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Nuclear pore complexes (NPC) regulate molecular traffics on nuclear envelope, which plays crucial roles
during cell fate specification and diseases. The viral accessory protein NSP9 of SARS-CoV-2 is reported to
interact with nucleoporin 62 (NUP62), a structural component of the NPC, but its biological impact on the
host cell remain obscure. Here, we established new cell line models with ectopic NSP9 expression and
determined the subcellular destination and biological functions of NSP9. Confocal imaging identified
NSP9 to be largely localized in close proximity to the endoplasmic reticulum. In agreement with the
subcellular distribution of NSP9, association of NSP9 with NUP62 was observed in cytoplasm. Further-

ﬁ?;gords' more, the overexpression of NSP9 correlated with a reduction of NUP62 expression on the nuclear en-
SARS-CoV-2 velope, suggesting that attenuating NUP62 expression might have contributed to defective NPC
Nucleoporin formation. Importantly, the loss of NUP62 impaired translocation of p65, a subunit of NF-kB, upon TNF-o
NUP62 stimulation. Concordantly, NSP9 over-expression blocked p65 nuclear transport. Taken together, these

p65 data shed light on the molecular mechanisms underlying the modulation of host cells during SARS-CoV-
2 infection.
© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is the causative agent of coronavirus disease (COVID-19) and is
highly transmissible in human population, resulting in a global
pandemic in 2020 [1,2]. In order to successfully replicate, viruses
employ several strategies to counter antiviral responses in host
cells. Recent efforts have identified the suppression of interferons
(IFNs) pathway as a major clinical determinant of COVID-19
severity [3], though this insight has yet to be translated into
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clinical benefits to date. As such, to gain a better understanding of
pathophysiological mechanisms remains a pressing need in order
to establish effective mitigating strategies to treat COVID-19.

The SARS-CoV-2 encodes 27 proteins with various roles in virus
replication and packaging [4]. Those include 4 structural proteins
(the nucleocapsid, envelope, membrane and spike), 7 accessory
proteins (ORF3a-ORF8), and 16 non-structural proteins (NSP1-
NSP16). To delineate the molecular basis of SARS-COV-2 patho-
genesis, researchers have sought to comprehensively defined the
interactions between SARS-CoV-2 proteins and human proteins or
RNAs [4,5]. This approached have identified multiple core biological
processes perturbed by SARS-CoV-2, including protein trafficking,
translation, transcription, ubiquitin regulation and splicing. Of
special note, certain viral proteins such as ORF6 and NSP9 prefer-
ably targeted nuclear pore complexes (NPCs) components [4].

NPCs establish nuclear pores studded throughout the nuclear
envelope (NE) as portals for bidirectional cytoplasmic-nuclear
transport channels. NPCs consist of multiple copies of ~30
different proteins known as nucleoporins (NUPs). Around one-third
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of NUPs including NUP62 contain unstructured
phenylalanine—glycine (FG) repeats and form a soft and flexible
cobweb inside the pore [6—9], which establishes conditional par-
titions. During nuclear transport, cargos require the aid of nuclear
transport receptors called karyopherins to pass through the NPCs.
Thus, NPCs establish a selective transport system by collaborating
with karyopherins and play a fundamental role in regulating
genomic information. Furthermore, disease specific alterations of
transport factors result in the pathologic transduction of cellular
signaling [10—14]. For example, we and others have reported that
the interaction between viral ORF6 protein and NPCs components
(NUP98 and Rae1) caused impaired mRNA export as well as nuclear
transport [15—17]. On the other hand, while NSP9 was identified to
target several NUPs including NUP62 [4], the biological significance
of the interaction remains elusive.

Here, we investigated subcellular dynamics between NSP9 and
NUP62 using cell line models with ectopic NSP9 expression. The
specific localization of NSP9 in close vicinity to endoplasmic re-
ticulum (ER) was observed. These NSP9 interacted with NUP62 in
cytoplasm, hence restricting the association of NUP62 to the NPCs.
Moreover, NUP62 depletion blocked nuclear transport of p65, a
major component of NF-kB. Concordantly, the overexpression of
NSP9 in these cells would prevent NF-«kB translocation. These
findings reveal a hitherto unknown mechanism through which a
non-structural protein of SARS-CoV-2 could modulate and restrict
NF-kB signaling, a central axis of inflammatory response.

2. Methods
2.1. Cell culture

HeLa cells were obtained from ATCC [18], and maintained in
DMEM medium supplemented with 10% (vol/vol) fetal bovine
serum (FBS) and 1% (vol/vol) penicillin/streptomycin (P/S). All cells
were cultured at 37°C and 5% CO; in a humidified incubator.

