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Host-oriented antiviral therapeutics are promising treatment options to combat COVID-19 and its emerging
variants. However, relatively little is known about the cellular proteins hijacked by SARS-CoV-2 for its repli-
cation. Here we show that SARS-CoV-2 induces expression and cytoplasmic translocation of the nucleolar pro-
tein, nucleolin (NCL). NCL interacts with SARS-CoV-2 viral proteins and co-localizes with N-protein in the
nucleolus and in stress granules. Knockdown of NCL decreases the stress granule component G3BP1, viral

replication and improved survival of infected host cells. NCL mediates viral-induced apoptosis and stress
response via p53. SARS-CoV-2 increases NCL expression and nucleolar size and number in lungs of infected
hamsters. Inhibition of NCL with the aptamer AS-1411 decreases viral replication and apoptosis of infected cells.
These results suggest nucleolin as a suitable target for anti-COVID therapies.

1. Introduction

SARS-CoV-2 is a positive-strand RNA virus closely related to SARS-
CoV and several members of the beta coronavirus family (Lam et al.,
2020; Zhou et al., 2020). Although the mechanisms of SARS-CoV-2
cellular entry via angiotensin-converting enzyme II (ACE2) have been
extensively described (Zhou et al, 2020), less is known about
SARS-CoV-2 replication (V' Kovski et al., 2021). SARS-CoV-2 must hijack
a large series of host factors to enable its replication (V'Kovski et al.,
2021). Host-directed drugs are promising therapeutic options to combat
emerging viral variants as host genes possess a lower propensity to
mutate compared to viral genes (Reuschl et al., 2021). Despite the wide
variety of cellular mechanisms co-opted by the virus, a common feature
of viral families is their interaction with the nucleolus (Salvetti and
Greco, 2014). During viral infection numerous viral components localize
within nucleoli, while various host nucleolar proteins are redistributed
to other cellular compartments or are modified, and non-nucleolar

cellular proteins reach the nucleolus (Salvetti and Greco, 2014).
Nucleolin (NCL) is a multifunctional nucleolar shuttling protein
implicated in a variety of cellular functions such as ribosome biogenesis,
DNA and RNA metabolism, cell proliferation, apoptosis, stress response
and microRNA processing (Jia et al., 2017). NCL has been implicated in
entry and replication of several viruses (Jia et al., 2017), including entry
of influenza A viruses (Chan et al., 2016) and replication of the coro-
navirus infectious bronchitis virus (IBV) (Emmott et al., 2013). Itisas a
key interacting factor for viral replication in certain cases and is
involved in nucleo-cytoplasmic export of the viral genome or viral egress
(Jia et al., 2017). Recently, NCL was predicted to bind tightly to the
5'-region of the SARS-CoV-2 genome (Vandelli et al., 2020). Here we
investigated the role of NCL in SARS-CoV-2 replication and provided
mechanistic rationale for the use of a NCL-specific aptamer AS-1411
(Reyes-Reyes et al., 2010) to inhibit SARS-CoV-2 infection.
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2. Results
2.1. SARS-CoV-2 proteins interact with nucleolin from host cells

To identify the role of NCL on SARS-CoV-2 replication we first
determined whether NCL interacts with SARS-CoV-2 proteins. NCL is a
protein localized primarily in the nucleolus, but is also found in the
nucleus, cytoplasm and cell membrane of cancer and virally infected
cells (Jia et al., 2017). Confocal immunofluorescence analysis of Vero E6
cells transfected with plasmids expressing viral proteins revealed that
the spike-receptor binding domain (RBD) and N-protein of SARS-CoV-2
are present with NCL in the cytoplasm (Fig. 1A, Figs. SIA and B and
Video S1A-I). Untransfected cells which do not express the viral proteins
showed exclusively nucleolar localization of NCL (Fig. 1A and Figs. S1A
and B). The N-protein functions in packaging and transcription of the
viral genome and virion replication (Cong et al., 2020). SARS-CoV-2 also
uses the RNA-dependent RNA polymerase (RdRp)/nonstructural protein
12 (Nspl2) for replication of its genome and the transcription of its
genes (V'Kovski et al., 2021).

NCL associates with the N-protein in stress granule (SG)-like struc-
tures, positive for T cell internal antigen 1 receptor (TIAR) (Fig. 1A and
Figs. S1B and C). Cytoplasmic SGs are generally triggered by stress-
induced translation arrest for storing mRNAs (Miller, 2011). Viruses
manipulate SGs to promote synthesis of viral proteins during replication
(Miller, 2011). Nspl from both SARS-CoV (Kamitani et al., 2006) and
SARS-CoV-2 (Thoms et al., 2020) viruses are key factors in viral-induced
downregulation of host gene expression and disruption of the cell cycle.

NCL is a nuclear-cytoplasmic shuttling protein (Jia et al., 2017).
Post-translational modification of NCL, including N- and O-glycosyla-
tion, promotes its localization and function on the plasma membrane
(Losfeld et al., 2009). The cytoplasmic redistribution of NCL, by several
viral proteins, is closely related to viral replication (Jia et al., 2017). NCL
is mainly expressed in the nucleolus and nucleus of Vero E6 cells,
however upon transfection with SARS-CoV-2 spike-RBD, N-protein and
Nspl, part of NCL translocates to the cytoplasm (Fig. 1A, B and
Figs. S1A, B, D). Similarly, SARS-CoV Nspl has been shown to alter the
nuclear—cytoplasmic distribution of NCL (Gomez et al., 2019).

