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Abstract  19 

Besides by transporting ions the multi-subunit Na+,K+-ATPase also functions by relaying 20 

cardiotonic steroid-binding induced signals into cells. In this study we analyzed the role of 21 

Na+,K+-ATPase and in particular of its ATP1A1 -subunit during coronavirus (CoV) infection. As 22 

controls, the vesicular stomatitis virus (VSV) and influenza A virus (IAV) were taken along. Using 23 

gene silencing, the ATP1A1 protein was shown to be critical for infection of cells with murine 24 

hepatitis virus (MHV), feline infectious peritonitis virus (FIPV) and VSV, but not with IAV. Lack of 25 

ATP1A1 did not affect virus binding to host cells, but resulted inhibited entry of MHV and VSV. 26 

Consistently, nanomolar concentrations of the cardiotonic steroids ouabain or bufalin, which are 27 

known not to affect the transport function of Na+,K+-ATPase, inhibited infection of cells with 28 

MHV, FIPV, MERS-CoV, and VSV, but not IAV, when the compounds were present during virus 29 

inoculation. Cardiotonic steroids were shown to inhibit entry of MHV at an early stage, resulting 30 

in accumulation of virions close to the cell surface and as a consequence in reduced fusion. In 31 

agreement with an early block in infection, the inhibition of VSV by CTSs could be bypassed by 32 

low-pH shock. Viral RNA replication was not affected when these compounds were added after 33 

virus entry. The anti-viral effect of ouabain could be relieved by the addition of different Src 34 

kinase inhibitors, indicating that Src signaling mediated via ATP1A1 plays a crucial role in the 35 

inhibition of CoV and VSV infections. 36 

 37 

 38 

Importance  39 

Coronaviruses (CoVs) are important pathogens of animals and humans as demonstrated by the 40 

recent emergence of new human CoVs of zoonotic origin. Antiviral drugs targeting CoV infections 41 

are lacking. In the present study we show that the ATP1A1 subunit of Na+,K+-ATPase, an ion 42 
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transporter and signaling transducer, supports CoV infection. Targeting ATP1A1 either by gene 43 

silencing or by low concentrations of the ATP1A1-binding cardiotonic steroids ouabain and 44 

bufalin, resulted in inhibition of infection with murine, feline and MERS-CoVs at an early entry 45 

stage. Infection with the control virus VSV was also inhibited. Src signaling mediated by ATP1A1 46 

was shown to play a crucial role in the inhibition of virus entry by ouabain and bufalin. These 47 

results suggest that targeting the Na+,K+-ATPase using cardiotonic steroids, several of which are 48 

FDA-approved compounds, may be an attractive therapeutic approach against CoV and VSV 49 

infections. 50 

 51 

 52 
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Introduction 53 

 54 

Despite the wide variety of vaccines already available to prevent viral infections, unexpected 55 

epidemics caused by zoonotic viruses, such as SARS-CoV in 2002/03 and the new pandemic 56 

H1N1 influenza A virus (IAV) in 2009, underscore the need for additional antiviral measures. 57 

Compound- and siRNA screening may aid the development of antiviral therapies by the discovery 58 

of lead compounds and target proteins (1-3). Elucidating the mechanisms by which such proteins 59 

act during infection and how drugs can interfere with the pathogen life cycle is of crucial 60 

importance herein.  61 

 62 

Coronaviruses (CoVs) are enveloped, plus-strand RNA viruses of the Coronaviridae family in the 63 

order Nidovirales. These viruses generally cause respiratory and/or intestinal tract disease. CoVs 64 

are important pathogens of domestic livestock, poultry and companion animals as exemplified by 65 

porcine epidemic diarrhea virus, infectious bronchitis virus, and feline infectious peritonitis virus 66 

(FIPV), respectively. In addition, the emergence of new human CoVs of zoonotic origin has shown 67 

the potential of CoVs to cause life-threatening disease in humans as was demonstrated by the 68 

2002/2003 SARS-CoV epidemic and by the recent emergence of MERS-CoV (4, 5). The murine 69 

hepatitis coronavirus (MHV) is often employed as a safe model to study CoV infections. 70 

 71 

Like all other viruses, CoVs depend on the cellular machinery for efficient infection and 72 

replication in their host cells. The CoV infection cycle starts with attachment of the virus to a 73 

specific cellular receptor, mediated by the viral spike protein (S). Upon endocytic uptake, which 74 

has been demonstrated to occur via clathrin-mediated endocytosis for MHV (6), conformational 75 

changes in the S protein induce virus-cell fusion. The genomic RNA is thereby released into the 76 
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cytoplasm and becomes translated, resulting in the formation of RNA replication-transcription 77 

complexes associated with rearranged cellular membranes (7). Structural proteins together with 78 

newly generated genomic RNAs assemble into progeny virions via budding through the 79 

membranes of the ER-to-Golgi intermediate compartment. Virions are subsequently released via 80 

exocytosis (8).  81 

 82 

The Na+,K+-ATPase is perhaps one of the best studied membrane ion transporters. Discovered in 83 

1957 and identified as an ion-activated ATPase in 1965, it is mainly known for its transport 84 

function of K+ and Na+ at a ratio of 2:3, creating an electrochemical gradient across the plasma 85 

membrane (9). The Na+,K+-ATPase consists of two functional ( and ) and one regulatory  86 

subunit ( subunit or FXYD protein). The -subunit is a large, catalytical membrane protein, 87 

containing 10 transmembrane domains that create five extracellular and four intracellular loops. 88 

Four different isoforms of the -subunit exist, which are encoded by ATP1A1-4. The α1-isoform is 89 

ubiquitously expressed in almost all tissues. The -subunit is a type II membrane protein, 90 

responsible for the proper translocation of the -subunit into the endoplasmic reticulum and its 91 

delivery to the cell surface and is crucial to the functioning of the pump. Little is known about the 92 

function of the regulatory subunit  (reviewed in (10)). Specific inhibitors of the Na+,K+-ATPase, 93 

so called cardiotonic steroids (CTSs), can block the transport function of the pump and are used 94 

to treat congestive heart failure. Well-known CTSs are the foxglove plant-derived digoxin and 95 

ouabain, and the vertebrate-derived analogues bufalin and marinobufagenin (11, 12).  96 

 97 

In addition to the classical ion-pumping function of the Na+,K+-ATPase, more recent work has 98 

shown additional roles of Na+,K+-ATPase in signal transduction. Especially the -subunit appears 99 

to be associated with a number of additional proteins and to carry out various signaling functions 100 



 6 

(reviewed in (13, 14)), which may differ between the different -subunit isoforms (15). 101 

(Endogenous) CTSs can trigger the signaling functions of the Na+,K+-ATPase at concentrations 102 

that do not affect the pump function or intracellular ion concentration (16-21). There are four 103 

main signaling targets of -subunit known so far; PI3K, Src, IP3R, and PLC. Binding of nanomolar 104 

concentrations of ouabain to Na+,K+-ATPase triggers a conformational change in the -subunit, 105 

which activates the bound Src protein and results in the recruitment of other signaling factors. 106 

Binding of ouabain to Na+,K+-ATPase activates tyrosine phosphorylation of Src and of other 107 

proteins. Activation of these targets may lead to a number of downstream signaling effects 108 

controlling apoptosis, cell-cell interaction, gene-expression, as well as other processes (16-18, 109 

22-28).  110 

 111 

In a high-throughput RNAi screen we previously identified ATP1A1 as a protein that supports 112 