2.2. DNA vectors and siRNA

In the construction of the DNA vector expressing GFP-fused
NSP9, the coding region of NSP9 (YP_009724389.1) was synthe-
sized and inserted into pJET (Thermo Scientific). Subsequently, the
DNA sequence of NSP9 was amplified by PCR using primer (F; 5’-
CCGCTCGAGGGAATAATGAGCTTAG-3/, R; 5'-CGCGGATCCTCATTG-
TAGACGTACT-3') and purified. Lastly, the amplicon containing
flanking BamHI/Xhol sites were inserted into pEGFP-C1.

2.3. Transfection

siRNA for NUP62 was from (Sigma-Aldrich,
SASI_Hs01_00038069). DNA transfection was performed using
Lipofectamine 2000 according to manufacturer's protocol. In brief,
cells were seeded on 6-well plate at the density of 4 x 10°/well, and
incubated for 20 h. Cells were introduced siRNA at 80 nM, and
further incubated for 24 h. Those cells were re-seeded on 6-well
plate and coverslips to proceed further experiments.

2.4. Reagents

Human TNF-o was purchased from PeproTech, and stored
in —20 °C at 0.1 mg/mL. To activate canonical NF-kB signaling in
HelLa cells, TNF-o was added to a final concentration of 10ng/ml for
all experiments.
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2.5. Western blotting

Cells were lysed with RIPA buffer (50 mM Tris-HCL (pH 8.0)),
150 mM sodium chloride, 1% Triton X-100, 0.1% SDS, EDTA free
Protease Inhibitor Cocktail (Nacalai tesque). For samples subjected
to subcellular localization analysis, nuclear-cytoplasmic fraction-
ation was performed in accordance with the manufacturer's pro-
tocol (NE-PER™ Nuclear and Cytoplasmic Extraction Reagents,
ThermoFisher). Samples were subjected to SDS-PAGE followed by
conventional wet transfer. Primary antibodies were incubated
overnight with mixing at 4C. Following washing, membranes are
incubated with secondary antibody at room temperature (RT) for
1—-2 h. Images were detected by using an C-Digit blot scanner (LI-
COR). Information of all antibodies used is shown in Supplementary
Table 1.

2.6. Immunofluorescence (IF) microscopic analysis

Cells on coverslips were incubated under indicated conditions.
Cells were fixed for 20 min in 4% paraformaldehyde in PBS, then
permeabilized with 0.3% Triton X-100 in PBS for 10 min at RT.
Subsequently, coverslips with cells were blocked with blocking
solution (PBS containing 4% BSA) for 1 h at RT. Coverslips were
incubated with the indicated primary antibodies in blocking solu-
tion overnight in the cold room. Coverslips were then washed with
PBS and incubated with Alexa Fluor-conjugated secondary anti-
body in blocking solution for 1 h. After PBS washes, samples were
mounted onto coverslips using the ProLong™ Gold Antifade re-
agent (Life Technologies), and examined by confocal microscopy
(TCS SP8, Leica, objective x 100/1.4). Images captured on a confocal
microscope were processed for deconvolution using Huygens Pro-
fessional with default parameters, and the intensity of nuclear NF-
kB/p65 was quantified with LAS X version 1.8. Information of all
antibodies used is shown in Supplementary Table 1.

3. Results
3.1. Ectopic NSP9 is localized on the ER

In order to investigate the biological impact of NSP9 in human
cells, we established cell line models with ectopic NSP9 expression.
The coding region of NSP9 was fused with a N-terminal GFP (GFP-
NSP9) and transfected into HeLa cells (Fig. 1A and B). Most of GFP-
NSP9 were observed in cytoplasm by confocal imaging analysis
(Fig. 1C). To determine subcellular localization of NSP9, HeLa cells
expressing GFP-NSP9 were immunostained with organelle markers
(PDIA3 for ER and GORASP2 for Golgi), and subjected to fluores-
cence confocal microscopic analysis. We found that GFP-NSP9 was
mostly localized in PDIA3-stained ER, while such co-localization
was rarely observed between GFP and PDIA3 (Fig. 1D). Moreover,
no co-localization was observed been GORASP2 and GFP-NSP9 or
GFP (Fig. 1E). These data suggested that GFP-NSP9 is preferentially
targeted to the ER.