To confirm the interaction of SARS-CoV-2 with NCL, we evaluated
the interaction of viral proteins from Vero E6 transfected cells with NCL
by immunoprecipitation using an anti-NCL antibody. Immunoblotting
analysis of NCL-associated proteins confirmed interaction of NCL with
spike-RBD and N-protein (Fig. 1C). NCL also associates with SARS-CoV-2
Nspl and RARP/Nsp12 (Fig. 1D). NCL did not immunoprecipitate in
control lysate from cells transfected with empty vector (Fig. 1C and D).
Accordingly, nucleolar proteins are not isolated using a low-salt lysis
buffer. These data support viral-induced mobilization of NCL to the
cytoplasm and co-immunoprecipitation in cells transfected with viral
proteins (Fig. 1C and D). We used domain mapping and observed that all
the RNA binding domains (RBD) from NCL appear to have a strong
negative region on one side and a more positive region on the other side
(Figs. S1E and F). The binding domains of the N-protein appear to have
only a strongly positive region (Figs. S1E and F). Docking analysis
showed that the positive region of the N-protein binding domains
complex to the most negative regions on the NCL RBDs (Fig. S1G).
Detailed analysis showed that NCL binds preferentially to the C-terminal
domain (CTD) of the N-protein (Fig. 1D). The CTD of the N-protein forms
a compact dimer that has been proposed to bind to RNA, regulate viral
transcription, assembly, N-protein oligomerization and SG localization
(McBride et al., 2014).

We evaluated the binding of recombinant NCL to pseudovirus con-
taining SARS-CoV-2 spike protein and heat inactivated virus by fluo-
rescence correlation spectroscopy (FCS) (Hess et al, 2002). The
diffusion coefficient of NCL-Cy5 alone was 105 + 2 pm?/s. Upon binding
to ~100 nm virion particles the diffusion coefficient was 6 + 2 pm?/s
(Fig. 1E). We observed on average 21 and 27% of total recombinant NCL
bound to pseudovirus and heat inactivated virus, respectively (Fig. 1E

Antiviral Research 211 (2023) 105550

and F). Collectively, these data showed that NCL interacts with viral
proteins and is recruited to the cytoplasm in the presence of SARS-CoV-2
proteins.

2.2. SARS-CoV-2 induces nucleolin expression and cytoplasmic
translocation

Cells expressing a subgenomic replicon of SARS-CoV have previously
shown increased levels of NCL (Zhang et al., 2010). Infection with
SARS-CoV-2 resulted on average in 3.6- and 2.3-fold higher levels of NCL
in Vero E6-TMPRSS and human Caco-2 cells, respectively (Fig. 2A). To
address if NCL is involved in SARS-CoV-2 infection, and avoid off-target
effects, we used two independent NCL knockdown (KD) cells (Fig. 2A
and Figs. S2A and B).

Coronavirus N-proteins localized to both cytoplasm and nucleolus in
virus-infected cells and may disrupt host cell division (Ariumi, 2022;
Savastano et al., 2020; Timani et al., 2005). Computational modeling of
SARS-CoV-2 viral RNA localization predicts that the SARS-CoV-2 RNA
genome and all sgRNAs are enriched in the host mitochondrial matrix
and nucleolus (Wu et al., 2020). Similarly to SARS-CoV (Timani et al.,
2005), we observed that SARS-CoV-2 N-protein co-localized with NCL
mainly in the cytoplasm but also in the nucleolus of Vero E6-TMPRSS
infected cells (Fig. 2B and Figs. S2C, D, E). N-protein was absent from
the nucleoli of cells depleted of NCL (Fig. 2B and Fig. S2D). Similar to
fluorescence images, N-protein was detected in both nuclear and cyto-
plasmic fractions of infected cells (Fig. 2C). SARS-CoV-2, SARS-CoV and
MERS-CoV N-proteins present nuclear localization signals (NLSs) and
nuclear export signal (NES), which appears to be associated with high
case fatality rate of these coronaviruses (Gussow et al., 2020). NCL could
facilitate N-protein nucleolar localization.

SARS-CoV-2 was recently shown to subvert SG machinery and
exploit Ras GTPase-activating protein-binding protein 1 (G3BP1) for its
replication (Ciccosanti et al., 2021). We observed decreased levels of
G3BP1 in Vero E6-TMPRSS NCL-KD cells (Fig. 2D), suggesting NCL
up-regulation of G3BP1 in both mock and SARS-CoV-2 infected cells.
NCL and G3BP1 co-localized in the nucleoli and SG of Vero E6-TMPRSS
infected cells (Fig. 2E and Figs. S2F and G). There was no association of
those proteins in mock-infected cells (Fig. S2F). NCL-regulation of
G3BP1 and its interaction with N-protein, which are proteins involved in
viral replication, prompted us to address the role of NCL in this process.

2.3. Nucleolin regulates replication of SARS-CoV-2

NCL participates extensively in RNA regulatory mechanisms,
including transcription, ribosome assembly, mRNA stability and trans-
lation, and microRNA processing (Jia et al., 2017). Accordingly,
knockdown of NCL in Vero-TMPRSS (Figs. S3A and B) and Caco-2
(Fig. 3A and Fig. S3B) cells resulted in significantly lower levels of
viral proteins related to replication, including, N-protein, Nspl, and
Nspl2/RdRp and spike-RBD. There was a lower effect of
NCL-knockdown on the expression of the envelope E-protein (Fig. 3A
and Figs. S3A and B). These data suggest that NCL may regulate trans-
lation of viral proteins involved in replication. In addition, the lower
levels of viral proteins in NCL-KD cells may also be associated to
decreased viral titer.

We addressed the role of NCL in viral replication. The supernatant of
Vero E6 and Caco-2 cells, deficient in NCL, contained significantly lower
levels of virus in comparison to vector control cells (Fig. 3B). Accord-
ingly, decrease of NCL in Vero E6 cells improved survival of infected
cells in comparison to control cells (Fig. 3C). These data indicate a role
for NCL in SARS-CoV-2 replication and survival of host cells.