MHV infection (unpublished results). ATP1A1 is an appealing antiviral target in view of the large 113 

number of (FDA-approved) compounds available that target this protein. Therefore, the main 114 

goal of the present study was to obtain mechanistic insight into the role of the Na+,K+-ATPase in 115 

CoV infection. Targeting ATP1A1 either by gene silencing or by low concentrations of CTSs 116 

ouabain and bufalin resulted in inhibition of CoV infection at an early entry stage. As controls the 117 

well-studied vesicular stomatitis virus (VSV) and influenza A virus (IAV)  were taken along. Src 118 

signaling mediated by ATP1A1 was shown to play a crucial role in the inhibition of CoV and VSV 119 

entry by CTSs. These results suggest that targeting the Na+,K+-ATPase using CTSs may be an 120 

attractive therapeutic approach against CoV and VSV infections. 121 
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Materials and Methods 122 

 123 

Cells, viruses, and plasmids.  124 

Murine LR7 (29) (murine L-2 fibroblast cells (ATCC), stably expressing murine CEACAM1a 125 

(mCC1a), and feline FCWF cells (ATCC) were used to propagate the (recombinant) MHV and FIPV 126 

viruses, respectively. HEK293T, MDCK-HA and Huh7 cells were used to propagate pseudotyped 127 

VSVG/Luc-G*, Renilla luciferase expressing IAV-WSN pseudovirus (IAV-Rluc) or MERS-CoV, 128 

respectively, as described previously (30-32). Cells were maintained as monolayers cultured in 129 

Dulbecco’s modified Eagle’s medium (DMEM, Lonza), supplemented with 10% fetal bovine serum 130 

(FBS). HeLa-ATCC cells stably expressing mCC1a (HeLa-mCC1a;(6)) HeLa-fAPN cells (33), and 131 

HeLa-ATCC were used for infection experiments with MHV, FIPV, and VSV, respectively. HeLa-132 

ATCC and HeLa-mCC1a cells stably expressing the defective -galactosidase M15 (HeLa-133 

(mCC1a-)M15) were used in entry assays (34). Generation of recombinant viruses MHV-EFLM 134 

(35), FIPV-Δ3abcRL (36), IAV-Rluc pseudovirus (30), MHV-N (34), VSVG/Luc-G* (34), MHV-135 

2aFLSRec (37), and MHV-S2’FCS (6) has been described previously. MHV-2aGFPSRec, which 136 

contains a GFP expression cassette between the 2a and the S gene at the position of the HE 137 

pseudogene was generated similarly as described for MHV-2aFLSRec (37). cDNAs encoding 138 

human or mouse ATP1A1 were obtained from Thermo Scientific Open biosystems. ATP1A1 139 

cDNAs were subcloned into a pCAGGS expression vector, using conventional cloning methods, 140 

thereby generating pCAGGS-hATP1A1 and pCAGGS-mATP1A1. 141 

 142 

Chemicals. 143 

The MHV fusion inhibitor HR2 peptide has been described before (38) and was synthesized by 144 

GenScript. The peptide was diluted in Tris/HCl 50 mM, pH7.8, 4 M EGTA at 1 mM stock solution 145 
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and used at 10 M final concentration. Stocks of 125 M bafilomycin A1 (BafA1, Enzo Life 146 

Sciences), 15 mM Dyngo-4a (Dyngo, Abcam), 500 M wortmannin (Wort, Enzo Life Sciences), 10 147 

mM PP2 (Sigma), and 10 M bufalin (Buf, Enzo Life Sciences) were prepared in DMSO and diluted 148 

1:1000 in the experiments, except when indicated otherwise. Stocks of 10 mM chlorpromazine 149 

(Chlopro, Sigma), 20 mM U18666A (Enzo Life Sciences), 50 M ouabain (Ou, Sigma) were 150 

prepared in H2O and diluted 1:1000 in the experiments, except when indicated otherwise. 151 

pNaKtide peptide (39), which was kindly provided Z. Xie (Marshall University, Institute for 152 

Interdisciplinary Research), was dissolved in PBS at 2 mM and used at 2 µM final concentration. 153 

Solvent DMSO was obtained from Sigma-Aldrich.  154 

 155 

siRNA transfections. 156 

In assays using luciferase-based read-outs 96-well plates were used. For other assays a 24-well 157 

plate format was used. 7,500 or 30,000 HeLa-mCC1a or HeLa-fAPN cells were seeded one day 158 

prior to transfection in each well of the 96-well or 24-well plate, respectively. Using 159 

Oligofectamine (Life Technologies) reagent three independent, non-overlapping siRNAs 160 

(Ambion) targeting ATP1A1 were individually transfected into target cells according to the 161 

manufacturer’s instructions. Transfection mix for four wells (96-well format) or 1 well (24-well 162 

format) contained 2.5 l of 1 M siRNA and 0.5 l Oligofectamine in 50 l OptiMEM (Gibco). 163 

Transfection was done in 62.5 l or 250 l final volume of OptiMEM, while 4 hours post 164 

transfection 32 l or 125 l of DMEM, 30% FBS were added, depending on the plate format used. 165 

Cells were infected 72 hours post transfection. 166 

 167 

qRT-PCR of siRNA-mediated gene knockdowns. 168 
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HeLa-mCC1a cells were subjected to siRNA-mediated gene knockdown as described above. At 72 169 

hpi cells were harvested by trypsinization, single-cell suspension counted, and collected by 170 

centrifugation. Cellular RNA was extracted using the RNeasy Mini Kit (Qiagen). mRNA levels of 171 

genes were analyzed by qRT-PCR using a custom designed pair of specific primers to the gene 172 

resulting in an approximately 150 bp product. RNA levels were measured using the GoTaq® 1-173 

Step RT-qPCR system (Promega) according to the manufacturer’s instructions on a LightCycler 174 

480 (Roche). Expression levels were corrected for cell number and viability as determined by the 175 

Wst-1 assay (Roche), which were hardly affected, if at all, however by transfection of the siRNAs. 176 

 177 

Virus infections. 178 

Cells were inoculated with MHV-EFLM, FIPV-RLuc, IAV-RLuc, VSVG/Luc-G*, MHV-S2’FCS, or 179 

MHV-2aFLSRec at MOI=0.1 in DMEM, 2% FBS, for 2 h at 37C. Cells were lysed at 7 hpi (MHV, 180 

FIPV, and VSV) or 16 hpi (IAV) in passive lysis buffer (Promega). Firefly luciferase expression 181 

was assessed using the firefly luciferase assay system from Promega or using a homemade 182 

system (50 mM tricine, 100 M EDTA, 2.5 mM MgSO4, 10 mM DTT, 1.25 mM ATP, 12.5  D-183 

Luciferin). Renilla luciferase expression was assessed using the Renilla luciferase assay system 184 

(Promega). Light emission was measured on a Centro LB 960 luminometer. When indicated cells 185 

were transfected with siRNAs prior to inoculation as described above. Luciferase expression 186 

levels (in relative light units, RLU) were corrected for cell number and viability as determined by 187 

the Wst-1 assay (Roche). When indicated cells were treated with pharmacological inhibitors 188 

starting at 30 min prior to or 2 h post inoculation. 189 

 190 

At 72 h after transfection, siRNA transfected cells were inoculated with MHV-2aGFPSRec at 191 

