complex (PIC) is TFIIH, which is required both for pro-
moter melting (48) and phosphorylation of the C-terminal
domain (CTD) of the largest Pol II subunit during the transi-
tion from initiation to elongation (31). TFIIH is a multisubunit
complex composed of 10 different proteins which form two
distinct subcomplexes linked by XPD (gene defective in xero-
derma pigmentosum patient complementation group D): the
core complex, which consists of the subunits p8 (12), p34, p44,
p52, p62, and XPB, and the cyclin-activating kinase (CAK)
complex, which consists of ménage-à-trois 1 (MAT1), cyclin H,
and cdk7 (44). In addition to its essential role in Pol II-driven
transcription, TFIIH is also required for rRNA synthesis by
RNA polymerase I (18) and for transcription-coupled DNA
repair (9).

Although the replication cycle of RVFV is entirely cytoplas-
mic, its NSs protein localizes to the nucleus (52), where it
prevents the assembly of a functional TFIIH complex by se-
questering its p44 subunit. Furthermore, it has been reported
that RVFV infection reduces the nuclear abundance of the
TFIIH subunits p62 and XPD (27), although the mechanism
for this reduction remains uncharacterized. Possible explana-
tions for this observation include differences in the nuclear
import/export of these subunits or a reduction in the abun-
dance of their mRNAs, which might occur if host transcription

* Corresponding author. Mailing address: Department of Pathology,
University of Texas Medical Branch, 301 University Blvd., Galveston,
TX 77555-0438. Phone: (409) 772-2563. Fax: (409) 747-1763. E-mail:
teikegam@utmb.edu.

� Published ahead of print on 4 May 2011.

6234



is suppressed by p44 sequestration. Recently, NSs was found to
promote the degradation of PKR, and we hypothesized that
NSs could also degrade the TFIIH subunit p62 in order to
suppress host transcription. The p62 subunit of TFIIH is es-
sential for its function (10, 15), is required for the recruitment
of TFIIH to the PIC through TFIIE (35), and mediates the
interaction of TFIIH with transcriptional transactivators, such
as p53 (7), VP16 (8), and the thyroid hormone receptor (30).
We now demonstrate that NSs expression does not decrease
the abundance of p62 mRNA but decreases the abundance of
p62 protein through a posttranslational mechanism.

MATERIALS AND METHODS

Cells and viruses. 293 and VeroE6 cells were maintained in Dulbecco’s mod-
ified minimum essential medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 100 �g/ml penicillin-streptomycin (all from Invitrogen). BHK/
T7-9 cells (22), which stably express T7 RNA polymerase, were grown in MEM-
alpha supplemented with 10% FBS, 100 �g/ml penicillin-streptomycin (all from
Invitrogen), and 600 �g/ml hygromycin (Cellgro). The RVFV vaccine candidate
MP-12 (6) was amplified in VeroE6 cells, and infectivity was determined by
plaque assay in the same cells.

Virus rescue. A recombinant MP-12 virus carrying an in-frame insertion of a
Strep-Tag II–FLAG tag C terminal from the NSs open reading frame (ORF)
(rMP12-NSs-SF; see below) was recovered as previously described (20). A re-
combinant MP-12 virus carrying a deletion of amino acids 16 to 198 in its NSs
gene (clone 13-type [C13type]) was also recovered as previously described
(20). Briefly, subconfluent monolayers of BHK/T7-9 cells were cotransfected
with a mixture of pProT7-S(�), pPro-T7-M(�), pPro-T7-L(�), pT7-IRES-
vN, pCAGGS-vG, and pT7-IRES-vL using TransIT-LT1 (Mirus Bio Corpora-
tion) according to the manufacturer’s instructions. The culture medium was
replaced with fresh medium 24 h later. At 5 days posttransfection, the culture
supernatants were collected, clarified, and then inoculated into fresh VeroE6
cells. The culture supernatant from VeroE6 cells was collected at 3 days postin-
fection, and the virus titer was determined by plaque assay.

Antibodies and reagents. Anti-p62 (Q-19), anti-�-actin (I-19), antiubiquitin
(P4D1), anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH; V-18), anti-
lamin B (C-20), anti-RanBP1 (C-19), and horseradish peroxidase (HRP)-labeled
anti-mouse, anti-goat, and anti-rabbit secondary antibodies were purchased from
Santa Cruz. Anti-FLAG M2 (F3165) and anti-green fluorescent protein (GFP;
G1544) antibodies were purchased from Sigma. The anti-RVFV mouse poly-
clonal antibody was a gift of R. B. Tesh at the University of Texas Medical
Branch. Goat anti-mouse IgG (H�L, Alexa Fluor 488-coupled), goat anti-rabbit
(H�L, Alexa Fluor 488-coupled), and donkey anti-goat (H�L, Alexa Fluor
594-coupled) antibodies were purchased from Invitrogen. Leptomycin B and
chloroquine were purchased from Santa Cruz, and lactacystin from Enzo Life
Sciences. Actinomycin D (ActD) and MG132 were purchased from Sigma. Cy-
cloheximide (CHX) was purchased from Acros Organics.