2.4. Nucleolin mediates SARS-CoV-2 induction of stress response

The induction of apoptosis is a hallmark of SARS-CoV-2 infection
(Donia and Bokhari, 2021). Since NCL knockdown decreased respiratory
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Fig. 1. SARS-CoV-2 viral proteins interact with nucleolin and induce its cytoplasmic translocation. A. Immunofluorescence staining and confocal images of Vero E6
cells transfected with spike-RBD and N-protein for 48h, with anti-nucleolin (NCL, green or red), anti-spike-RBD (red), N-protein (green), TIAR (red), and Hoechst
(blue). The merge of the fluorescent channels, including higher magnification, are shown (right). White arrows indicate co-localization. B. Western blot determi-
nation of NCL and SARS-CoV-2 proteins in the nuclear and cytoplasmic fractions of Vero E6 cells transfected with control (ctrl) empty plasmid (pcDNA3.17), spike-
RBD, N-protein and Nsp1 for 48h. Rb and GAPDH were used as nuclear and cytoplasmic markers, respectively. Exposure time for NCL development were 1 s (1”) and
2 min (2'). Lysates from Vero E6 cells transfected with spike-RBD, total N-protein, and control (pcDNA3.1%) (C) and C- and N-terminal domains (conjugated to a
histidine-tag), Nsp1l and Nsp12/RdRp (D) were co-immunoprecipitated with NCL. Western blot determination of NCL and SARS-CoV-2 proteins, using total protein
lysate (input) or immunoprecipitated complexes (IP). f-actin: loading control. Fluorescence correlation spectroscopy (FCS) auto-correlation plot for Cy5 labeled NCL
alone or in complex with SARS-CoV-2 heat-inactivated virion (E) and percentage of NCL-Cy5 binding to virion (F). Average values from triplicate measurements are

shown. Error bars indicate standard deviations. *P < 0.05, **P < 0.01 and ***P < 0.001.
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Fig. 2. SARS-CoV-2 increases nucleolin levels and translocation to cytoplasm. A. Western blot determination, in triplicate, and ImageJ quantification of NCL levels in
Vero E6-TMPRSS and Caco-2 cells, transduced with empty Lenticrispr V2 containing CAS9 vector control and 2 different NCL-knockdown lines (KD1 and KD2), and
infected with SARS-CoV-2 for 48h (MOI 0.01). N-protein was used to detect the presence of virus. p-actin: loading control. B. Confocal immunofluorescence of NCL
(red) and N-protein (green) in Vero E6-TMPRSS vector and NCL-KD following viral infection (as above). Hoechst (blue) and the fluorescence merge are shown.
Yellow, blue and white arrows indicate the SG-like structures, NCL-proficient and -deficient cells, respectively. Western blot determination of NCL, N-protein and
spike-RBD in nuclear and cytoplasmic fractions (C) and G3BP1 in total lysate (D) of Vero E6-TMPRSS control and NCL-KD cells infected for 48 h with mock and SARS-
CoV-2 (MOI 0.01). Rb and GAPDH were used as nuclear and cytoplasmic markers, respectively. The student t-test was performed. E. Confocal immunofluorescence of
G3BP1 (red) and NCL (green) in Vero E6-TMPRSS cells following viral infection (as above). Hoechst stain (blue) and the fluorescence merge are shown. Yellow arrow
indicates G3BP1 and NCL co-localization. *P < 0.05, **P < 0.01 and ***P < 0.001.
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Fig. 3. Nucleolin increases viral protein and replication. A. Western blot determination, in triplicate, of NCL and viral proteins in Caco-2 cells control and NCL-KD
infected with mock and SARS-CoV-2 (MOI 0.01) for 48 h. p-actin: loading control. B. Quantitative reverse transcriptase polymerase chain reaction (QRT-PCR), using
primers against N-protein, to determine the viral titer in the supernatant of Vero E6 and Caco-2 control and NCL-KD cells at the indicated time points, following
SARS-CoV-2 infection (MOI 0.001). Four independent infection experiments and qRT-PCR were performed. C. Cell titer glow assay, in triplicate, to determine cell
viability at 48h of Vero E6 control and NCL-KD cells (1 x 10* cells/well in 96 well plate) following viral infection (MOI 0.001 and 0.01). The viral inoculums were
removed after 1 h of incubation in both replication and survival assays. Cell viability is represented as percentage relative to non-infected cells. The student t-test was

performed. NS: not significant. *P < 0.05, **P < 0.01 and ***P < 0.001.

syncytial virus (RSV)-induced apoptosis of mouse neuronal-2a (N2a)
cells (Hu et al., 2019), we sought to investigate if NCL mediates
SARS-CoV-2 induction of apoptosis and DNA damage.

SARS-CoV-2 increased both cleaved caspase 9 and 3 (CC9 and 3) in
Vero E6-TMPRSS and Caco-2 cells (Fig. 4A and Figs. S4A and B).
Knockdown of NCL resulted in decreased viral activation of these cas-
pases (Fig. 4A and Figs. S4A and B). As a critical enzyme in promoting
apoptosis, caspase-3 becomes activated and then enters the nucleus to
exert its function (Kamada et al., 2005). We observed that infection of
control cells induced CC3 expression in both cytoplasmic and nuclear
fractions (Fig. 4B). No nuclear CC3 expression was detected in NCL-KD
cells (Fig. 4B), suggesting decreased apoptosis. Confocal microscopic
images of infected cells confirmed increase in CC3 by SARS-CoV-2 and
its decrease in NCL-KD cells (Figs. S4C and D).