MOI=0.5 (15-20% infected cells) in DMEM, 2% FBS, for 2 h at 37C. The inoculum was replaced 192 
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by warm DMEM, 10% FBS. At 8 hpi, cells were trypsinized and fixed in 4% formaldehyde solution 193 

in PBS. Cells were washed and taken up in FACS buffer (2% FBS, 0.05M EDTA, 0.2% NaN3 in PBS) 194 

and GFP expression was quantified by FACS analysis on a FACS Calibur (Benson Dickson) using 195 

FlowJo software. Of each sample at least 10,000 cells were analyzed.  196 

 197 

Vero cells were inoculated with MERS-CoV at a MOI of 0.1 in FBS-containing DMEM. 8 h post 198 

infection, cells were fixed in 4% formaldehyde in PBS. Cells were stained using rabbit anti-SARS-199 

CoV nsp4 antibodies that are cross-reactive for MERS-CoV, according to a standard protocol 200 

using a FITC-conjugated swine-anti-rabbit antibody. Number of infected cells was determined by 201 

cell counts on a wide-field fluorescent microscope. Cells were treated with ouabain or bufalin 202 

starting at 30 min prior to or 2 h post inoculation. 203 

 204 

Binding, internalization and fusion assays using -galactosidase complementation. 205 

The replication-independent binding, internalization, and fusion assays were performed as 206 

described previously (34). The assay is based on complementation of an otherwise defective -207 

galactosidase M15 protein by a small intravirion peptide that is genetically fused to the N 208 

protein. Briefly, in the binding and internalization assay MHV-N or VSVG/Luc-G* virus was 209 

bound to HeLa-(mCC1a-)M15 target cells at MOI=10 for 90 min on ice. In the binding assay 210 

unbound virus was removed and cells and viruses lysed with NP-40 lysis buffer buffer (50 mM 211 

Tris/HCl pH 8.0, 150 mM NaCl, 0.5% NP-40). Complementation was analyzed using a Centro LB 212 

960 luminometer (Berthold technologies). 30l/well Beta-Glo reagent (Promega) was added to 213 

each well, the sample was mixed and incubated for 60 min and light units were measured over 214 

0.1 second. In the internalization assay unbound virus was removed after binding and cells 215 

shifted to 37C for 30 or 60 min, for VSV and MHV, respectively. Cells were trypsinized to remove 216 
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surface-bound but not internalized virus. Cells were lysed and complementation measured as 217 

described above. Dependent on the experiment type cells were transfected with siRNA for 72h as 218 

described above or pre-treated with drugs for 30 min prior to binding or internalization 219 

experiments. 220 

 221 

To assay fusion cells were preloaded with FDG substrate by incubation of adherent target cells 222 

with 2.5% FBS, 100 mM FDG, 50% PBS at room temperature. After 3 min incubation an excess of 223 

5% FBS in PBS was added, supernatant removed and replaced by growth medium. When 224 

pharmacological inhibitors were used cells were (mock) treated with the different inhibitors for 225 

30 min after a recovery period of 30 min at 37C. MHV-N or VSVG/Luc-G* virus was bound to 226 

cells in DMEM with 2%FCS (in the absence or presence of inhibitors) at a MOI=20 for 90 min at 227 

4C to synchronize infection, after which cells were shifted to 37C for 2 h. Cells were trypsinized 228 

and transferred to Eppendorf tubes, washed and immediately analyzed by FACS. siRNA 229 

transfections were performed 72h prior to fusion assays. 230 

 231 

Ouabain time of addition experiment 232 

MHV-EFLM virus was bound to HeLa-mCC1a cells on ice at MOI=0.5 for 90 min. Warm medium 233 

containing 10% FBS was added and cells incubated for 7h at 37C, 5% CO2. At time points 234 

indicated the medium was replaced by warm medium containing 50nM ouabain. 7 hpi cells were 235 

lysed and luciferase expression analyzed as described above. 236 

 237 

Effect of ouabain on virus entry using fluorescently labeled MHV. 238 

DyLight 488 covalently labeled MHV virus was made as described before (6). Briefly, MHV strain 239 

A59 virus was grown in LR7 cells and purified using a sucrose cushion and gradient purification. 240 
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After purification virus was labeled using DyLight NHS 488 (Thermo Scientific) according to the 241 

manufacturer’s instructions. Infectivity of the labeled virus was confirmed by TCID50 analysis 242 

and qRT-PCR. Fluorescently labeled virus was bound to cells, either mock treated or pre-treated 243 

with ouabain for 30 min, on ice at MOI=10 for 90 min. Unbound virus was removed and virus 244 

allowed to infect for 90 min in presence or absence of ouabain. Cells were subsequently fixed and 245 

stained with DAPI (Invitrogen) and Alexa Fluor 568 Phalloidin (Life Technologies). The samples 246 

were analyzed using a confocal laser-scanning microscope (Leica SPE-II). 247 

 248 

Low pH bypass of endocytic uptake by VSV via direct fusion at the plasma membrane 249 

HeLa-ATCC cells were pre-treated with medium containing 50nM ouabain for 30min at 37C. 250 

Following pre-treatment, VSVG/Luc-G* was bound to cells at MOI=0.3 in presence of 50nM 251 

ouabain at 4C. Inoculum was removed and unbound virus washed away with ice-cold PBS. Cells 252 

were incubated for 2h at 37C in presence of ouabain. At 2hpi supernatant was removed and 253 

warm buffers at different pH (7.2, 6.5, 5.5, and 5.0) containing 50nM ouabain were added for 2 254 

min. Buffers were removed and cells incubated at 37C in medium containing 50nM ouabain. 255 

Infection levels were determined by measuring the luciferase expression levels in the cell lysate 256 

at 9hpi. 257 

 258 
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Results 259 

 260 

RNAi-mediated gene silencing of ATP1A1 inhibits infection with MHV and FIPV but not 261 

IAV. 262 

In a high-throughput RNAi screen ATP1A1 was found to be required for efficient infection of 263 

HeLa cells with MHV. To validate this finding and to see whether ATP1A1 is also required for 264 

infection with other CoVs, we performed a follow-up analysis using siRNA-mediated gene 265 

silencing with oligonucleotides from a different supplier. HeLa cells or HeLa cells carrying the 266 

receptor for MHV (HeLa-mCC1a cells) or for FIPV (HeLa-fAPN) were transfected with siRNAs for 267 

72h. Subsequently, cells were infected with luciferase expressing MHV (MHV-EFLM, (35)), FIPV 268 

(FIPV-Δ3abcRL; (36)), IAV (IAV-RLuc; (30)), or VSV (VSVG/Luc-G*; (32)) at a multiplicity of 269 

infection (MOI) of 0.1. At 7 hpi (MHV, FIPV, and VSV) or 16 hpi (IAV), cells were lysed and 270 

luciferase expression levels were determined. As negative controls, scrambled siRNAs were used. 271 

Individual transfection of each of the three siRNAs targeting ATP1A1 resulted in reduced 272 

infection of cells with MHV, FIPV, and VSV. IAV infection was not affected by siRNA-mediated 273 

gene silencing of ATP1A1 (fig. 1A). To confirm the efficacies of the siRNAs at the mRNA level, 274 

quantitative RT-PCR analysis was performed. All three siRNAs reduced the ATP1A1 mRNA levels 275 

with approximately 95% (fig. 1B). From these results we conclude that ATP1A1 is required for 276 

efficient infection of cells with MHV, FIPV, and VSV, but not IAV. 277 

 278 

RNAi-mediated gene silencing of ATP1A1 inhibits fusion signal of MHV and VSV.  279 