Plasmids. Plasmids pT7-IRES-vNSs (20) and pT7-IRES-GFP (54) were de-
scribed previously. pProT7-S(�)-NSs-SF was generated as follows: a PCR frag-
ment encoding an NSs ORF which contains 2 Strep-Tag II epitopes and a Flag
tag at the C terminus was amplified by 2 sequential reverse transcription (RT)-
PCRs with the primer pair HpavNSF (AGT TGT TAA CAT GGA TTA CTT
TCC TGT GAT ATC TGT TGA TTT GCA G) and NS-SF-1R (GGT GGC
TCC AGG AGC CGC CTC CGG AGC CGC CTC CGG AGC CGC CTC CCT
TCT CGA ACT GAG GGT GGC TCC AAT CAA CCT CAA CAA ATC CAT
C), followed by amplification with primer pair HpavNSF and SpeSF-2R (CGC
TAC TAG TCT ACT TGT CAT CGT CGT CCT TGT AGT CCT CAC CGC
TGG CGC CCT TCT CGA ACT GAG GGT GGC TCC AGG AGC CGC CT).
The PCR fragment was cloned between HpaI and SpeI of pProT7-S(�) (20).

RNA synthesis and transfection. Capped and polyadenylated RNA transcripts
were synthesized in vitro from pT7-IRES-NSs and pT7-IRES-GFP by using
mMESSAGE mMACHINE T7 ultra (Ambion) according to the manufacturer’s
instructions. One microgram of in vitro-synthesized RNA was transfected into
293 cells in a 12-well plate using a TransIT mRNA transfection kit (Mirus Bio
Corporation) according to the manufacturer’s instructions.

Quantitative real-time PCR. 293 cells were infected with MP-12 at a multi-
plicity of infection (MOI) of 3, mock infected, or treated with 5 �g/ml ActD.
After 8 h, cells were harvested with a rubber policeman and washed once in
phosphate-buffered saline (PBS), and total RNA was purified from 6 � 105 cells
using an RNeasy minikit (Qiagen) according to the manufacturer’s instructions.

First-strand cDNA synthesis was performed from 1 �g RNA using a high capac-
ity cDNA reverse transcription kit (Applied Biosciences). Real-time PCR was
performed on a Mastercycler ep realplex2 (Eppendorf) using a QuantiFast
SYBR green PCR kit and QuantiTect primer assays QT01681463 (p62) and
QT01192646 (GAPDH) (all from Qiagen) according to the manufacturer’s in-
structions.

Western blot analysis. Western blot analysis was performed as previously
described (19). Briefly, samples were normalized by cell number and disrupted by
boiling in sample buffer for 10 min, followed by SDS-PAGE. Proteins were then
transferred onto Immobilon P polyvinylidene fluoride membranes (Millipore)
and probed with antibodies as indicated.

Fractionation of nuclear and cytoplasmic proteins. Cells were infected with
MP-12 at an MOI of 3 and treated with leptomycin B (LMB) at 0 h postinfection
(h.p.i.) and MG132 at 3 h.p.i. as indicated below. At 8 h.p.i., cells were harvested
by scraping with a rubber policeman, washed once in PBS, and resuspended in
hypotonic lysis buffer containing 10 mM Tris, pH 7.8, 10 mM KCl, 1.5 mM
MgCl2, 0.5% Triton X-100, 10 �M MG132, and 1� Complete protease inhibitor
cocktail (Roche). Cells were incubated on ice for 10 min, followed by centrifu-
gation for 2 min at 2,000 � g to sediment the nuclei. The supernatants were then
transferred to a new tube, and the nuclei were washed once with lysis buffer
containing no detergent. The nuclei were then disrupted by boiling in SDS-
PAGE sample buffer. Both the cytoplasmic and nuclear fractions were adjusted
to the same volume.

Click chemistry and immunofluorescence. Labeling of nascent RNA was per-
formed as previously described (23). Briefly, cells grown on 12-mm coverslips
were incubated in medium containing 1 mM 5-ethynyluridine (EU; Berry &
Associates) for 1 h prior to fixation in 4% paraformaldehyde for 30 min. Cells
were then permeabilized in 0.2% Triton X-100 in PBS for 10 min, and nascent
RNA with incorporated EU was detected by click chemistry using 20 �M Alexa
Fluor 594-coupled azide (Invitrogen) in 100 mM Tris, pH 8.5, containing 1 mM
CuSO4 and 100 mM ascorbic acid. For immunofluorescence, unspecific binding
was blocked using 5% bovine serum albumin (BSA) in PBS for 30 min. The
incubations with primary and Alexa Fluor-labeled secondary antibodies in block-
ing buffer were each carried out for 1 h. All steps were done at room tempera-
ture, and cells were washed with PBS in between steps. Cells were mounted on
coverslips using Fluoromount-G (Southern Biotech), and images were acquired
on an Olympus IX71 fluorescence microscope using a 20� LCPlanFl (numeric
aperture, 0.4) objective.