The p53 is a well-known tumor suppressor protein that is activated
by varied stress signals (Levine and Oren, 2009). In order to spread,
some viruses cause p53-mediated cell death of the host cell by different
mechanisms such as cell lysis and apoptosis (Aloni-Grinstein et al.,
2018). SARS-CoV-2 infection of Vero E6-TMPRSS cells increased p53
and the DNA damage marker phospho-H2AX, which were decreased by
knockdown of NCL (Fig. 4A and Fig. S4A). Cell fractionation of infected
cells showed nuclear activation of p53 and decreased cytoplasmic p53 in
Vero E6-TMPRSS control cells (Fig. 4B). On the contrary, in NCL-KD
cells p53 was lower in the nucleus and enriched in the cytoplasm
(Fig. 4B), the site of p53 degradation (O’ Brate and Giannakakou, 2003),
supporting the lower levels of p53 detected in the absence of NCL
(Fig. 4A). The expression of p53, as well as the downstream apoptotic
effectors PUMA and Bax were lower in Caco-2 NCL-KD cells in com-
parison to control cells (Fig. S4B). Expression of the pro-survival protein
Bcl2 was high in mock-infected cells, silenced in virus-infected control
cells, and increased in NCL-KD cells (Fig. 4B).

SARS-CoV-2 infection has been shown to induce cell cycle arrest
(Bouhaddou et al., 2020). The retinoblastoma tumor suppressor protein
(Rb) is a negative regulator of cell proliferation. Rb is targeted by viruses
to modulate the host cell cycle under growth limiting conditions (Fan
et al., 2018). We observed that Rb levels in viral-infected cells were
much lower than in mock-infected cells (Fig. 4A and Figs. S4A and B).
However, in infected control cells, which express NCL, Rb levels were
higher than NCL-KD cells (Fig. 4A and Figs. S4A and B). Rb expression
could contribute to virally induced cell cycle arrest. These data indicate
that targeting NCL could revert Rb-induced arrest of host cells. In
addition to induction of apoptosis, p53 induces cell cycle arrest upon

DNA damage and viral infection (Fan et al., 2018). Accordingly, increase
of both Rb and p53 by NCL may mediate SARS-CoV-2-induced cell cycle
arrest. Notably, NCL has been shown to interact with Rb (Grinstein et al.,
2006) and to regulate the stability of p53 (Takagi et al., 2005) and Bcl2
(Sengupta et al., 2004).

Collectively, these data suggest that NCL mediates SARS-CoV-2-
induction of proteins with a role in survival and apoptosis of host
cells. In addition, the decrease of viral titer in NCL-KD cells (Fig. 3B) may
also contribute to decreased apoptosis.

2.5. Nucleolin mediates SARS-CoV-2-induction of host cell apoptosis

We next sought to investigate if NCL plays a role in viral induction of
apoptosis. For that, we stained infected cells with annexin V and a
mitochondrial viability marker, mitotracker, and evaluated the trans-
location of cytochrome ¢ (Cyt c).

Knockdown of NCL significantly decreased the number of apoptotic
cells (annexin V and propidium iodide (PI)-positive) and increased the
number of live cells (mitotracker-positive) in virally infected Vero E6-
TMPRSS cells (Fig. 4C). Pro-apoptotic stimuli promote the mobiliza-
tion of Cyt ¢ from the mitochondria to cytosol. In the cytosol, Cyt c
mediates activation of caspase-9 and caspase-3 (Garrido et al., 2006).
Cellular localization of Cyt ¢ was determined by immunofluorescence
co-localization with the mitochondrial marker Cox IV and by immuno-
blotting of fractionated cells. Viral infection resulted in increased cyto-
plasmic release of Cyt c (Fig. 4D, E and Figs. S4E and F). Knockdown of
NCL decreased the ratio of cytoplasmic to mitochondrial Cyt ¢ expres-
sion in comparison to infected control cells (Fig. 4D, E and Figs. S4E and
F). The SARS-CoV-2 RNA genome was predicted to be enriched in host
mitochondrial matrix (Wu et al., 2020). Mitochondria might be closely
associated with SARS-CoV2 replication and host cell defense (Shang
et al., 2021). Accordingly, we observed expression of viral N-protein as
well as NCL in the mitochondrial cell fraction (Fig. 4D). These results
suggest that NCL may mediate viral induction of apoptosis.

2.6. Targeting nucleolin decreased viral replication and increased host cell
viability

We next sought to investigate if NCL could be exploited therapeuti-
cally to decrease SARS-CoV-2 replication and associated host cell dam-
age. Similar to NCL-KD cells (Fig. 3A), pharmacological inhibition of
NCL, with the NCL-specific aptamer AS-1411, decreased significantly
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Fig. 4. Nucleolin mediates SARS-CoV-2 induction of the stress response and apoptosis. Western blot determination of NCL, apoptotic, stress response and DNA
damage proteins in total cell lysate (A) and nuclear and cytoplasmic fractions (B) of Vero E6-TMPRSS cells, control and NCL-KD infected with mock and SARS-CoV-2
(MOI 0.01) for 48 h. p-actin: loading control. Rb and GAPDH were used as nuclear and cytoplasmic markers, respectively. C. Flow cytometric determination, in
triplicate, and ImageJ quantification of apoptosis by staining of Vero E6-TMPRSS control and NCL-KD cells with annexin V-Alexa 488, propidium iodide (PI) and
mitotracker conjugated with phycoerythrin (PE). The number of positive cells is shown (%). D. Western blot determination in triplicate and ImageJ quantification of
NCL, N-protein and cytochrome C (Cyt c) in cytoplasmic and mitochondrial fractions of Vero E6-TMPRSS cells, control and NCL-KD, infected with mock and SARS-
CoV-2 (as above). The ratio of Cyt ¢ expression in cytoplasm (C) by mitochondria (M) is shown. E. Merged confocal immunofluorescence image of cytochrome ¢ (Cyt
¢, green), mitochondrial marker Cox IV (red) and Hoechst (blue) in Vero E6-TMPRSS cells infected with SARS-CoV-2 (MOI 0.01) for 48 h. The student t-test was

performed. *P < 0.05, **P < 0.01 and ***P < 0.001.