To investigate whether the siRNA-mediated silencing of ATP1A1 affected entry of MHV we made 280 

use of a recently developed, replication-independent binding, internalization, and fusion assay 281 

(34). The assay is based on minimal complementation of defective -galactosidase (-282 
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galactosidase M15) with the short -peptide (40) that is genetically fused to the intravirion N 283 

protein in MHV-N. Prior to virus binding, M15-expressing cells were transfected with siRNAs 284 

for 72h. After binding of virus particles to cells on ice unbound viruses were removed and cells 285 

and viruses were lysed (binding assay). In the internalization assay MHV-N was bound to cells 286 

on ice, unbound virus was removed, and virus was subsequently allowed to internalize at 37C 287 

for 60 min, after which cell-surface bound virus particles were removed by protease treatment 288 

prior to lysis of cells and viruses. Virus particle binding and internalization into cells were 289 

quantified by measuring the amount of luminescence generated after addition of Beta-Glo 290 

substrate to the cell lysate. As shown in Figure 2, both virus binding and internalization did not 291 

appear to be affected by siRNA-mediated silencing of ATP1A1. To measure fusion, MHV-N was 292 

bound to cells pre-loaded with fluorescein-di--D-galactopyranoside (FDG). After binding virus 293 

was allowed to internalize and fuse. Conversion of the non-fluorescent substrate FDG by 294 

reconstituted -galactosidase into the green fluorophore fluorescein (FIC) in intact cells was 295 

measured by FACS. Please note that viral fusion signals can also be inhibited by interference with 296 

essential processes that precede viral fusion. In contrast to virus binding and internalization, 297 

fusion of MHV was inhibited by the lack of ATP1A1 relative to the negative-control siRNAs (fig. 298 

2A). siRNA-mediated gene silencing of ATP1A1 also inhibited the fusion signal of VSV as 299 

determined with a VSV fusion assay (34) that just as for MHV is based on minimal 300 

complementation of defective -galactosidase (fig. 2B).  301 

 302 

RNAi-mediated gene silencing of ATP1A1 inhibits infection with MHV independent of the 303 

intracellular site of fusion or the identity of the receptor. 304 

Trafficking of MHV and FIPV to lysosomes is a prerequisite for proteolytic activation of the S 305 

protein and for efficient virus-cell fusion to occur (6). To study whether downregulation of 306 
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ATP1A1 inhibits MHV infection by negatively affecting the trafficking of MHV to lysosomes, we 307 

made use of a mutant MHV (MHV-S2’FCS), which is cleavage-activated by furin rather than 308 

lysosomal proteases, and which hence fuses in early endosomes (6). Thus, HeLa-mCC1a cells 309 

were transfected with siRNAs for 72h, followed by inoculation with luciferase expressing MHV 310 

(MHV-EFLM) or MHV-S2’FCS at MOI=0.1. At 7 hpi cells were lysed and firefly luciferase 311 

expression levels were determined. As shown in figure 3A, transfection of siRNAs targeting 312 

ATP1A1 reduced luciferase expression levels to the same extent for both viruses. From these 313 

results we conclude that infection with MHV is negatively affected by downregulation of ATP1A1 314 

regardless of the intracellular site of fusion.  315 

 316 

CEACAM1 has been reported to interact with ATP1A1 in porcine cells (41). Since murine 317 

CEACAM1a, the natural receptor of MHV, is a homologue thereof, we investigated whether the 318 

positive effect of ATP1A1 on MHV infection is somehow linked to MHV binding to CEACAM1a. We 319 

made use of a mutant of MHV (MHV-SRec (37)), which enters cells in a CEACAM1a-independent, 320 

but heparan sulfate-dependent manner. Transfection of HeLa or HeLa-mCC1a (expressing 321 

murine CEACAM1a) cells with three different siRNAs against ATP1A1 was followed by low MOI 322 

inoculation with GFP-expressing MHV-SRec (MHV-2aGFP-SRec) or MHV (MHV-EGFPM), 323 

respectively. After 8h of infection cells were collected and GFP expression was analyzed by 324 

fluorescence-activated cell sorting (FACS). As controls siRNA silencing GFP and negative-control 325 

siRNA were used. Infection with MHV-SRec of cells lacking the MHV receptor was reduced to the 326 

same extent as MHV infection of receptor-expressing cells by all three siRNAs targeting ATP1A1 327 

(fig. 3B). These results indicate that, irrespective of the entry receptor, infection with MHV 328 

depends on ATP1A1. 329 

 330 
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Nanomolar concentrations of CTSs inhibit infection with CoVs and VSV, but not with IAV.  331 

High concentrations of CTSs are known to inhibit the ion-pumping function of Na+,K+-ATPase 332 

(42-44). However, recent research has revealed that CTSs, in particular ouabain and bufalin, can 333 

trigger various signal transduction pathways mediated by Na+,K+-ATPase (14, 16-21, 45, 46) at 334 

much lower concentrations. In view of the critical role of ATP1A1 on infection of MHV and FIPV, 335 

we investigated to what extent CTSs affect infection of CoVs. Therefore, HeLa cells (MHV, FIPV 336 

[FIPV-H], VSV and IAV), Huh-7 cells (MERS-CoV) and feline FCWF cells (FIPV [FIPV-F]) were 337 

treated with ouabain or bufalin at high or low concentrations for 30 min and then inoculated 338 

with the indicated viruses in the presence of the drugs, after which the CTSs were kept present 339 

until cells were lysed or fixed. CTSs were also added to cells at 2h post infection (hpi) to assess 340 

the effects of these drugs on post-entry steps. At the indicated time points, cells were lysed or 341 

fixed and luciferase expression levels or number of virus-infected cells determined. Addition of 342 

relatively high concentrations of ouabain (250nM) or bufalin (50nM) had severe negative effects 343 

on infection with all viruses tested, both when added prior to or after inoculation (data not 344 

shown). Also translation of transfected synthetic, capped reporter mRNA was inhibited at these 345 

high concentrations (data not shown). Addition of low amounts of ouabain (50nM) or bufalin 346 

(10-15nM) inhibited infection with MHV, FIPV, MERS-CoV, and VSV, but only when added prior to 347 

inoculation. Infection was not affected when the drugs were added at 2 hpi. Infection with IAV 348 

was not affected by the addition of low concentrations of ouabain or bufalin (fig. 4A and 4B). 349 

These results show that low concentrations of CTSs inhibit infection with different CoVs, but not 350 

with IAV. CTSs most likely affect CoV infection during the entry stage, as no effect was observed 351 

when they were added after inoculation.  352 

 353 

Effect of ouabain on MHV and VSV infection is linked to ATP1A1. 354 
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To confirm that the effect of ouabain on CoV infection is indeed linked to ATP1A1 we made use of 355 

the fact that rodent ATP1A1 encoded Na+,K+-ATPase is much more resistant to ouabain due to 356 

severely decreased binding of the drug to the protein caused by two amino acid mutations in the 357 

ectodomain (47). HeLa cells were transfected with plasmids encoding either human or murine 358 

ATP1A1. Transfected cells were pre-treated with nanomolar concentrations of ouabain and 359 

subsequently inoculated with luciferase-expressing MHV, IAV, or VSV in the presence of the drug. 360 

