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Abstract

The non- structural protein NSs is the main virulence factor of Rift Valley fever virus, a major zoonotic pathogen in Africa. NSs 
forms large aggregates in the nucleus and impairs induction of the antiviral type I IFN system by several mechanisms, includ-
ing degradation of subunit p62 of the general RNA polymerase II transcription factor TFIIH. Here, we show that depletion of the 
nuclear pore protein Nup98 affects the nuclear import of NSs. Nonetheless, NSs was still able to degrade TFIIH- p62 under these 
conditions. Depletion of Nup98, however, had a negative effect on Rift Valley fever virus multiplication. Our data thus indicate 
that NSs utilizes Nup98 for import into the nucleus, but also plays a general role in the viral replication cycle.

Rift Valley fever virus (RVFV; genus Phlebovirus, family 
Phenuiviridae, order Bunyavirales) is a mosquito- transmitted 
zoonotic pathogen that is endemic in Africa. In large and 
devastating outbreaks it can kill thousands of farm animals 
and hundreds of humans [1].

The particles of RVFV are enveloped and contain three 
genomic RNA segments of negative or ambisense polarity, 
termed L, M and S, according to their relative size [2, 3]. There 
are four structural proteins, namely the two glycoproteins Gn 
and Gc that are inserted into the envelope, and the nucleopro-
tein N and the RNA- dependent polymerase L that encapsidate 
the genomic RNA segments to form the ribonucleoprotein 
particles (RNPs). RVFV also encodes non- structural (NS) 
proteins. NSm1 and NSm2 are encoded on the M segment as 
part of a polyprotein that also produces Gn and Gc, and NSs 
is encoded on the S segment by an ambisense strategy. RVFV 
enters the host cell via endocytosis and Gn/Gc- mediated 
membrane fusion. All steps of the viral replication cycle such 
as transcription and replication of the RNP- encapsidated 
genome segments as well as particle assembly and egress take 
place in the cytoplasm. The NSs protein, however, is present in 
the nucleus and forms large and dense filamentous structures 
[4, 5].

NSs is the major pathogenicity factor of RVFV that strongly 
inhibits host cell gene expression [6]. NSs achieves this by 
a multitude of activities such as targeting the general RNA 
polymerase II transcription factor TFIIH by (i) sequestering 

subunits p44 and XBP to prevent assembly of TFIIH, and 
(ii) driving proteasomal degradation of the TFIIH subunit 
p62 [7, 8]. Moreover, NSs recruits the RNA polymerase II 
suppressor SAP30 [9, 10], binds to a wide range of RNA poly-
merase II promoters [11] and hinders the export of host cell 
mRNAs to the cytoplasm by an unknown mechanism [12].

Despite the fact that most functions of NSs to counteract 
antiviral host responses occur in the nucleus, the mode of 
NSs nuclear transport has remained unclear. NSs has a relative 
molecular mass of about 30 kDa, a size that is well below the 
40 kDa diffusion limit of nuclear pores [13]. However, NSs has 
a strong tendency to assemble into much larger filaments [14], 
and several mutant proteins were shown to have lost nuclear 
localization partially or entirely [4, 5, 15].

Previously, we have identified the nuclear pore protein 
Nup98 as the host cell interactor of RVFV NSs by affinity 
purification followed by MS [16]. Nup98 is a highly conserved 
component of the nuclear pore complex, and is exposed at the 
cytoplasmic as well as the nuclear periphery of the central 
channel [17]. Besides being part of the nuclear pore complex 
and participating in nuclear import, a fraction of Nup98 is 
intranuclear and involved in mRNA export, RNA polymerase 
II regulation and antiviral gene expression [17–19]. Unfortu-
nately, despite our earlier MS results [16], we were unable to 
robustly demonstrate an interaction of NSs with Nup98 by 
co- immunoprecipitation (data not shown). Moreover, when 
cells were infected with a recombinant strain ZH548 bearing 
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a C- terminally Flag- tagged NSs (rZH- CFNSs), immunofluo-
rescence analyses did not reveal any obvious co- localization 
or changes in the subcellular localization of Nup98 (Fig. 1a). 
In addition, Nup98 levels did not change in rZH- CFNSs 
infection when compared to a control virus expressing a 