the expression of viral proteins, with a role in replication, in comparison
to the control aptamer CRO (Fig. 5A and Fig. S5A). We observed that
treatment with the aptamer decreased NCL and Nsp12 proteins in both
cytoplasm and nuclear compartments, and Spike and N-protein in the
cytoplasm (Fig. S5B). The aptamer mediated decrease of N-protein and
Nspl2 replication proteins in the cytoplasm (Fig. S5B) may have a role
on viral titer. Treatment with AS-1411 decreased viral-mediated

increase of the apoptotic protein CC3 and DNA damage phospho-H2AX
and restored the expression of the survival protein Bcl2 in infected cells
(Fig. 5A and Fig. S5A). AS-1411 also decreased nuclear phospho-Rb, p53
and CC3 (Fig. 5A). Confocal immunofluorescence confirmed the
decrease of CC3 (Fig. 5B) and increase of cytoplasmic p53 (Fig. 5C and
Fig. S5C) by AS-1411 in viral-infected Vero E6-TMPRSS cells. The
interaction of NCL, G3BP and p53 pathway was visualized by protein



V.F. Merino et al.

Antiviral Research 211 (2023) 105550

Caco-2 Vero E6-TMPRSS
-virus +virus -virus +virus Nuclear  Cytoplasm
> o N S -virus +virus -virus +virus
o X o o ¥ o ¥ NS S
&P FEEP Q_o%'\VQ_oo):\v Q_oo):\vqgo):\v
-— NCL - — NCL OY OFY O¥Y OY
- =— |NCL
Pt B CC3 i e=  ememe |CC3
wme'|S.RBD| ====— |P-Rb [—=—_ _ p53
g (Nsp12 | sme=emse= | Rb - 88— |P-RD
'.t Nsp1 | we s+ |pH2AX : - @ --|Bci2
X s GAPDH
S| (3 Cti) | s— 3-actin
——— — Rb
-virus +virus
C D NCL
‘ G38P1
o oves 1/
()] b 3 : BCL2
> X i a A X : ‘ "
%) BAX
< \
CASPY
E Vero-TMPRSS; + virus Vero-TMPRSS; mitotracker
Veh i CRO AS-1411 Veh CRO AS-1411
@ . -
<2 3 4 Aeewariis 1 1
§ 23% | i " 9% 9 | g 57% 23% . 63%
) v ” - . .
[ — s <
c w 3 3 ’
< = P 1P D AL CE—
E 7 T o7
— LR 3% |71 e 61% [T 86%
& ; 1 \ 1 ' 17 ;
+ @ B Q = w =
Fok FSC
Vero-TMPRss  F Vero E6 survival G SARS-CoV-2 replication
_ B Veh _Hm Veh &1 CRO .. W Veh ECRO
c 1007 = RO Mk 1401mm RDVER AS-1411 - = | @ RDVEAS-1411
.g 80— [ | AS-1411 120+ =* . % E _]
E - goog[pie (1. £3
g o0+ 2 80+ r 8.7,
= 404 — = 60| 3.0
3 © £ 8
O > 40 n ©
o 20- 22
> =
° p=

Ann.V* P|* -virus +virus
Mitotracker®

0.001
MOI (PFU/ cell)

0.01

24h

48h 24h  48h

TMPRSS Caco-2

(caption on next page)



V.F. Merino et al.

Antiviral Research 211 (2023) 105550

Fig. 5. Nucleolin inhibition decreases SARS-CoV-2 replication and apoptosis of host cells. A. Western blot determination of NCL, apoptosis, stress response, DNA
damage and viral proteins in total cell lysate from Caco-2 cells and nuclear and cytoplasmic fraction from Vero E6-TMPRSS cells treated with CRO and AS-1411 (10
pM) for 24 h prior to SARS-CoV-2 (MOI 0.01) infection for 48 h. p-actin: loading control. Confocal immunofluorescence of mock- and viral-infected Vero E6-TMPRSS
cells stained with anti-cleaved caspase 3 (CC3) (white) and Hoechst (blue) (B) and merged images of NCL (red), p53 (green) and Hoechst (blue) (C). White arrows
indicate cytoplasmic p53. D. String interaction network of NCL, G3BP1 and p53 apoptotic pathway. E. Flow cytometry determination, in triplicate, of apoptosis by
staining Vero E6-TMPRSS cells treated with vehicle, CRO and AS-1411 (10 pM) for 24 prior to SARS-CoV-2 infection (MOI 0.01) for 48 h. The percentage of annexin
V, PI- and mitotracker-positive cells is shown. Cell viability assay of Vero E6 cells (F) and qRT-PCR detection of SARS-CoV-2 E-protein in the supernatant of Vero E6-
TMPRSS and Caco-2 cells (G) treated with vehicle, remdesivir (5 pM), CRO and AS1411 (10 pM) 24 h prior to viral infection (MOI 0.001 for replication). Cell viability
is represented as percentage relative to non-infected treated cells. Four independent infection experiments and qRT-PCR were performed. *P < 0.05, **P < 0.01 and

***p < 0.001.

interaction network (Fig. 5D).

According to the decrease of apoptotic and DNA damage markers
(Fig. 5A), AS-1411 treatment significantly decreased virally induced
apoptotic cells, annexin V- and PI-positive, and increased viable cells,
mitotracker-positive (Fig. 5E). Similar to remdesivir, approved by the
Food and Drug Administration (FDA) for the treatment of COVID-19
(Beigel et al., 2020), AS-1411 improved survival of Vero E6 infected
cells in comparison to treatment with vehicle and CRO controls (Fig. 5F).
Notably, the NCL aptamer decreased viral titers in the supernatant of
Vero E6-TMPRSS and human Caco-2 cells, with comparable potency to
remdesivir (Fig. 5G). Collectively, these results suggest that targeting
NCL is a novel approach to control viral replication and improve host
cell viability.