Ouabain was kept present until cells were lysed and luciferase expression levels were 361 

determined. As a control ouabain was also added to cells only from 2 hpi onwards. IAV infection 362 

was not affected by ouabain treatment, neither when human, nor when murine ATP1A1 was 363 

overexpressed (fig. 5). MHV and VSV infection of cells transfected with plasmid expressing 364 

human ATP1A1 was inhibited by ouabain. However, when the ouabain-insensitive murine 365 

ATP1A1 was overexpressed, the inhibitory effect of ouabain on infection was abolished (fig. 5). 366 

These results demonstrate that the inhibitory effect of ouabain on CoV infection is directly linked 367 

to ATP1A1.  368 

 369 

CTSs decrease the fusion signal of MHV and VSV.  370 

Next we investigated the inhibition of MHV infection by low levels of ouabain by performing an 371 

ouabain time-of-addition experiment (fig. 6A). Luciferase-expressing MHV was bound to HeLa-372 

CC1a cells for 90 min on ice. Unbound virus was removed and cells were shifted to 37C to allow 373 

infection. At the indicated time points cell culture media were replaced by warm, ouabain-374 

containing medium. At 7 hpi cells were lysed and luciferase expression levels determined. 375 

Addition of ouabain only affected MHV infection when added during the first 2h of infection (fig. 376 

6A), indicating that ouabain specifically inhibits MHV infection during entry.  377 

 378 
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To dissect which CoV entry step is affected by the addition of low concentrations of bufalin or 379 

ouabain we again made use of the replication-independent binding, internalization, and fusion 380 

assays. MHV-N was bound to M15-expressing cells that were pre-treated for 30 min with 381 

either ouabain or bufalin. Binding, internalization and fusion of MHV-N were determined as 382 

described above. Binding and internalization of MHV did not appear to be affected by ouabain or 383 

bufalin treatment. However, the fusion signal of MHV was clearly reduced (fig. 6B). Very similar 384 

results were obtained for VSV (fig. 6C). 385 

 386 

In addition, we analyzed whether the inhibition of MHV infection by ouabain is dependent on the 387 

nature of the entry receptor used or on the depth of MHV trafficking into the endo-lysosomal 388 

pathway. Therefore, HeLa-mCC1a and HeLa cells were inoculated with luciferase-expressing 389 

MHV (dependence on CEACAM1a and lysosomal trafficking), MHV-S2’FCS (fusion in early 390 

endosomes) or MHV-SRec (effect of receptor usage) in the presence of ouabain, after which the 391 

inhibitor was kept present until cell lysis. To control for any post entry effects of ouabain, the 392 

drug was also added and kept present only from 2h post inoculation onwards. As an additional 393 

control cells were treated with U18666A, which inhibits late endosome-to-lysosome trafficking 394 

(6, 48). Ouabain negatively affected infection with both MHV and MHV-S2’FCS (fig. 6D), indicating 395 

that it inhibits infection regardless of the intracellular site of fusion. In contrast, infection with 396 

MHV, but not with MHV-S2’FCS, was affected by U18666A. Also CEACAM1a-independent 397 

infection of MHV-SRec was inhibited to the same extent as MHV.  398 

 399 

Ouabain inhibits virus entry at an early stage.  400 

The replication-independent binding, internalization and fusion assays indicate that nanomolar 401 

levels of ouabain decrease the MHV fusion but not the internalization signal. To get more insight 402 
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into the inhibition of virus entry by ouabain, we analyzed whether MHV infection could recover 403 

during an overnight incubation upon removal of ouabain at 2 hpi. Our results (Fig. 7A) show that 404 

this is indeed the case. No inhibition of virus infection was observed when oubain was removed 405 

after virus inoculation. Virus infection was only inhibited when ouabain was kept present both 406 

during inoculation and the overnight incubation. This allowed us to study whether the block 407 

induced by ouabain inhibited entry of MHV upstream or downstream of the inhibitory effects of 408 

known inhibitors of virus entry (6, 34, 49). Cells were (mock-) treated with ouabain prior to and 409 

during inoculation with luciferase-expressing MHV. After removal of the inoculum, cells were 410 

incubated for another 16 h in the absence or presence of inhibitory agents known to affect MHV 411 

entry (6, 34). Subsequently cells were lysed and luciferase expression levels determined. 412 

Luciferase expression levels obtained after ouabain treatment prior to and during inoculation but 413 

not thereafter were set to 100% (fig. 7A; black bar). Overnight incubation in the presence of the 414 

cell-impermeable MHV fusion inhibitor peptide HR2 (50) did not inhibit MHV infection 415 

regardless of the absence or presence of ouabain during virus inoculation. However, virus 416 

infection was severely reduced when HR2 peptide was present during virus inoculation, 417 

confirming the ability of the HR2 peptide to inhibit entry (fig. 7B). Addition of inhibitors of 418 

dynamin-2 (Dyngo-4A; Dyngo), clathrin-mediated endocytosis (chlorpromazine; Chlopro), or 419 

endosomal maturation (bafilomycin A1; BafA1) all reduced infection with MHV when added after 420 

removal of ouabain (fig. 7C). The smaller inhibition observed after addition of BafA1 compared 421 

Dyngo-4A and chlorpromazine is in agreement with the reported inhibition of MHV entry by 422 

these compounds (6, 34). The inhibitors did not affect luciferase expression levels without prior 423 

incubation with ouabain, indicating that they do not affect MHV infection at post entry stages. 424 

These results indicate that ouabain inhibits infection with MHV upstream of the inhibitory effects 425 

of Dyngo, Chlopro and BafA1.  426 
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 427 

MHV particles remain associated close to the cell surface. 428 

To confirm and visualize the early block in infection by ouabain, MHV covalently labeled with 429 

DyLight 488 (MHV-DL488; (6)) was bound to ouabain- or mock-treated cells for 90 min at 430 

MOI=20 on ice. After removal of unbound virus particles, cells were incubated for 90 min at 37C 431 

in the presence or absence of ouabain. Cells were then fixed and analyzed by confocal 432 

microscopy. The contours of the cells were visualized using phalloidin, which stains the actin 433 

cytoskeleton. In mock-treated cells, relatively few fluorescent virions were visible inside the cells 434 

(fig. 8A, upper panel). On the other hand, in ouabain-treated cells a larger number of virions were 435 

observed which appeared however to remain associated close to the cell surface (fig. 8A, lower 436 

panel), in agreement with ouabain inhibiting virus entry at an early stage. The larger number of 437 

virions observed in the presence of ouabain is probably explained by the inhibition of virus 438 

uptake and subsequent trafficking of virus particles to lysosomes where they fuse and/or are 439 

broken down (6). 440 

 441 

To assess whether also for VSV the block in infection is caused by an early entry block, we made 442 

use of the ability of VSV to bypass the endocytic uptake route when exposed to a low extracellular 443 

pH upon binding. Cells were pre-treated with 50nM ouabain. Cells were inoculated with 444 

luciferase-expressing VSV at MOI=0.1 in presence of 50nM Ouabain. 2hpi the inoculum was 445 

removed and unbound viruses washed away with ice-cold PBS. Cells were incubated for 2min in 446 

warm buffers at different pH (7.2, 6.5, 5.5, and 5.0) containing 50nM ouabain. Cells were 447 

subsequently incubated for another 7h in ouabaincontaining medium. Infection levels were 448 

determined by measuring the luciferase expression levels of cell lysates relative to those in mock-449 
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treated cells. In agreement with VSV entry being inhibited by ouabain at an early stage,  infection 450 

could be rescued by a low-pH shock. (fig. 8B). 451 

 452 

Inhibitory effects of ouabain on CoV infection can be rescued by inhibitors of Src but not 453 