FACS analysis. For fluorescence-activated cell sorting (FACS) analysis, 293
cells were mock infected or infected with MP-12 at an MOI of 3 and treated with
0.5 mM EU (Berry & Associates) for 1 h prior to harvesting. Some samples were
treated with 5 �g/ml ActD concurrently with the EU treatment to suppress
cellular RNA synthesis. After harvesting, cells were fixed in 4% paraformalde-
hyde for 30 min and permeabilized in 0.2% Triton X-100 in PBS for 10 min, and
nascent RNA with incorporated 5-ethynyluridine was detected by click chemistry
using 200 nM Alexa Fluor 647-azide (Invitrogen) in 100 mM Tris, pH 8.5,
containing 1 mM CuSO4 and 100 mM ascorbic acid. Cells were then stained with
a mouse polyclonal antibody against RVFV, followed by an Alexa Fluor 488-
labeled secondary antibody, to detect the expression of viral proteins. Cells were
then analyzed by flow cytometry on an LSRII Fortessa instrument (Becton
Dickinson).

Coaffinity precipitation. Cells were infected with rMP-12-NSs-SF at an MOI of
3 and harvested at 5 h postinfection. Lysis was performed in 20 mM Tris, pH 7.6,
0.1% Triton X-100, 150 mM NaCl, 1 mM EDTA, 1� Complete protease inhib-
itors (Roche), and 100 U/ml Benzonase using 3 cycles of freeze-thaw. Cleared
lysates (15 min at 13,000 rpm and 4°C) were incubated with 50 �l Strep-Tactin
magnetic beads (Qiagen) for 2 h at 4°C in an end-over-end rotor. Precipitates
were washed 3 times in lysis buffer, boiled in SDS-PAGE sample buffer, and
analyzed by Western blotting.

RESULTS

RVFV NSs downregulates p62. The NSs protein of RVFV
has previously been shown to induce the degradation of PKR
(14, 19). Furthermore, it has been reported that the nuclear
abundance of TFIIH subunit p62 was decreased in cells in-
fected with the virulent ZH548 strain of RVFV (27). We stud-
ied this phenomenon further because it was possible that NSs
could promote posttranslational downregulation of two dif-
ferent substrates, i.e., PKR and TFIIH p62. To determine
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whether RVFV infection was able to affect the total cellular
content of p62, we infected 293 cells with the MP-12 candidate
vaccine strain (6) at an MOI of 3 and analyzed the abundance
of p62 in whole-cell lysates by Western blotting. The rationale
for the use of MP-12 instead of wild-type RVFV is as follows:
(i) MP-12 is avirulent to humans, a non-select agent and risk
group 2 pathogen, which is safer than wild-type RVFV, and (ii)
although it is attenuated through mutations in its M and L
segments, its S segment remains unattenuated and the NSs
protein is fully functional (1). The results in Fig. 1A show that
in cells infected with MP-12, the abundance of p62 was quickly
reduced to below detection levels early in the course of infec-
tion. No p62 could be detected at 8 h.p.i. or later, and this
absence persisted until 24 h.p.i., when cells started to display
signs of cytopathic effect. To determine whether the NSs pro-
tein was responsible for this downregulation, we transfected
293 cells with in vitro-synthesized RNA for NSs. To exclude the
possibility that the observed p62 downregulation was an un-
specific effect of the transfection of T7 polymerase-synthesized
RNA, we also transfected cells with RNA for GFP as a nega-
tive control. In cells transfected with NSs RNA, p62 was un-
detectable at 8 h posttransfection, whereas the p62 levels were
unaffected in cells transfected with RNA for GFP (Fig. 1B).
The results suggest that NSs is responsible for the downregu-
lation of p62.

NSs suppresses host transcription. It has been shown that
infection with wild-type RVFV resulted in a reduction of cel-
lular RNA synthesis, and the interaction of NSs with TFIIH
p44 was suggested to be responsible for this transcriptional
suppression (27). To confirm that MP-12 NSs was indeed able
to inhibit host transcription, we analyzed the ongoing RNA
synthesis in cells infected with MP-12 or transfected with NSs
RNA. To determine whether MP-12 infection was able to
induce transcriptional suppression in the host cell, 293 cells
were infected at an MOI of 3 and treated with the uridine
analog 5-ethynyluridine (EU) directly before fixation. Newly
synthesized RNA was visualized by detecting the incorporated
EU via click chemistry with an Alexa Fluor-coupled azide.
Subsequently, we performed an immunostaining with anti-
RVFV antiserum to visualize viral proteins. MP-12-infected
cells displayed a markedly reduced amount of newly synthe-
sized RNA compared to the levels in mock-infected cells (Fig.
2A). We also transfected 293 cells with in vitro-synthesized
RNA for NSs to ensure that the transcriptional suppression

observed in MP-12-infected cells was indeed mediated by NSs.
Cells transfected with NSs RNA, which expresses NSs proteins
that can be detected by anti-RVFV antibodies, showed marked
suppression of EU incorporation compared to the levels of EU
incorporation in mock-transfected cells (Fig. 2B, k to m),
whereas cells transfected with GFP RNA still actively incor-
porated EU (Fig. 2B, g to i). As a positive control for tran-
scriptional suppression, cells were treated with 5 �g/ml actino-
mycin D (ActD) concurrently with the EU treatment (Fig. 2B,
d to f). The suppression of EU incorporation by treatment with
ActD ensured that the incorporated EU represents the results
of ongoing cellular transcription (23). TFIIH is a required
cofactor for both Pol II and Pol I, which is responsible for
ribosomal DNA transcription that takes place in the nucleolus
(56). Figure 2C shows magnified images of mock- and NSs-
transfected cells (Fig. 2B, a to c and k to m, respectively) that
demonstrate that NSs expression is able to silence transcrip-
tion equally well in the nucleoplasm (where Pol II-mediated
transcription occurs) and the nucleoli.