Flag- tagged fragment of MxA (rZH- FΔMx) instead of NSs, 
as shown by immunoblot analyses (Fig. 1b). Therefore, unlike 
other targets of NSs, Nup98 appears to interact with NSs only 
transiently and without any consequences for Nup98 locali-
zation or stability. Nonetheless, when cells were depleted of 
Nup98 by small interfering RNA (siRNA), the cytoplasmic 
fraction of NSs increased [Fig. 2a (upper and middle panel) 
and Fig.  2b]. However, the nuclear target of NSs, TFIIH- 
p62, was still degraded, probably by the residual NSs in the 
nucleus. Importantly, when the nuclear pore protein Nup62 
was removed by siRNA as a control, NSs located mostly to the 
nucleus, although a certain increase of the cytoplasmic signal 
was also observed [Fig. 2a (lower panel) and Fig. 2b]. Nup62 
is located in the central channel of the nuclear pore [20]. Like 
the more peripheral Nup98, it associates with the importin 
alpha/beta complex and mediates import of proteins [21]. 
Nonetheless, NSs nuclear import appears more dependent 
on Nup98 than on Nup62. Moreover, the slight impairment of 
NSs import could possibly also be explained by the observa-
tion that Nup98 levels can be affected by siRNA depletion of 
Nup62 (Fig. 2c).

To investigate the importance of Nup98 for RVFV infection, 
we measured virus yields under conditions of Nup98 deple-
tion. As shown in Fig. 3 (a), titres of the wt strain rZH548 
dropped by almost 1 log10 step in the absence of Nup98, but 
not when Nup62 was depleted. Surprisingly, the naturally 
NSs- deleted strain Clone 13 was also reduced upon Nup98 
depletion, although values did not reach significance levels. 
Thus, RVFV may require Nup98 for a general function in 
virus replication. Moreover, Nup98 depletion did not restore 
IFN induction by wt RVFV (Fig. 3b), in line with the still 
intact TFIIH- p62 destruction by NSs under these conditions 
(see Fig. 2c). However, a possible rescue of IFN induction 
imposed by Nup98 depletion might be hidden due to a 
general defect in nuclear import of transcription factors for 
IFN-β promoter activation. Indeed, the strong IFN induc-
tion by the NSs- deleted strain Clone 13 was reduced when 
Nup98 was absent, although statistical significance was not 
reached (see Fig. 3b). Reduced IFN induction could be due 
to the mentioned transport defect by Nup98 depletion, but 
is also expected based on the role of Nup98 in antiviral gene 
expression [19].

Our findings indicate that Nup98, one of the most conserved 
nucleoporins and an important player in cytoplasmic–nuclear 
transport [17, 22], is required by RVFV for two independent 
functions. First, Nup98 is involved in the nuclear import of 
NSs. Nup98 is known to act as a cytoplasmic docking site 
for nuclear transport substrates via its unique GLFG repeat 
domain, as opposed to the FG repeats of the other nucleo-
porins [17, 23]. The GLFG repeat region is known to bind 
to import cargo [17]. Interestingly, both NSs and nucleop-
orins contain intrinsically disordered regions that have the 
tendency of multivalent, low- affinity interactions [14, 22], 
perhaps explaining the role of Nup98 in NSs import on the 
one hand and the lack of a robustly demonstratable interac-
tion on the other. Unlike many other NSs interactors [7, 9, 10], 
Nup98 is not consumed or dislocated over the course of 

Fig. 1. Nucleoporin Nup98 in the presence of RVFV NSs. HeLa cells 
were infected with recombinant RVFV expressing a C- terminal Flag 
tag (rZH- CFNSs [7]) at an m.o.i. of 3. After an incubation period of 6 h, 
cells were fixed with 4 % paraformaldehyde in PBS and permeabilized 
with 0.5 % Triton X-100 in PBS, and immunostained for Flag- tagged 
NSs (Anti- Flag M2, 1 : 1000, green channel) and Nup98 (Nup98 C39A3, 
1 : 500, red channel) by confocal microscopy. (b) Immunoblot analysis. 
HeLa cells were left uninfected (mock) or infected with rZH- CFNSs 
or a control virus expressing a Flag- tagged N- terminal fragment of 
MxA (rZH- FΔMx [7]) at an m.o.i. of 5, and 16 h later were subjected 
to immunoblot analysis using antibodies against Nup98 (Nup98 
C39A3, 1 : 500), TFIIH- p62 [GTF2H1 (ab55199), 1 : 1000], Flag tag [Anti- 
Flag (F7425), 1 : 2000] and cellular actin as a loading control (β- Actin 
8H10D10, 1 : 1000).
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Fig. 2. Effect of Nup98 depletion on nuclear import of NSs. HeLa cells with specific siRNA knockdown of Nup98 or Nup62 were infected 
with recombinant RVFV expressing Flag- tagged NSs (rZH- CFNSs) or the ΔMx control (rZH- FΔMx) at an m.o.i. of 3. After an incubation 
period of 24 h, cells were fixed, permeabilized and analysed for the presence of Flag- tagged NSs [Anti- Flag (F7425), 1 : 1000, green 
channel] and TFIIH- p62 [GTF2H1 (ab55199), 1 : 500, red channel] by confocal microscopy (a). (b) Quantification of microscopy images. 
In four biological replicates, around 100 infected cells per replicate were monitored for the presence of NSs and the cytoplasmic 
localization of NSs. *P<0.05 (Student’s paired t- test). (c) Knockdowns were verified by immunoblot analysis. The knockdown was 
achieved by two- fold reverse transfection with control siRNA (AllStar Negative Control; Qiagen) as well as validated pools of four siRNAs 
(Qiagen) against mRNAs for Nup98 (GeneSolution GS4928) and Nup62 (GeneSolution GS23636) as previously described [7]. Quantitative 
reverse- transcriptase PCR showed mRNA reduction to be at least 90 % (data not shown). One day after the second transfection cells 
were infected as described above. Antibodies for immunoblot were anti- Nup98 C39A3 (Cell Signaling, diluted 1 : 1000), anti- Nucleoporin 
p62 (BD Transduction Laboratories, diluted 1 : 4000) and anti- beta tubulin (Abcam, diluted 1 : 1000).
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infection. Second, the multifunctional Nup98 may execute an 
NSs- independent role in the viral replication cycle, perhaps 
the nuclear export of co- factors required for replication in the 
cytoplasm, or the expression of host genes required for virus 
replication. Nup98 is an IFN- stimulated gene and confers 
antiviral activity [19, 24]. It is therefore targeted by several 
viruses, either by interaction (vesicular stomatitis virus 
[24, 25]), phosphorylation (cardiovirus [26]), degradation 
(influenza A virus [27]) or specific cleavage (poliovirus [28]). 
Our findings that RVFV does not target or modify Nup98 in 