PI3K. 454 

CoV infection is inhibited by low concentrations of CTSs known to trigger different Na+,K+-455 

ATPase-mediated signaling pathways but not to affect the ion-pump function (16-21). Two of the 456 

main signaling pathways induced by CTSs and mediated through Na+,K+-ATPase involve the 457 

activation of Src or PI3K (51). In order to elucidate whether these signaling pathways are 458 

involved in the antiviral action of ouabain we (mock-)treated cells with ouabain alone or in 459 

combination with either PI3K inhibitor wortmannin (52), Src inhibitor PP2 (53), or Na+,K+-460 

ATPase-mimetic Src-inhibitor peptide (pNaKtide). pNaKtide binds and inhibits the Na+,K+-461 

ATPase-interacting pool of Src (39). As a control cells were treated with the kinase inhibitors in 462 

the absence of ouabain. The cells were inoculated with luciferase-expressing MHV, FIPV, or VSV 463 

in the presence of the inhibitors, after which the drugs were kept present until cell lysis. To check 464 

for inhibitory effects after virus entry, cells were also treated with inhibitors starting at 2 hpi. At 465 

7 hpi cells were lysed and luciferase expression levels determined. For reasons unknown, 466 

treatment of cells with wortmannin or PP2 during virus inoculation reduced MHV and VSV 467 

infection by about 75% (fig. 9A and C), while the pNaKtide had a smaller negative effect. Infection 468 

with FIPV was not affected by these inhibitors (fig. 9B). The much smaller inhibitory effect of 469 

pNaKtide compared to PP2, can be explained by pNaKtide, in contrast to PP2, specifically 470 

targeting the Na+,K+-ATPase-interacting pool of Src and having less (off target) effects compared 471 

to PP2 (39, 54). MHV-, FIPV-, and VSV-driven luciferase expression levels were severely reduced 472 

by ouabain when the drug was present during virus inoculation, yet not when added at 2 hpi 473 
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only, as observed earlier. The combined treatment with ouabain and wortmannin did not 474 

positively affect MHV, FIPV, or VSV infection compared to ouabain treatment alone. However, 475 

combined treatment of ouabain with PP2 or pNaKtide almost completely restored MHV, FIPV, 476 

and VSV infection to the levels observed after treatment with PP2 or pNaKtide alone (fig. 9A, B, 477 

and C). These results show that the negative effect of ouabain on the entry of MHV, FIPV, and VSV 478 

can be relieved by inhibition of Src. 479 
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Discussion 480 

This study provides an extensive analysis of the role of the ATP1A1-encoded 1-subunit of 481 

Na+,K+-ATPase in CoV infection. Using gene silencing we showed that ATP1A1 is important for 482 

infection of cells with MHV and FIPV, but not IAV. Also entry of VSV was shown to depend on 483 

ATP1A1. Lack of ATP1A1 was found not to affect MHV binding to cells and did not appear to 484 

inhibit endosomal uptake, although fusion with cellular membranes was reduced. Consistently, 485 

nanomolar concentrations of CTSs inhibited infection of cells with MHV, FIPV and MERS-CoV, 486 

when the compounds were present during virus entry. Similar results were obtained with VSV, 487 

but not with IAV. CTSs were shown to inhibit entry of MHV at an early stage, resulting in the 488 

accumulation of virions close to the cell surface and as a consequence in reduced fusion. Viral 489 

RNA replication per se was not affected by these compounds at the concentrations used. In 490 

agreement with low concentrations of CTSs not affecting the ion transport function of Na+,K+-491 

ATPase (16-21), the anti-coronaviral effect could be relieved by the addition of inhibitors of Src 492 

kinases, indicating that Src signaling mediated via ATP1A1 plays a crucial role in the inhibition of 493 

infection with CoVs. 494 

 495 

Knockdown of ATP1A1 or additions of low concentrations of CTSs inhibit CoV and VSV infection 496 

during the virus entry stage, as we could demonstrate using our recently developed replication-497 

independent entry assays (34). CoV and VSV replication was not affected as revealed by adding 498 

the CTSs after inoculation. Inhibition of MHV was found to be independent of the particular virus 499 

receptor being used by the virus, despite the reported interaction between CEACAM1 and 500 

ATP1A1 (41). This is in line with FIPV and MERS-CoV being similarly inhibited while using 501 

entirely different entry receptors (55, 56). FIPV on the one and MHV and MERS-CoV on the other 502 
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hand belong to the α- and β-CoV genera, respectively, suggesting that CTSs may function as pan-503 

CoV inhibitors.  504 

 505 

Interpreting our combined results, we developed the model shown in figure 10. In this model, 506 

two elements are addressed. First, it recapitulates the early stage of CoV entry as we and others 507 

have described (6, 57-60): uptake of CoV in a pre-endosome that pinches off to form an early 508 

endosome. Based on our data we propose a model in which the uptake of MHV particles is 509 

arrested in pre-endosomal structures by transfection of siRNAs targeting ATP1A1 or by the 510 

addition of CTSs, rather than having a direct effect on virus-cell fusion. This model explains the 511 

apparent paradoxical observations that internalization of MHV particles was not affected by 512 

ATP1A1 interference, while on the other hand, ouabain was shown to inhibit a very early step in 513 

MHV entry, upstream of the inhibitory effect of compounds affecting dynamin-2 and/or clathrin-514 

mediated endocytosis (6). The internalization assay depends on the removal of cell surface-515 

bound virions by proteases. The lack of internalization inhibition observed with this assay can be 516 

explained by MHV particles accumulating in pre-endosomal invaginations, which are not 517 

accessible by the membrane-impermeable protease in the presence of ouabain. In agreement 518 

with this model, we previously showed that also the dynamin-2 inhibitor Dynasore has little 519 

effect on  the internalization of MHV and VSV virions, while fusion was severely hampered (34). 520 

Also the inability of the membrane-impermeable inhibitory HR2 peptide to prevent MHV 521 

infection after ouabain wash-out can be explained by the inability of the HR2 compound to access 522 

the pre-endosomal structures. The inhibition of MHV entry by inhibitors of clathrin-mediated 523 

endocytosis after ouabain wash-out indicates that further internalization of the pre-endosomal 524 

invaginations is sensitive to these inhibitors. In agreement with our model, interference with the 525 

Na+,K+-ATPase (either by ATP1A1 knockdown or addition of CTSs) inhibited CoV entry, 526 
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regardless whether viruses fusing in early endosomes (MHV-2’FCS and MERS-CoV) or lysosomes 527 

(MHV and FIPV) were used (6). These results indicate that interference with the ATP1A1 subunit 528 

acts prior to the formation of early endosomes and does not result from a defect in endosome 529 

maturation. Our model is  supported by confocal microscopy analysis, which showed MHV 530 

particles to accumulate close to the cell surface in the presence of ouabain. Like for the CoVs, also 531 

entry of VSV, but not of IAV, was inhibited by ouabain. Apparently, treatment of cells with oubain 532 

does not affect the low pH in the endosomes which is essential for entry of both IAV and VSV (61-533 