For a more quantitative evaluation of MP-12-mediated tran-
scriptional suppression, we analyzed the amount of nascent
RNA in MP-12-infected or mock-infected cells by flow cytom-
etry (Fig. 3A). ActD treatment again served as our control for
efficient transcriptional suppression. Nascent RNA was labeled
with EU for 1 h at various time points postinfection, and cells
were harvested and stained immediately following the label-
ing. Transcriptional suppression could be observed as early
as 4 h.p.i. and progressed continuously with increasing times of
viral infection. Infection with MP-12 for 24 h reduced tran-
scriptional activity as potently as pharmacological inhibition
with ActD. To better visualize the progression of transcrip-
tional suppression during the course of infection, Fig. 3B dis-
plays the RNA fluorescence intensities of MP-12-infected cells.
Cells were gated on anti-RVFV reactivity for this graph. Fig-
ure 3C displays the RNA fluorescence intensities of mock-
infected and ActD-treated cells. The gate was placed on anti-
RVFV-negative cells for this graph.

To confirm that NSs was required for both transcriptional
suppression and p62 degradation, we infected 293 cells with a
recombinant MP-12 virus (C13type) carrying a nonfunctional
NSs gene (20). Clone 13 is a naturally occurring attenuated
isolate of RVFV which carries a large in-frame deletion
(amino acids 16 to 198, 69% of the gene) in its NSs gene. The
resulting truncated NSs protein is nonfunctional. C13type was

FIG. 1. NSs downregulates p62 in whole-cell lysates. (A) 293 cells were mock infected or infected with MP-12 at an MOI of 3 and harvested
at the indicated time points postinfection. Whole-cell lysates were analyzed by Western blotting with anti-p62, anti-RVFV, and anti-�-actin
antibodies (from top to bottom). The asterisk denotes a nonspecific band. (B) 293 cells were transfected with in vitro-synthesized RNA for GFP
or NSs and harvested 8 h posttransfection. Whole-cell lysates were analyzed by Western blotting with anti-p62, anti-RVFV, anti-GFP, and
anti-�-actin antibodies (from top to bottom). Representative examples of at least 3 independent experiments are shown.
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unable to downregulate p62 (Fig. 3D) and did not suppress
transcription (Fig. 3E), even though it was able to replicate
well, as evidenced by the large amount of N protein present in
C13type-infected cells (Fig. 3D). The results demonstrate that
MP-12 NSs indeed inhibits host RNA synthesis.

p62 downregulation is posttranslational. Our results show
that p62 is downregulated by 8 h after MP-12 infection or NSs
RNA transfection. In order to determine whether this down-
regulation of p62 by NSs was an indirect effect of the suppres-
sion of host mRNA synthesis or increased instability of p62
mRNA caused by MP-12 infection, we analyzed the relative
amounts of p62 mRNA in mock- or MP-12-infected cells by
quantitative real-time PCR using GAPDH as a reference gene.
We observed no significant difference between the p62 mRNA
levels in infected and mock-infected cells (Fig. 4A). To confirm
that the observed reduction in p62 levels was not caused by the
general transcription suppression, cells were treated with 5
�g/ml of ActD for 9 h, while control cells were either left
untreated or were infected with MP-12 at an MOI of 3 for 8 h.
Downregulation of p62 was induced in cells infected with MP-
12, whereas in cells treated with ActD, the abundance of p62
was only marginally reduced compared to the levels in mock-
treated cells (Fig. 4B). Interestingly, ActD treatment for 9 h
had no effect on the relative levels of expression of p62, sug-

gesting that the turnover of p62 mRNA can be longer than 9 h.
Because NSs induced a rapid downregulation of the p62 pro-
tein (Fig. 1), we suspected that the reduction of p62 could
occur during or after the translation of p62.

RVFV infection has been shown to have a suppressive effect
on host translation (19). Therefore, we tested whether down-
regulation of p62 could be induced by the suppression of host
translation by MP-12 infection. We treated 293 cells with 100
�g/ml cycloheximide (CHX) for 8 h to inhibit translation. The
pharmacological inhibition of protein synthesis in mock- or
GFP RNA-transfected cells had no significant effect on p62
levels, whereas p62 was undetectable in cells transfected with
NSs RNA. The efficacy of our CHX treatment was confirmed
by the lack of GFP expression after GFP RNA transfection
and CHX treatment (Fig. 4C). The results suggest that neither
host transcription suppression nor translation suppression
could induce p62 downregulation within 8 h.