2.7. Higher nucleolin expression and nucleolar size and number in lungs
of SARS-CoV-2 infected hamsters

Since we observed that NCL participates in the replication of SARS-
CoV-2 (Fig. 3B) and induction of apoptosis of host cells (Fig. 4C), we
investigated their interaction in vivo.

Confocal immunofluorescence of lungs of SARS-CoV-2-inoculated
hamsters and mice overexpressing human ACE2 showed that NCL co-
localized with spike and N-protein (Figs. S6A and B). NCL co-localizes
with N-protein in the cytoplasm and nucleolus of infected lungs
(Fig. S6B).

SARS-CoV-2 inoculation resulted in significant up-regulation of NCL
in specific areas that showed hyperplasia of pneumocytes (Sia et al.,
2020) and the presence of virus (Fig. 6A). NCL is up-regulated in the
nucleoli of pneumocytes of hamsters (Fig. 6A-C). In addition, viral
infection resulted in increased size and number of nucleoli (Fig. 6A-C),
suggesting nucleolar stress. Similar to infected cells (Fig. 2B), we
observed that SARS-CoV-2 induced mobilization of NCL to the nucleus
and cytoplasm in vivo (Fig. 6B and Fig. S6C). These results suggest that
SARS-CoV-2 regulation of NCL in vivo may result in damage of lung
tissue.

3. Discussion

In addition to employing cellular machines like the ribosome to
translate their proteins and manipulating cellular membranes during
RNA synthesis and viral morphogenesis, several coronavirus proteins
modify the cellular environment in ways that may influence viral
pathogenesis and replication in vivo. These include cell cycle regulation,
intracellular protein transport, apoptosis, and others (V'Kovski et al.,
2021). Targeting host pathways and cellular proteins that are hijacked
by viruses can potentially offer broad-spectrum targets for the devel-
opment of future antiviral drugs (Tao et al., 2021). Here we showed that
SARS-CoV-2 increased nucleolin (NCL) levels and hijacks this multi-
functional nucleolar protein (Jia et al., 2017) for its replication and
induction of apoptosis of host cells.

We observed that NCL interacts with the SARS-CoV-2 N-protein,
spike-RBD, Nspl and Nspl2 (Fig. 1A, C, D). NCL has previously been
shown to interact with the N-protein of different viruses (Jia et al.,
2017), including the coronavirus IBV (Chen et al., 2002). We observed
that SARS-CoV-2 induced NCL translocation from the nucleolus to the

cytoplasm (Fig. 2C). SARS-CoV Nspl was also shown to alter the
nuclear-cytoplasmic distribution of NCL (Gomez et al., 2019). NCL in-
teracts with SARS-CoV-2 N-protein in stress granule (SG) structures
(Figs. 1A and 2B, E). SGs are membraneless organelles composed of
mRNAs and RNA binding proteins (RBP) which undergo assembly in
response to stress-induced inactivation of translation initiation (Miller,
2011). NCL is a stress responsive RBP that plays important roles in gene
transcription and RNA metabolism (Jia et al., 2017). NCL was shown to
be recruited to perinuclear SGs following unfolded protein response
(UPR) activation (Child et al., 2021). N-protein interacts with the SG
component G3BP1, which is required for efficient SARS-CoV-2 replica-
tion (Ciccosanti et al., 2021). We showed that NCL also interacts with
G3BP1 in infected cells (Fig. 2E) and decrease of NCL resulted in lower
levels of G3BP1 (Fig. 2D). Collectively these data suggest that regulation
of G3BP1 by NCL may contribute to viral replication. In agreement with
viral inhibition of SG to favor viral translation, we observed that
SARS-CoV-2 induced NCL levels, which in turn induced translation of
viral proteins with a role in replication (Fig. 3A). Consistently, NCL
knockdown decreased viral levels in the supernatant of infected cells
(Fig. 3B). NCL has previously been shown to play an important role in
the synthesis of viral protein and replication of different viruses (Jia
et al., 2017). NCL induces lyssaviruses P-protein expression and infec-
tious virus production (Oksayan et al., 2015).