63). The ability to bypass the VSV entry block induced by ouabain by low-pH shock indicates that 534 

fusion per se of VSV is not affected, but rather results from ouabain preventing uptake of VSV in 535 

early endosomes where fusion can take place (49, 61, 62). 536 

 537 

The second element represented in our model (fig. 10) addresses the mechanism by which 538 

interference with the ATP1A1 subunit activity blocks CoV and VSV entry. Our results indicate that 539 

CoV infection is inhibited by low concentrations of CTSs via Na+,K+-ATPase-mediated Src 540 

signaling. CoV infection of HeLa cells expressing ouabain insensitive murine ATP1A1-encoded 541 

1-subunit (47) was unaffected by ouabain treatment. These results show that ouabain mediates 542 

its antiviral effect via the 1-subunit and not via an off-target effect, in agreement with the 543 

literature (reviewed in (13, 14)). Ample evidence exists in the literature demonstrating that 544 

nanomolar concentrations of CTSs induce 1-subunit-mediated signaling pathways, including the 545 

activation of Src. At these concentrations, ouabain binding to the 1-subunit triggers a 546 

conformational change in this subunit, which results in release of Src from Na+,K+-ATPase and its 547 

concomitant activation (16-18, 22-28). The alleviation of inhibition of CoV infection by ouabain 548 

with two chemically different Src inhibitors, PP2 and pNaKtide, but not by an inhibitor of PI3K, 549 

shows that the activation of Src via the 1-subunit is the inhibitory mode of action of this 550 
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compound on CoV infection. In agreement with the inhibitory effect of Na+,K+-ATPase-mediated 551 

Src signaling on CoV infection, also gene silencing of ATP1A1 has been shown to result in 552 

activation of Src (20, 39, 64).  553 

 554 

We speculate that ATP1A1-mediated Src signalling somehow interferes with clathrin-mediated 555 

uptake of CoVs and VSV. Similar to MHV (6, 57-60) and VSV (49, 61), also MERS-CoV and FIPV 556 

appear to be taken up via clathrin-mediated endocytosis as infection with these viruses is 557 

inhibited by chlorpromazine in a dose-dependent manner ((65) and unpublished results), 558 

although FIPV has also been reported to enter monocytes via a clathrin- and caveolae-559 

independent endocytic pathway (66). An explanation for the lack of inhibition of IAV could be 560 

that this virus is able to enter cells via multiple fully redundant endocytic routes (63, 67-70). 561 

ATP1A1-mediated Src signaling has been shown to induce phosphorylation of dynamin-2 and 562 

caveolar endocytosis (64, 71). However, it is not yet clear how ATP1A1-mediated Src signaling 563 

could interfere with clathrin-mediated entry of CoVs and VSV. Other studies have shown the 564 

importance of Src-mediated phosphorylation of dynamin-2 in clathrin- as well as caveolae-565 

mediated endocytic uptake of cargo (72-74). For reoviruses, which are probably taken up via 566 

clathrin-mediated endocytosis, Src phosphorylation has also  been shown to mediate endocytic 567 

sorting of these viruses, internalization of reovirus virions, however, was not affected by 568 

inhibition of Src signaling (75). Spatiotemporal compartmentalization and regulation of Src 569 

signaling may be an important determinant of the specificity of Src signaling and of the different 570 

biological outcomes observed (76, 77).  571 

 572 

Inhibition of infection by CTSs has been reported earlier for several other viruses including 573 

Sindbis virus (78), Sendai virus (79), Semliki Forest virus (80), several herpes viruses (81), and 574 
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PRRSV (82). Most of these studies, however, employed relatively high concentrations of the CTSs 575 

(micromolar range) which inhibit the Na+,K+-ATPase pump function and affect intracellular ion-576 

concentrations (83, 84). In the present study, the low levels of CTSs did not affect infection with 577 

IAV. However, at high concentrations infections by CoVs, VSV and IAVs were inhibited also when 578 

the compounds were only present after virus entry. This more general inhibitory effect at these 579 

concentrations may result from side effects of the drugs such as, for instance, inhibition of mRNA 580 

translation (data not shown). Indeed, intracellular levels of Na+ and K+ have been implicated 581 

previously in the regulation of cellular protein synthesis (85, 86). Interestingly, for human 582 

cytomegalovirus, low nanomolar concentrations of ouabain were shown to inhibit an early step 583 

in the infection cycle of this virus prior to DNA replication, but following binding to cellular 584 

receptors, suggesting that also for this virus entry may be impaired (81). 585 

 586 

Ouabain and several other CTSs are FDA-approved compounds. Targeting host factors using FDA-587 

approved compounds to combat viral infections is certainly attractive. Drugs targeting host-, 588 

rather than viral factors may lower the probability of generating drug-resistant viral variants 589 

since mutation of the drug target is not possible. In addition, the repurposing of FDA-approved 590 

compounds may enable relatively fast clinical application. Elucidation of the action mechanism of 591 

the anti-viral compounds as exemplified here by the anti-CoV and -VSV effect of low 592 

concentrations of CTSs may aid the development and design of new compounds with improved 593 

therapeutic efficacy and less side effects. 594 

 595 

  596 
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Figure Legends 862 

Figure 1. RNAi-mediated downregulation of ATP1A1 affects MHV, FIPV, and VSV but not 863 

IAV. A) Effect of RNAi-mediated downregulation of ATP1A1 on MHV-ERLM, FIPV-RLuc, IAV-864 

RLuc, and VSV-FLuc. Gene silencing was performed using individual transfection of three 865 

different siRNAs targeting ATP1A1 (ATP1A1-1-3) in HeLa cells expressing the appropriate virus 866 

receptors. Negative siRNA (neg siRNA) was taken along as a control. Cells were infected with 867 

luciferase expressing viruses at MOI=0.1 for 7h or overnight for IAV. Infection levels were 868 

determined by assaying the luciferase activity in cell lysates relative to lysates of infected cells 869 

that had been mock treated. Infection levels were corrected for cell number and viability as 870 

determined by the Wst-1 assay. Error bars represent SEM, n=3*3. B) Confirmation of siRNA-871 

mediated reduction in mRNA levels. mRNA levels at 72h post transfection were measured by 872 

qRT-PCR relative to mock-transfected cells. Expression levels were corrected for cell number and 873 

viability as determined by the Wst-1 assay. Error bars represent SEM, n=3*3. A,B) Dotted lines 874 

indicate the lower 95% confidence interval of negative siRNA controls or mock treatment, 875 

respectively. 876 

 877 

Figure 2. Knockdown of ATP1A1 affects MHV and VSV fusion. A) Effects of siRNA-mediated 878 

gene silencing on viral binding, internalization, and fusion using replication-independent assays. 879 

Three different siRNAs against ATP1A1 (ATP1A1-1-3) were transfected individually into HeLa-880 

mCC1a-M15. Negative siRNA (neg siRNA) was taken along as a control. At 72h post transfection 881 

MHV-N was allowed to bind to the cells on ice at MOI=20 for 90 min. Unbound virus was 882 

washed off. For the binding assay cells and viruses were subsequently lysed and 883 

complementation of M15 by N was determined relative to mock-treated samples using Beta-884 