The proteasome is involved in p62 downregulation. Since
NSs displays no sequence similarities with known proteases
(data not shown), we hypothesized that it promotes the down-
regulation of p62 by targeting it for either proteasomal or
lysosomal degradation. Since the proteasome has been impli-
cated in the degradation of PKR (14, 19), we treated cells with
the proteasome inhibitors MG132 or lactacystin. Thirty min-

FIG. 2. NSs induces host transcriptional suppression. (A) 293 cells were mock infected (a to c) or infected with MP-12 (d to f) at an MOI of
3. To label newly synthesized RNA, cells were treated with 1 mM ethynyluridine (EU) from 15 to 16 h.p.i., followed by fixation and permeabi-
lization. Labeled RNA was subsequently detected by click chemistry with an Alexa Fluor 594-coupled azide. The expression of viral proteins was
visualized by immunostaining with a polyclonal anti-RVFV antiserum followed by an Alexa Fluor 488-labeled secondary antibody. (B) 293 cells
were mock transfected (a to f) or transfected with in vitro-synthesized RNA for GFP (g to i) or NSs (k to m) and treated with 1 mM EU for 1 h
before fixation at 16 h posttransfection. Cells shown in panels d to f were treated with 5 �g/ml actinomycin D (ActD) for 1 h concurrently with
the EU treatment. Labeled RNA was subsequently detected by click chemistry with an Alexa Fluor 594-coupled azide. The expression of GFP and
NSs was visualized by immunostaining with anti-GFP (g and i) or anti-RVFV (k and m) antibodies followed by an Alexa Fluor 488-labeled
secondary antibody. (C) Magnification of a mock-transfected cell (a to c) and an NSs-transfected cell (k to m) from the experiment whose results
are shown in panel B to visualize RNA synthesis in the nucleoli. Representative examples of at least 3 independent experiments are shown.
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FIG. 3. NSs induces host transcriptional suppression. (A) 293 cells were mock infected (mock) or infected with MP-12 at an MOI of 3 and
treated with 0.5 mM EU for 1 h at the indicated time points of infection. As a control for transcriptional suppression, cells were treated with 5
�g/ml ActD concurrently with the EU labeling (ActD). Cells were harvested, fixed, and permeabilized immediately after the labeling step.
EU-labeled RNA was then detected by click chemistry with an Alexa Fluor 647-coupled azide. The expression of viral proteins was visualized by
immunostaining with a polyclonal anti-RVFV antiserum followed by an Alexa Fluor 488-labeled secondary antibody. Cells were then analyzed by
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utes after starting the inhibitor treatment, cells were trans-
fected with in vitro-synthesized RNA for NSs, and they were
harvested 8 h posttransfection. The abundance of p62, NSs,
and ubiquitin in whole-cell lysates was then determined by
Western blotting. The accumulation of high-molecular-weight
ubiquitin conjugates was used as a marker for effective protea-
somal inhibition. Treatment with the peptide aldehyde inhib-
itor MG132, which displays some unspecific inhibitory activity
against lysosomal cathepsins (26), was able to stabilize p62 in
the presence of NSs, whereas treatment with the more specific
proteasome inhibitor lactacystin stabilized p62 less efficiently
than MG132 (Fig. 5A). We observed an additional band with

anti-p62 reactivity but a lower molecular weight than full-
length p62 in cells expressing NSs only when treated with
lactacystin or MG132. This band was also seen in mock-trans-
fected cells, yet its abundance was lower than in NSs-trans-
fected cells. We also observed that treatment with MG132 or
lactacystin decreased the amount of NSs protein (Fig. 5A). The
reason why a large portion of p62 was still downregulated by
NSs in the presence of lactacystin remains unknown. We sus-
pected that NSs could alternatively promote degradation of
p62 through the lysosomal pathway when proteasomal degra-

flow cytometry. (B) To better demonstrate the progressive loss of transcriptional activity in MP-12-infected cells, data from the experiment whose
results are shown in panel A were gated on anti-RVFV-positive cells, and the fluorescence of labeled RNA is displayed as a histogram. (C) Data
from the experiment whose results are shown in panel A were gated on anti-RVFV-negative cells, and the fluorescence of labeled RNA in
mock-infected and ActD-treated cells is displayed as a histogram. (D) 293 cells were mock infected or infected with either MP-12 or an MP-12
mutant carrying a large deletion in its NSs gene that renders the NSs protein nonfunctional (C13type). Cells were harvested at 12 h.p.i., and
whole-cell lysates were analyzed by Western blotting with anti-p62, anti-RVFV, and anti-�-actin antibodies (from top to bottom). (E) 293 cells were
mock infected (mock) or infected with either MP-12 or C13type at an MOI of 3 and were treated with 0.5 mM EU from 12 to 13 h.p.i. Cells were
harvested, fixed, and permeabilized, and EU-labeled RNA was detected by click chemistry with an Alexa Fluor 647-coupled azide. The expression
of viral proteins was visualized by immunostaining with a polyclonal anti-RVFV antiserum followed by an Alexa Fluor 488-labeled secondary
antibody. Cells were then analyzed by flow cytometry.