Apoptotic cell death triggered by viruses has a complex role in host
antiviral immunity and might facilitate viral clearance or act as a
mechanism for virally induced tissue injury and disease progression
(Zhou et al., 2017). Protein network analysis based on interactions be-
tween SARS-CoV-2 and human host proteins identified that the host
systems most affected were apoptotic and mitochondrial pathways
(Guzzi et al., 2020). SARS-CoV-2 has been shown to induce apoptosis in
lung tissue of animals (Mehta et al., 2020) and humans (Liu et al., 2021)
via activation of caspase-3, 8, and 9. We observed that NCL increased
those pro-apoptotic caspases, p53 and the DNA damage marker
phospho-H2AX, and decreased the pro-survival protein Bcl2 in viral
infected cells (Fig. 4A). NCL mediates the SARS-CoV-2- induction of
p53-dependent apoptosis (Fig. 5D). Similar to our findings,
SARS-CoV-induced cell death has been shown to involve down-
regulation of Bcl-2, release of cytochrome c¢ from mitochondria, and
activation of caspase 3 (Tan et al., 2007). The p53 signaling was one of
the most enriched pathway in bioinformatics studies upon SARS-CoV-2
infection (Kwan et al., 2021; Rahaman et al., 2021). The human double
minute 2 (Hdm2) oncoprotein (with non-human homologs referred to as
Mdm?2) is a well-studied E3 ubiquitin ligase that targets p53 for pro-
teasomal degradation (Marine and Lozano, 2010). NCL was shown to
inhibit Hdm2 leading to p53 stabilization (Saxena et al., 2006; Takagi
et al., 2005). Recently it was reported an increase in MDM2 in lungs of
hamsters following spike pseudovirus administration (Lei et al., 2021). It
is possible that SARS-CoV-2 increases NCL to inhibit the MDM2 effect
and stabilize p53. In addition to induction of apoptosis, p53 induces cell
cycle arrest upon DNA damage and viral infection (Fan et al., 2018).
SARS-CoV-2 infection promoted shutdown of mitotic kinases, resulting
in cell cycle arrest (Bouhaddou et al., 2020). SARS-CoV induces cell
cycle arrest via the Rb pathway (Yuan et al., 2006). MHV virus with
mutations in Rb exhibited reduced viral titer (Bhardwaj et al., 2012),
suggesting that Rb may have a role in viral replication. Targeting NCL
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Fig. 6. SARS-CoV-2 interacts with nucleolin and regulates its expression in lungs of infected hamsters. Representative consecutive images (A) and higher magni-
fication (B) of immunohistochemistry (IHC) detection of NCL and Spike in lungs of hamsters inoculated with mock and SARS-CoV-2 (n = 5 each). Hematoxylin and
eosin (HE) stain of tissue sections is shown. Blue and red arrows indicate NCL cytoplasmic and nuclear stain, respectively. C. Quantification of total NCL stain,
nucleolar size and number using Halo software. The student t-test was performed. *P < 0.05, **P < 0.01 and ***P < 0.001.

decreased Rb in infected cells (Figs. 4A and 5A), and could revert Rb-
induction of cell cycle arrest.

AS-1411, a G-rich DNA aptamer against NCL (Bates et al., 2009), was
evaluated in clinical trials for cancer treatment (Mongelard and Bouvet,
2010; Rosenberg et al., 2014). NCL inhibition with the aptamer AS-1411
decreased apoptosis of infected cells (Fig. 5E and F) and viral replication
(Fig. 5G). Accordingly, treatment of cells with AS-1411 results in a
significant reduction of viral titers after dengue (Balinsky et al., 2013)

and human respiratory syncytial (Mastrangelo et al., 2017) viruses
infection. We observed that SARS-CoV-2 up-regulated NCL in the
nucleoli of pneumocytes of hamsters (Fig. 6A). In addition, viral infec-
tion resulted in increased size and number of nucleoli (Fig. 6B).
Accordingly, infection of cells with the coronavirus IBV has been shown
to disrupt nucleolar architecture (Dove et al., 2006b), and cause arrest of
the cell cycle (Dove et al., 2006a). Infection with SARS-CoV-2 virus
resulted in multinucleated cells with prominent nucleoli (Draeger et al.,
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2022; Xia et al., 2022). RNA viruses interact with the nucleolus to usurp
host-cell functions and recruit nucleolar proteins to facilitate viral
replication (Hiscox, 2007; Rawlinson and Moseley, 2015). Although the
principal site of replication of the majority of RNA viruses is the cyto-
plasm (Lam et al., 2020; Zhou et al., 2020), one of the most abundant
viral proteins produced during infection, N-protein, can localize to the
cytoplasm and nucleolus in infected cells (Wurm et al., 2001). We
showed that SARS-CoV-2 induced translocation of NCL to cytoplasm in
the lungs of infected hamsters (Fig. 6B). SARS-CoV-2 up-regulation of
NCL correlated with hyperplasia of the pneumocytes (Sia et al., 2020)
and the expression of spike protein (Fig. 6A), suggesting a causal rela-
tionship. SARS-CoV-2 infects predominantly alveolar epithelial cells and
induces a localized hyperinflammatory cell state that is associated with
reactive pneumocyte hyperplasia and diffuse alveolar damage (Bradley
et al., 2020). SARS-CoV-2 has evolved strategies to co-opt host NCL to
induce host cell apoptosis in order to favor replication. Targeting viral
replication and apoptosis with the therapeutics targeting NCL could
decrease viral burden and tissue damage of COVID-19 patients.

4. Materials and methods

Cells and viruses. All cells were obtained from the American Type
Culture Collection. Normal lung epithelial cell lines HAEo and HBEC
were obtained from Millipore Sigma. Cells were authenticated using
short tandem repeat (STR) profiling and tested for mycoplasma using
MycoAlert PLUS mycoplasma detection kit (Lonza). HCT-8 [HRT-18]
and Vero C1008 [Vero 76, clone E6, Vero E6] cells were used for
growing virus and determining virus stock titers. Vero E6/TMPRSS2
cells (JCRB #1819) were obtained from the Japanese Collection of
Research Bioresources, distributed by Sekisui XenoTech (Matsuyama
et al., 2020). Human SARS-Related Coronavirus 2, Isolate
USA-WA1/2020, NR-52281 was deposited by the Centers for Disease
Control and Prevention and obtained through BEI Resources, National
Institute of Allergy and Infectious Diseases (NIAID), National Institutes
of Health (NIH). The virus stocks were stored at —80 °C and titers were
determined by tissue culture infectious dose 50 (TCIDs() assay. All work
with infectious SARS-CoV-2 was performed in Institutional Biosafety
Committee approved BSL3 and ABSL3 facilities at Johns Hopkins Uni-
versity School of Medicine using appropriate positive pressure air res-
pirators and protective equipment.