a comparable, direct manner might be explained by the fact 
that it is required for NSs import and viral replication.

Funding information
Work in our laboratory was supported by the Deutsche Forschungsge-
meinschaft (grant SFB 1021) and by the Bundesministerium für Bildung 
und Forschung (grant RAPID; Infect- ERA grant ‘ESCential’).

Acknowledgements
We thank Alejandro Brun for providing anti- RVFV antisera.

Author contributions
Conceptualization, Validation, Writing – review and editing: S.L. and F.W.; 
Funding acquisition, Project administration, Supervision, Writing – orig-
inal draft: F.W.; Investigation: S. L.

Conflicts of interest
The authors declare that there are no conflicts of interest.

References 
 1.  McMillen CM, Hartman AL. Rift Valley fever in animals and humans: 

current perspectives. Antiviral Res 2018;156:29–37.

 2.  Elliott RM, Brennan B. Emerging phleboviruses. Curr Opin Virol 
2014;5:50–57.

 3.  Lumley S, Horton DL, Hernandez- Triana LLM, Johnson N, Fooks AR 
et al. Rift Valley fever virus: strategies for maintenance, survival and 
vertical transmission in mosquitoes. J Gen Virol 2017;98:875–887.

 4.  Billecocq A, Spiegel M, Vialat P, Kohl A, Weber F et al. Nss protein 
of Rift Valley fever virus blocks interferon production by inhibiting 
host gene transcription. J Virol 2004;78:9798–9806.

 5.  Head JA, Kalveram B, Ikegami T. Functional analysis of Rift 
Valley fever virus NSs encoding a partial truncation. PLoS One 
2012;7:e45730.

 6.  Wuerth J, Weber F. Phleboviruses and the type I interferon 
response. Viruses 2016;8:174.

 7.  Kainulainen M, Habjan M, Hubel P, Busch L, Lau S et al. Virulence 
factor NSs of Rift Valley fever virus recruits the F- box protein 
Fbxo3 to degrade subunit p62 of general transcription factor TFIIH. 
J Virol 2014;88:3464–3473.

 8.  Kalveram B, Lihoradova O, Ikegami T. Nss protein of Rift Valley 
fever virus promotes posttranslational downregulation of the TFIIH 
subunit p62. J Virol 2011;85:6234–6243.

 9.  Le May N, Dubaele S, Proietti De Santis L, Billecocq A, Bouloy M 
et al. Tfiih transcription factor, a target for the Rift Valley hemor-
rhagic fever virus. Cell 2004;116:541–550.

 10.  Le May N, Mansuroglu Z, Léger P, Josse T, Blot G et al. A SAP30 
complex inhibits IFN- beta expression in Rift Valley fever virus 
infected cells. PLoS Pathog 2008;4:e13.

 11.  Benferhat R, Josse T, Albaud B, Gentien D, Mansuroglu Z et  al. 
Large- Scale chromatin immunoprecipitation with promoter 
sequence microarray analysis of the interaction of the NSS protein 
of Rift Valley fever virus with regulatory DNA regions of the host 
genome. J Virol 2012;86:11333–11344.

 12.  Copeland AM, Van Deusen NM, Schmaljohn CS. Rift Valley fever 
virus NSs gene expression correlates with a defect in nuclear 
mRNA export. Virology 2015;486:88–93.