3.2. NSP9 hampered the localization of NUP62 on the nuclear
envelope

A recent SARS-CoV-2 protein interaction map identified that
NSP9 interacted with certain NUPs including NUP62 [4]. We have
previously shown that NUP62 plays pivotal roles in nuclear-
cytoplasmic traffic as a central channel component of NPCs [8],
which prompts us to study the biological significance of the NSP9-
NUP62 association. To determine spatial association between NSP9
and NUP62, we first performed immunofluorescence confocal
analysis using M414 antibody targeting NUPs harboring FG (FG-
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(A) Schematic diagram of NSP9-green fluorescent protein fusion protein (GFP-NSP9). (B) Western blot analysis of GFP in HeLa cells transfected with pEGFP-C1 or pEGFP-NSP9. (C)
Immunofluorescence confocal microscopic analysis of GFP and LaminB1 in HeLa cells transfected with pEGFP-C1 or pEGFP-NSP9. Scale bars: 10 um. (D, E) Immunofluorescence
confocal microscopic analysis of GFP and ER marker PDIA3 (D) or GORASP2 (E) in HeLa cells transfected with pEGFP-C1 or pEGFP-NSP9. Scale bars: 5 pm. The area within the box is

magnified and shown in the right panels. Scale bars: 500 nm.

NUPs) and determined the co-localization of GFP-NSP9 with FG-
NUPs in cytoplasm (Fig. 2A). Furthermore, immunofluorescence
confocal analysis using NUP62 antibody consistently demonstrated
the localization of NUP62 and GFP-NSP9 (Fig. 2B). Considering
subcellular localization of NSP9 and its previously reported func-
tions [5], we speculated that NSP9 may sequester newly translated
NUP62. To determine the effect of ectopic NSP9 on the spatial
NUP62 distribution, we investigated the subcellular dynamics of
NUP62. We found that total protein levels of NUP62 decreased
upon GFP-NSP9 over-expression (Fig. 2C). The WB analysis using
fractionated samples demonstrated a reduction of NUP62 in the
nuclear fraction (Fig. 2D), which suggests a reduction of NUP62 that

Magnification
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Fig. 2. NSP9 of SARS-CoV-2 altered subcellular dynamics of NUP62.

could lead to defective NPCs.

3.3. Loss of NUP62 attenuated p65 translocation

As a fundamental role of NUP62 is in transport regulation, we
investigated changes in gene expression upon the RNAi knockdown
of NUP62 by reanalyzing microarray data [8]. Remarkably, pathway
analysis of down-regulated genes following NUP62 depletion
identified several immune response-related pathways such as
interferon and NF-kB (Fig. 3A). Importantly, mounting evidence
suggest that SARS-CoV-2 abrogate host immune defenses that in-
cludes type I IFN response wherein NF-«kB plays a pivotal role to

c
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(A, B) Immunofluorescence confocal microscopic analysis of GFP and M414 (A) or NUP62 (B) in Hela cells transfected with pEGFP-C1 or pEGFP-NSP9. Scale bars: 5 um. The area
within the box is magnified and shown in the right panels. Scale bars: 500 nm. (C) Western blot analysis of NUP62 in HeLa cells transfected with pEGFP-C1 or pEGFP-NSP9. (D)
Western blot analysis of NUP62 in both cytoplasmic and nucleus fraction using HeLa cells expressing either GFP or GFP-NSP9.
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(A) Pathway analysis of the down-regulated genes after NUP62 knockdown. (B) Western blot analysis of NUP62 in HeLa cells upon siRNA mediated NUP62 silencing. (C) Immu-
nofluorescence confocal microscopic analysis of p65 in HeLa cells expressing siRNA for NUP62 with TNFa processing for 30 m. Scale bar: 5 pm. (D) Quantification of nuclear p65
intensity in siCtrl (n = 44) and NUP62 silenced HeLa cells (n = 54) after TNFa. treatment for 30 m. Relative intensity comparing to siCtrl was shown. Statistical analysis was based on

Mann—Whitney U test.

initiate immune response upon viral infections [19—22]. Therefore,
we next asked whether NUP62 interference affected the subcellular
localization of the p65 (RELA) subunit of NF-kB. In this experiment,
we treated Hela cells with TNF-a to activate the canonical NF-kB
pathway. When examined under confocal microscopy, TNF-a-
induced p65 nuclear translocation was clearly attenuated in
NUP62-depleted cells (Fig. 3B and C). Accordingly, quantification
analysis confirmed that nuclear transport of p65 was significantly
reduced in NUP62-depleted cells (Fig. 3D), suggesting the role of
NUP62 in nuclear transport of p65.