FIG. 4. Shutoff of host transcription or translation does not induce
p62 downregulation. (A) 293 cells were mock infected or infected with
MP-12 at an MOI of 3 or treated with 5 �g/ml of actinomycin D
(ActD) for 9 h and harvested at 8 h.p.i. p62 mRNA expression levels
were analyzed by RT-PCR using relative quantification normalized to
the level of GAPDH. Error bars represent the standard deviations
(SD) of the results of three independent experiments. Statistical anal-
ysis was carried out using Student’s t test (n.s., not significant). (B) 293
cells were mock treated, treated with 5 �g/ml ActD for 9 h, or infected
with MP-12 at an MOI of 3 for 8 h. Whole-cell lysates were analyzed
by Western blotting with anti-p62, anti-RVFV, and anti-�-actin anti-
bodies (from top to bottom). (C) 293 cells were mock transfected or
transfected with in vitro-synthesized RNA for GFP or NSs. Immedi-
ately after transfection, cells were treated with 100 �g/ml cyclohexi-
mide (CHX) where indicated. Cells were harvested at 8 h posttrans-
fection, and whole-cell lysates were analyzed by Western blotting with
anti-p62, anti-RVFV, anti-GFP, and anti-�-actin antibodies (from top
to bottom). Representative examples of at least 3 independent exper-
iments are shown.

FIG. 5. The proteasome is involved in p62 downregulation. (A) 293
cells were pretreated with 50 �M lactacystin (lac) or 5 �M MG132 for
30 min to inhibit proteasomal degradation before being mock trans-
fected or transfected with in vitro-synthesized RNA for NSs. Cells were
harvested at 8 h posttransfection, and whole-cell lysates were analyzed
by Western blotting with anti-p62, anti-RVFV, anti-ubiquitin, and
anti-�-actin antibodies (from top to bottom). [Ub]n denotes high-
molecular-weight polyubiquitin conjugates. (B) 293 cells were mock
transfected or transfected with in vitro-synthesized RNA for NSs.
Immediately following transfection, cells were treated with 100 �M
chloroquine to inhibit lysosomal degradation. Cells were harvested at
8 h posttransfection, and whole-cell lysates were analyzed by Western
blotting with anti-p62, anti-RVFV, and anti-�-actin antibodies (from
top to bottom).
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dation was suppressed by lactacystin. Since downregulation of
p62 still occurred, albeit to a lesser extent, in lactacystin-
treated cells, we treated cells with 100 �M chloroquine to
inhibit lysosomal degradation and transfected them with RNA
for NSs 30 min later. Treatment with chloroquine also reduced
NSs protein levels but was unable to stabilize p62 protein levels
in the presence of NSs (Fig. 5B). These results indicate that
NSs does not mediate degradation of p62 through the lyso-
somal pathway and suggest involvement of the proteasome.

NSs interacts with p62 in infected cells. RVFV NSs is known
to interact with the TFIIH p44 subunit in its free form but not
when it is incorporated into the assembled TFIIH complex
(27). The p44 subunit is part of the TFIIH ring structure, and
its binding partners are p34, XPB, and XPD (44). We sus-
pected that NSs forms a complex with p62 either directly or
indirectly through p44 to target p62 for degradation. To de-
termine whether NSs was able to interact with p62, we inves-
tigated whether both proteins could be coprecipitated from
MP-12-infected cells. To aid in the detection and precipitation
of NSs, we created a recombinant virus (rMP-12-NSs-SF) car-
rying a tandem Strep-Tag II–FLAG tag at the C terminus of the
NSs gene (Fig. 6A). The recovered virus replicated to the same
titers and with the same kinetics as MP-12 and induced the
degradation of p62 (data not shown). Cells were infected with
rMP-12-NSs-SF at an MOI of 3 and harvested at 5 h.p.i. We
selected this time point to ensure that viral replication had
produced sufficient levels of NSs inside infected cells but p62
had not been completely degraded. NSs was affinity precipi-
tated from cleared lysates with a Strep-Tactin matrix, and the
precipitated proteins were analyzed by Western blotting. Even
though p62 was present in infected cells in considerably smaller
amounts than in the uninfected controls, p62 could only be
efficiently coprecipitated with the Strep-Tactin matrix in in-
fected cells (Fig. 6B). These results suggest that NSs forms a
complex with p62.

p62 degradation can occur directly in the nucleus. NSs is
distributed throughout the cell during RVFV infection (52);