Drugs and constructs. Remdesivir was obtained from Cayman
Chemical. The nucleolin aptamer AS-1411 (5'-
GGTGGTGGTGGTTGTGGTGGTGGTGG) and CRO control (5'-
CCTCCTCCTCCTTCTCCTCCTCCTCC) were purchased from Integrated
DNA technologies. The following SARS-CoV-2 reagents were obtained
through BEI Resources, NIAID, NIH: Spike Glycoprotein Receptor
Binding Domain (RBD), NR-52309; Nucleocapsid Protein RNA Binding
Domain Gene NR-52429; Nucleocapsid Protein C-Terminal Domain,
NR-52434; Non-Structural Protein 12, NR-53503. Expression plasmids
for Nucleocapsid ORF (VG40588-UT) and Nspl-2xStrep-IRES-Puro
(141367) were obtained from Sino Biological and Addgene, respec-
tively. The plasmids were transiently transfected into Vero E6 cells using
Lipofectamine 2000 transfection reagent (ThermoFisher).

CRISPR gene silencing. Nucleolin guide RNAs were designed using
sgRNA online web page from Broad Institute and cloned into Lenticrispr
V2 (Addgene). 293T cells were transfected with the lentivirus constructs
using Lipofectamine and virus were used to infect the cells (Merino
et al., 2016). Cell pool generation were obtained following puromycin
selection. High knockout efficiencies (80-90% knockout frequency)
were generated in a heterogeneous population of cells, referred to as a
knockout cell pool or knockdown.

Cytopathic effect (CPE) inhibition assay. We determined the CPE
of SARS-CoV-2 virus at a multiplicity of infection (MOI) of 0.001
(Hoffmann et al., 2020) and 0.01 (Bojkova et al., 2020) infecting Vero
E6 control and nucleolin-knockout (NCL-KO) cells (1 x 10* cells/well in
96 well plate) for 48h. The CPE inhibitory effect of remdesivir (5 pM)
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and CRO and AS-1411 aptamers (10 pM) was determined by treatment
with the drugs for 24h prior to viral infection. The viral inoculums were
removed after 1 h of incubation. Cell viability was assessed by
measuring ATP levels using Promega’s Cell Titer Glo reagent (#G7571).
Cell viability is represented as percentage relative to uninfected cells.
The viability of uninfected host cells after exposure to compounds for 72
h is measured in a counter screen to determine and exclude compounds
with cytotoxic effects. Luminescence readouts were obtained in a
FLUOstar Omega plate reader (BMG Labtech) (Gorshkov et al., 2021).

Viral titer determination. TRIzol reagent (ThermoFisher) was used
to isolate RNA from supernatants of mock- and viral-infected cells ac-
cording to the manufacturer’s protocol. cDNA synthesis was performed
using iScript cDNA Synthesis kit (BioRad) following the manufacture’s
protocol. Real-time quantitative reverse transcription PCR (RT-qPCR)
was performed in triplicate using iTaq Universal SYBR Green supermix
(BioRad) on a StepOne Plus Real Time PCR machine (Applied Bio-
systems). Primers against SARS-CoV-2 N- and E—protein were used with
supernatant of NCL-knockout and treated cells, respectively (Supple-
mentary Methods).

Hamsters and mice infection. Animal studies were performed ac-
cording to the guidelines and approval of the Animal Care Committee of
the Johns Hopkins School of Medicine. Heterozygous K18-hACE C57BL/
6J mice (strain: 2B6.Cg-Tg(K18-ACE2)2Prlmn/J) were obtained from
The Jackson Laboratory. After induction of anesthesia with ketamine
hydrochloride and xylazine, 5-6 weeks old male golden Syrian hamsters
(Envigo) and 6-8 weeks old male mice were infected intranasally with
5.2 x 10° and 8.4 x 10° TCIDsq of SARS-CoV-2/USA/WI1,/2020 (NR-
52384), respectively. Uninfected animals received intranasally the same
volume of vehicle. Weights were monitored daily, the animals were
sacrificed 7 days post-infection by isoflurane overdose, and the tissues
were harvested following perfusion with PBS. Tissues were fixed on 10%
neutral-buffered formalin.

Western blot, Immunohistochemistry and Immunofluores-
cence. Western blot, immunohistochemistry (IHC) (Merino et al., 2016)
and immunofluorescence (IF) (Foss et al., 2013) were performed as
previously described using antibodies against nucleolin (Cell Signaling
Technology) and viral proteins (Supplementary Methods). For IF, the
slides with transfected and viral-infected cells or formalin-fixed lung
tissues were probed with the following primary antibodies: nucleolin
(#14574, Cell Signaling Technology), spike (#GTX635692, GeneTex),
other viral-specific antibodies (Supplementary Methods), and nuclear
staining (Hoechst; Fisher Scientific). Slides were viewed using a LSM
880 Zeiss Confocal microscope. IHC on lung sections was performed
using primary antibody rabbit anti-nucleolin and anti-spike-RBD
(#GTX135356, GeneTex) (Supplementary Methods). ImageJ and Halo
software were used for quantification of Western blot and IHC,
respectively.

Flow cytometry and Apoptosis assays. Vero-TMPRSS NCL-
knockout and AS-1411 treated cells infected with mock and SARS-CoV-2
(MOI 0.01) for 48h were stained at room temperature for 15 min with
AnnexinV-Alexa Fluor 488 conjugate and propidium iodide (PI) in
Annexin buffer (10 mm HEPES (pH 7.4), 150 mm NaCl, 2.5 mm CaCl2,
pH 7.4). Another set of adherent cells were stained with MitoTracker
Red CMXRos (#9082, Cell Signaling Technology) following manufac-
turer’s instructions. Virus was inactivated by cell fixation in 1% form-
aldehyde. Samples were run on the BD FACSCalibur system (Becton
Dickinson). FCS files were analyzed using Flowjo v10.6.2 software.

Statistical Analysis. Two-tailed nonparametric Mann Whitney Test
and parametric student’s t-test were performed on pairwise combina-
tions of non- normally and normally distributed data, respectively, to
determine statistical significance defined as P < 0.05. Data were
analyzed using Prism 9.0.1 (GraphPad).
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