3.4. Impairment of p65 translocation in NSP9 over-expressed cells

As NSP9 prevented NUP62 subcellular dynamics, we next asked
if NSP9 overexpression has an effect on the subcellular localization

of p65. In resting GFP or GFP-NSP9 expressing cells, p65 was pre-
dominantly located in cytoplasm prior to TNF-o treatment (Fig. 4A).
In the control GFP-expressing cells, the majority of p65 accumu-
lated in the nucleus upon TNF-a stimulation for 30 m (Fig. 4A;
Upper panel). In contrast, TNF-a-induced p65 translocation was
significantly/markedly impaired in GFP-NSP9 expressing cells
(Fig. 4A; Lower panel). Quantitative analysis revealed that p65 is
retained in the cytoplasm in cells expressing GFP-NSP9 following
TNF-a (Fig. 4B). In contrast, NSP9 over-expression did not alter the
total amounts and subcellular localization of KPNA4
(Supplementary Fig. 1), which is determined as a specific trans-
porter of p65 [23]. Collectively, our data demonstrated that NSP9
altered NPC composition and prevented NF-kB nuclear transport
(Fig. 4C).

A TNFa - + B
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— GFP —
GFP
p<0.01
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GFP-NSP9
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Fig. 4. NSP9 of SARS-CoV-2 prevented nuclear transport of p65.

Nuclear-Cytoplasmic .
Transport Defect

(A) Immunofluorescence confocal microscopic analysis of p65 in HeLa cells expressing either GFP or GFP-NSP9 after TNFo. treatment for 30 m. Scale bars: 5 pm. (B) Quantification of
nuclear p65 intensity in HelLa cells expressing either GFP (n = 23) or GFP-NSP9 (n = 28) after TNFa treatment for 30 m. Relative intensity comparing to GFP control was shown.
Statistical analysis was based on Unpaired two-tailed t-test. (C) A model whereby NSP9 attenuates nuclear transport by hampering NUP62 dynamics and functions in host cells.
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4. Discussion

The current study focuses on the biological impact of SARS-CoV-
2 protein NSP9 on NPC component NUP62, where a novel patho-
genic function of NSP9 in altering NPC composition changes and
NF-kB nuclear transport was uncovered. At the molecular level, we
propose that NSP9 sequesters NUP62 newly translated to the
cytoplasm thereby limiting the assembly of NUP62 into NPCs. This
in turn perturbs NPC-dependent transportation of molecules rele-
vant to immune response.

Several NSPs are generated in the earliest stage of viral life cycle
to interfere with essential cellular processes, so to provide selective
advantage for virus propagation [19]. Of special interest, NSP9 has
been reported to bind to the 7SL RNA of the signal recognition
particle (SPR) cytoplasmic ribonucleoprotein complex to interrupt
protein trafficking in host cells [5,24]. Consistent with a recent
report, our work demonstrated that NSP9F’ preferably resides in
ER. Notably, several NPC components including NUP62 assembled
and co-localized with NSP9, which potentially reflects the ability of
NSP9 to disturb directing proteins to their correct destination.
Therefore, it is important to determine whether and how NSP9
selectively targets NPC components.

Inhibiting host gene expression is a hallmark of virulence factors
from SARS-CoV-2 to counteract host defense. We and others
recently determined that ORF6, encoded genes by SARS-CoV-2,
disrupted mRNA export pathway by interacting with NUP98 and
Rael of host cells [15—17]. Further, NSP1 also disrupted mRNA
export machinery through binding with mRNA export receptor
NXF1 while NSP9 is unable to affect mRNA export processes [25]. In
agreement with recent interaction maps of viral protein with host
factors [25], our present study demonstrated that NSP9 targets
NUP62 to render NPCs defective in host cells. Since NPC composi-
tion changes are crucial to achieve selective transport underling
gene expression processes [8,11,26], interfering NPC functions/
components is a promising strategy for viral infections. The current
study focuses on the defect of p65 transport upon NSP9 over-
expression, and in so doing raises the interesting possibility that
NSP9 could prevent the nuclear transportation of other important
transcription factors.

The suppression of IFN response is a hallmark strategy of SARS-
CoV-2. Several key pathways such as STAT1 and NF-«B are activated
in response to IFN stimuli. The activation of NF-kB pathway not only
counterbalances antiviral activity but also differentially regulates
the expression of several IFN-stimulated genes [20]. In fact, viral
protein 4b of MERS-CoV blocked the expression of proin-
flammatory cytokines by blocking NF-«kB transport [22], which
further implicates antiviral functions for NF-kB during virus infec-
tion. As multiple SARS-CoV-2 derived proteins could differentially
or coordinately target immune response, it is therefore important
to understand the systemic actions of viral proteins to fully unmask
the pathophysiology of SARS-CoV-2.

In conclusion, we demonstrated that SARS-CoV-2 protein NSP9
caused a dysregulated nuclear transport system by altering NPC
composition in host cells. Further studies of NSP9 targeting agents
could lead to therapeutic regimen to attenuate pathogenesis.
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