however, its ability to suppress transcription has been sug-
gested to require nuclear localization and the formation of
filamentous structures inside the nucleus (2). The localization
of p62 is predominantly nuclear (24, 42), and it is thought that,
immediately after translation, it is translocated into the nu-
cleus, where it assembles with the other subunits of TFIIH to
form the functional holocomplex (43). Le May et al. suggested
that RVFV NSs sequesters p44 subunits before the assembly of
TFIIH but does not interact with p44 when already associated
with XPD within TFIIH (27). Our results suggest that NSs can
posttranslationally downregulate p62 relatively early after in-
fection (2 to 6 h.p.i.) (Fig. 1A). Thus, we hypothesized that NSs
could degrade p62 in fully assembled TFIIH complexes, which
are only present in the nucleus (43). In order to determine
whether the NSs-mediated degradation of p62 could take place
directly inside the nucleus, we treated MP-12-infected cells
(MOI of 3) with leptomycin B (LMB) over the entire course of
infection to inhibit nuclear export (33, 50). We hypothesized
that if p62 needed to be transported back into the cytoplasm to
be degraded, blocking the CRM1/exportin-dependent nuclear
export of proteins with LMB would stabilize the p62 levels
inside infected cells. On the other hand, if p62 could be de-
graded directly inside the nucleus, blocking nuclear export
would have no effect on its degradation. The results shown in
Fig. 7A demonstrate that we were unable to stabilize p62 levels
by treating RVFV-infected cells with LMB, whereas nuclear
export was clearly inhibited, as shown by the nuclear accumu-
lation of RanBP1 in LMB-treated cells (Fig. 7C). Since LMB
only inhibits the CRM1/exportin-dependent nuclear export of
proteins (33, 50), it is possible that p62 could be exported
through an as-yet-uncharacterized pathway and subsequently
degraded by cytoplasmic proteasomes. We therefore fraction-
ated mock-infected or MP-12-infected cells and observed the
stabilization of p62 by MG132 treatment in both the cytoplas-
mic and nuclear fractions. We reasoned that if p62 was ex-
ported out of the nucleus prior to its degradation, it would
accumulate in the cytoplasm after MG132 treatment. On the
other hand, if NSs was able to promote the degradation of p62
directly inside the nucleus, p62 should remain nuclear after
MG132 treatment. The results in Fig. 7B demonstrate that p62,
which is localized almost exclusively in the nucleus in unin-
fected cells, is degraded by MP-12 infection and that it still
remains in the nucleus after MG132 treatment. Again, treat-
ment with LMB had no effect on the localization or degrada-
tion of p62. Our results suggest that NSs can promote the
degradation of p62 directly inside the nucleus.

DISCUSSION

Our results presented here imply that RVFV NSs promotes
the degradation of two different substrates, PKR and p62, in
order to ensure efficient viral translation and the suppression
of the host antiviral response, respectively. Le May et al. (27)
have shown that NSs is able to interfere with TFIIH assembly
by sequestering its p44 subunit. Prompted by the observation
that nuclear extracts of RVFV-infected cells contain reduced
amounts of the TFIIH subunit p62 in comparison to the
amounts in uninfected cells (27) and by the recent discovery
that NSs is able to promote the proteasomal degradation of

FIG. 6. NSs interacts with p62. (A) Schematic representation of the
S segment of the recombinant virus (rMP-12-NSs-SF) used in the
experiments whose results are shown in panel B. SF, Strep-Tag II–
FLAG tag. (B) 293 cells were mock infected or infected with rMP12-
NSs-SF at an MOI of 3. At 5 h.p.i., NSs-SF was affinity precipitated
with Strep-Tactin magnetic beads. Whole-cell lysates and the precipi-
tated proteins (STREP) were analyzed by Western blotting with anti-
p62, anti-FLAG, and anti-�-actin antibodies (from top to bottom).
Representative examples of at least 3 independent experiments are
shown.
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PKR (14, 19), we identified p62 as a second substrate of NSs-
mediated degradation.

Infection of cells with the RVFV MP-12 vaccine strain re-
sulted in a complete reduction of p62 protein levels at 6 h.p.i.
and beyond. Transfection of cells with in vitro-synthesized
RNA for NSs was equally able to downregulate p62, indicating
that this effect was specific to NSs and not a general conse-
quence of RVFV infection. NSs did not affect p62 transcrip-
tion or alter the mRNA stability of p62, as p62 mRNA levels
remained unchanged at 8 h.p.i. in MP-12-infected cells. This is
further corroborated by the finding that pharmacological inhi-
bition of transcription by treatment of cells with actinomycin D
for 8 h only marginally decreased p62 levels. This finding
also suggests that the transcriptional suppression observed
in RVFV-infected cells is indeed a consequence and not the
cause of p62 downregulation. To determine whether NSs

downregulated p62 by inhibiting p62 protein neosynthesis or,
rather, by turnover, we treated cells with cycloheximide for 8 h
to inhibit translation. Pharmacological inhibition of protein
neosynthesis for 8 h did not alter the p62 levels, indicating that
NSs promoted p62 downregulation via a posttranslational
mechanism.

Because the selective degradation of most cellular proteins
is carried out by the ubiquitin-proteasome system (17), we
investigated whether inhibitors of proteasomal (MG132 and
lactacystin) or lysosomal (chloroquine) degradation were able
to stabilize p62 in the presence of NSs. Interestingly, MG132
was able to inhibit p62 degradation, while treatment with the
more specific proteasomal inhibitor lactacystin only resulted in
a partial stabilization of p62. Conversely, treatment of cells
with chloroquine had no effect on the degradation of p62.
Treatment of cells with either a proteasomal or lysosomal
inhibitor greatly reduced the amount of NSs transcribed from
transfected RNA. We believe this might be caused by activa-
tion of the unfolded protein response (UPR) by pharmacolog-
ical inhibition of protein degradation (34). Activation of the
UPR in turn results in translational arrest (55) and, ultimately,
in reduced NSs levels in comparison to the levels in untreated
cells. Since treatment of cells with proteasomal inhibitors sta-
bilizes p62 and reduces NSs levels at the same time, it is
unclear whether this stabilization of p62 is mediated directly by
inhibition of the proteasome rather than being due to the loss
of NSs. However, as the amount of NSs is equally reduced in
chloroquine-treated cells, although this inhibitor does not sta-
bilize p62 levels, these results suggest involvement of the pro-
teasome rather than the lysosome in the degradation of p62.