 13.  Boulikas T. Nuclear localization signals (NLS). Crit Rev Eukaryot 
Gene Expr 1993;3:193–227.

 14.  Barski M, Brennan B, Miller OK, Potter JA, Vijayakrishnan S et al. 
Rift Valley fever phlebovirus NSs protein core domain struc-
ture suggests molecular basis for nuclear filaments. Elife 
2017;6:e29236.

 15. Yadani FZ, Kohl A, Prehaud C, Billecocq A, Bouloy M. The 
carboxy- terminal acidic domain of Rift Valley fever virus NSs 
protein is essential for the formation of filamentous struc-
tures but not for the nuclear localization of the protein. J Virol 
1999;73:5018–5025.

Fig. 3. Influence of Nup98 on RVFV infection and IFN induction. HeLa 
cells were infected for 24 h with recombinant ZH548 (rZH548) or the 
naturally NSs- deleted strain Clone 13 at an m.o.i. of 10, and analysed 
for (a) virus yields by plaque assay or for (b) IFN induction by RT- 
qPCR, as described previously [7]. Results from four (a) and three 
(b) independent experiments are shown. *P<0.05; n.s., not significant 
(Student’s paired t- test).



716

Lau and Weber, Journal of General Virology 2020;101:712–716

 16. Pichlmair A, Kandasamy K, Alvisi G, Mulhern O, 
Sacco R et  al. Viral immune modulators perturb the human 
molecular network by common and unique strategies. Nature 
2012;487:486–490.

 17.  Iwamoto M, Asakawa H, Hiraoka Y, Haraguchi T. Nucleoporin 
Nup98: a gatekeeper in the eukaryotic kingdoms. Genes Cells 
2010;15:661–669.

 18.  Capelson M, Liang Y, Schulte R, Mair W, Wagner U et al. Chromatin- 
Bound nuclear pore components regulate gene expression in 
higher eukaryotes. Cell 2010;140:372–383.

 19. Panda D, Gold B, Tartell MA, Rausch K, Casas- Tinto S et al. The 
transcription factor FoxK participates with Nup98 to regulate 
antiviral gene expression. mBio 2015;6:e02509-14.

 20.  Guan T, Müller S, Klier G, Panté N, Blevitt JM et  al. Structural 
analysis of the p62 complex, an assembly of O- linked glycopro-
teins that localizes near the central gated channel of the nuclear 
pore complex. Mol Biol Cell 1995;6:1591–1603.

 21. Percipalle P, Clarkson WD, Kent HM, Rhodes D, Stewart M. 
Molecular interactions between the importin α/β heterodimer 
and proteins involved in vertebrate nuclear protein import. J Mol 
Biol 1997;266:722–732.

 22.  Schmidt HB, Görlich D. Transport selectivity of nuclear pores, 
phase separation, and Membraneless organelles. Trends Biochem 
Sci 2016;41:46–61.

 23.  Radu A, Moore MS, Blobel G. The peptide repeat domain of nucleo-
porin Nup98 functions as a docking site in transport across the 
nuclear pore complex. Cell 1995;81:215–222.

 24. Enninga J, Levy DE, Blobel G, Fontoura BM. Role of nucleoporin 
induction in releasing an mRNA nuclear export block. Science 
2002;295:1523–1525.

 25. von Kobbe C, van Deursen JM, Rodrigues JP, Sitterlin D, Bachi A 
et  al. Vesicular stomatitis virus matrix protein inhibits host cell 
gene expression by targeting the nucleoporin Nup98. Mol Cell 
2000;6:1243–1252.

 26. Ciomperlik JJ, Basta HA, Palmenberg AC. Three Cardiovirus leader 
proteins equivalently inhibit four different nucleocytoplasmic traf-
ficking pathways. Virology 2015;484:194–202.

 27.  Satterly N, Tsai P- L, van Deursen J, Nussenzveig DR, Wang Y et al. 
Influenza virus targets the mRNA export machinery and the nuclear 
pore complex. Proc Natl Acad Sci U S A 2007;104:1853–1858.

 28.  Park N, Katikaneni P, Skern T, Gustin KE. Differential targeting of 
nuclear pore complex proteins in poliovirus- infected cells. J Virol 
2008;82:1647–1655.

Five reasons to publish your next article with a Microbiology Society journal
1.  The Microbiology Society is a not-for-profit organization.
2.  We offer fast and rigorous peer review – average time to first decision is 4–6 weeks.
3.   Our journals have a global readership with subscriptions held in research institutions around  

the world.
4.  80% of our authors rate our submission process as ‘excellent’ or ‘very good’.
5.  Your article will be published on an interactive journal platform with advanced metrics.

Find out more and submit your article at microbiologyresearch.org.


	Nuclear pore protein Nup98 is involved in replication of Rift Valley fever virus and nuclear import of virulence factor NSs
	Abstract
	References 