Recent findings demonstrate extensive cross talk between
the pathways of lysosomal and proteasomal degradation; most
notably, proteasomal substrates have been shown to be tar-
geted to the lysosome via selective autophagy as a compensa-
tory mechanism during proteasomal inhibition (25). We there-
fore speculate that by treating cells with MG132, which also
has partial activity against lysosomal proteases (26), this com-
pensatory mechanism is also affected, which ultimately results
in a better stabilization of p62 than can be achieved by
inhibition of the proteasome alone. Unfortunately, concur-
rent treatment of cells with both lactacystin and chloroquine
resulted in massive cell death (unpublished results), so the
effect of MG132 could not be recapitulated by combining
these two inhibitors.

Both NSs (52) and the proteasome (37, 41) are present in
cytoplasmic as well as nuclear compartments, and the nuclear
localization of NSs has previously been shown to be required
for efficient transcriptional suppression (2). The localization of
p62, on the other hand, is predominantly nuclear, and phar-
macological inhibition of nuclear export has no effect on the
NSs-mediated degradation of p62. Furthermore, after MP-12
infection and in the presence of proteasomal inhibitors, p62
remained localized in the nucleus. This suggests that p62 does
not need to be exported into the cytoplasm to be degraded but,
rather, is degraded directly inside the nucleus.

Proteins are canonically targeted for proteasomal degrada-
tion by covalent attachment of a chain of ubiquitin moieties
(17), and it will be important to determine whether NSs is able
to promote the polyubiquitination of p62. Interestingly, two
distinct ubiquitin ligases (NEDD4 and the elongin/Rbx1/Cul5

FIG. 7. p62 is degraded in the nucleus of infected cells. (A) 293
cells were mock infected or infected with MP-12 at an MOI of 3.
Immediately after infection, cells were treated with 20 nM leptomycin
B (LMB) where indicated. Cells were harvested at 8 h.p.i., and whole-
cell lysates were analyzed by Western blotting with anti-p62, anti-
RVFV, and anti-�-actin antibodies (from top to bottom). (B) 293 cells
were mock infected or infected with MP-12 at an MOI of 3 and treated
with 5 �M MG132 at 3 h.p.i. or 20 nM LMB at 0 h.p.i. where indicated.
Cells were harvested at 8 h.p.i. and fractioned into cytoplasmic and
nuclear compartments, followed by analysis by Western blotting with
anti-p62, anti-RVFV, anti-GAPDH, and anti-lamin B antibodies (from
top to bottom). (C) 293 cells were mock treated or treated with 20 nM
LMB for 7 h before fixation and permeabilization. RanBP1 localiza-
tion was visualized by immunostaining. Representative examples of at
least 3 independent experiments are shown.
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complex) have recently been identified as being responsible for
the polyubiquitination of the large subunit of RNA polymerase
II (16). The elongin/Rbx1/Cul5 complex is also recruited by the
adenoviral E4orf6 protein (40) and HIV-1 Vif (53). Further-
more, although it displays no sequence similarity to the RVFV
NSs protein, the NSs protein of Bunyamwera virus has been
shown to interact with MED8 (29), which also serves as a
substrate recognition factor of the elongin/Rbx1/Cul2 E3
complex (5). We hypothesize that NSs functions by recruit-
ing a cellular ubiquitin ligase to promote the ubiquitination
and subsequent degradation of p62, and it will be important to
characterize the complex containing NSs and p62 for a more
detailed understanding of NSs-mediated p62 degradation.

The question remains as to whether and, if so, why RVFV
employs two redundant mechanisms to induce transcriptional
suppression in its host cell, i.e., (i) sequestration of p44 by NSs
and (ii) NSs-mediated p62 degradation. Le May et al. sug-
gested that the sequestration of p44 can only prevent the as-
sembly of new TFIIH complexes and leaves preexisting ones
unaffected (27). Furthermore, NSs only interacts with free p44
and not with p44 which has been assembled into the TFIIH
complex (27). If NSs acted only through the sequestration of
p44, the onset of transcriptional suppression would be delayed
until existing TFIIH had been turned over naturally. By pro-
moting the degradation of p62, on the other hand, NSs might
be able to disrupt and inactivate fully assembled complexes.
Indeed, partial transcriptional suppression can be observed
as early as 4 h.p.i. (Fig. 3A). Furthermore, substoichiometric
amounts of NSs would be sufficient to completely inactivate all
existing and newly synthesized TFIIH, which might be impor-
tant since the synthesis of large amounts of NSs occurs only
after secondary transcription of the ambisense S segment and
relatively late during viral replication (21).
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