Glo substrate and a luminometer. For internalization and fusion assays the cells were warmed to 885 
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37C and virus was allowed to enter cells for 60 and 100 min, respectively. To assay 886 

internalization cell surface bound virus was removed using trypsin and cells and viruses 887 

subsequently lysed. Complementation of M15 by N was determined relative to mock-treated 888 

samples using Beta-Glo substrate and a luminometer. For the fusion assay cells were pre-loaded 889 

with FDG by hypotonic shock before inoculation. Upon infection for 100 min cells were collected 890 

and analyzed by FACS. Fusion was determined relative to the number of FIC-positive cells 891 

observed upon mock treatment of infected cells. Error bars represent SEM, n=3*3 for binding and 892 

internalization, n=3 for fusion. B) VSV fusion was determined as described in A using VSV-893 

G/Luc-G. A, B) Dotted lines indicate the lower 95% confidence intervals of the mock 894 

treatment.  895 

 896 

Figure 3. Knockdown of ATP1A1 inhibits infection with MHV independent of the 897 

intracellular site of fusion or the receptor used.  Gene silencing was performed as described 898 

in the legend to figure 1. A) Cells were infected with luciferase expressing MHV or MHV-S2’FCS at 899 

MOI=0.1 for 7h. Infection levels were determined by assaying the luciferase activity in cell lysates 900 

relative to lysates of infected cells that had been mock treated. Infection levels were corrected for 901 

cell number and viability as determined by the Wst-1 assay. Error bars represent SEM, n=3*3. B) 902 

Cells were infected with GFP expressing MHV or MHV-SRec at MOI=0.5 for 8h. Cells were 903 

collected and virus replication and cell viability analyzed by FACS relative to mock-treated 904 

samples. Negative siRNA and siRNA targeting GFP were taken along as controls. Error bars 905 

represent SEM, n=3.  906 

 907 

Figure 4. Low levels of ouabain and bufalin affect entry of CoVs and VSV but not of IAV. A) 908 

HeLa (MHV, FIPV [FIPV-H], VSV and IAV), Huh7 (MERS-CoV), or FCWF (FIPV [FIPV-F]) cells were 909 
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inoculated with the indicated viruses at MOI=0.1 for 2h. Cells were treated with 50nM ouabain 910 

from 30 min prior (pre) or 2 h post (post) inoculation until 7h (MHV and FIPV), 8h (MERS-CoV) 911 

or 16h (IAV) post infection. Infection levels were determined by measuring the luciferase activity 912 

in cell lysates or by determining the number of infected cells (MERS-CoV) by 913 

immunocytochemistry relative to mock-treated cells. Error bars represent SEM, n=3*3. B) Effect 914 

of low doses of bufalin on MHV, FIPV, MERS-CoV, IAV, and VSV infection. Cells were infected and 915 

treated as described in A with 10nM bufalin instead of ouabain. Error bars represent SEM, n=3*3. 916 

 917 

Figure 5. Effect of ouabain on virus entry is linked to ATP1A1-encoded 1-subunit. HeLa 918 

cells were transfected with plasmids expressing either human or murine derived ATP1A1 919 

(hATP1A1 and mATP1A1, respectively). Cells were treated with 50nM ouabain from 30 min prior 920 

(pre) or from 2 h post (post) inoculation with luciferase expressing MHV, IAV, or VSV at MOI=0.1 921 

until 7h (MHV & VSV) or 16h (IAV) post infection. Infection levels were determined by measuring 922 

the luciferase activity in cell lysates relative to that in lysates of mock-treated cells. Infection 923 

levels were corrected for cell number and viability as determined by the Wst-1 assay prior to 924 

infection. Error bars represent SEM, n=3*3. 925 

 926 

Figure 6. Low levels of ouabain and bufalin prevent fusion of MHV and VSV. A) Time-of-927 

addition experiment using 50nM ouabain. Luciferase expressing MHV was bound to HeLa-mCC1a 928 

cells at MOI=0.5 for 90 min on ice. Unbound virus was washed off and incubation continued at 929 

37C. At indicated time points medium was replaced by warm medium containing 50nM ouabain. 930 

Luciferase expression levels were determined relative to mock-treated cells. Error bars represent 931 

SEM, n=3. B) Binding, internalization, and fusion assays of MHV upon ouabain or bufalin 932 

treatment were performed as described in the legend to figure 2. HeLa-mCC1a-M15 cells were 933 
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pre-treated with 50nM ouabain or 10nM bufalin. C) Binding, internalization, and fusion assays of 934 

VSV were performed using VSV-G/Luc-G similarly as described for MHV in the legend to figure 935 

2. B & C) Error bars represent SEM, n=3*3 for binding and internalization, n=3 for fusion. D) 936 

Effect of ouabain treatment on infection with MHV-SRec or MHV-S2’FCS. Cells were treated with 937 

ouabain as described in the legend to figure 5 and inoculated with luciferase expressing MHV, 938 

MHV-S2’FCS, or MHV-SRec at MOI=0.1. As a control cells were treated with U18666A. Infection 939 

levels were determined by measuring the luciferase expression levels in cells at 7h post infection 940 

relative to those in mock-treated cells. Error bars represent SEM, n=3*3.  941 

 942 

 943 

Figure 7. Ouabain inhibits virus entry upstream of inhibitors of CME. A) The inhibitory effect 944 

of ouabain is not observed when the compound is removed after virus inoculation. Cells were 945 

(mock-)treated with 50nM ouabain (Ou) starting at 30 min prior to and during inoculation 946 

(indicated by 0-2h) and/or after removal of the inoculum (indicated by 2-18h). Cells were 947 

inoculated with luciferase expressing MHV at MOI=0.1. B) Virus infection is not inhibited when 948 

the fusion inhibitory peptide HR2 is added after removal of ouabain.  Cells were (mock-)treated 949 

with the indicated compounds (ouabain [Ou] or HR2 peptide [HR2]) starting at 30 min prior to 950 

and during inoculation (indicated by 0-2h) and/or after removal of the inoculum (indicated by 2-951 

18h). C) After the removal of ouabain, virus infection is inhibited by the addition of CME 952 

inhibitors. Cells were (mock-)treated with 50nM ouabain (Ou) starting at 30 min prior to and 953 

during inoculation (indicated by 0-2h). After removal of the inoculum the medium was replaced 954 

by drug containing medium (Dyngo; Dyngo-4A, Chlorpro; Chlorpromazine, and BafA1; 955 

Bafilomycin A1). A-C) After overnight infection cells were lysed and infection levels were 956 

determined by measuring the luciferase activity in cell lysates relative to control cells that were 957 
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only treated with ouabain prior to and during inoculation (Ou 0-2h only, black bar). Error bars 958 

represent SEM, n=3*3.  959 

 960 

Figure 8. Ouabain inhibits virus entry at an early stage. A) MHV particles accumulate close to 961 

the cell surface in the presence of ouabain. Imaging of ouabain-treated cells inoculated with 962 

DyLight 488-labelled MHV by confocal microscopy. Cells were mock-treated (upper two rows) or 963 

treated with 50nM ouabain (lower two rows) throughout the experiment starting at 30 min prior 964 

to inoculation. MHV covalently labeled with DyLight 488 (MHV particles) was bound to cells at 965 

MOI=20 for 70 min on ice. Unbound virus was removed and cell-bound virus was allowed to 966 

infect at 37C for 90 min. Cells were fixed, stained with DAPI (Nuclei) and Phalloidin (Actin), and 967 

analyzed by confocal microscopy. Single z-slices are shown. B) The inhibitory effect of ouabain on 968 

VSV entry can be bypassed by low-pH shock-induced fusion. Cells were pre-treated with 50nM 969 

ouabain. VSV-FLuc virus was bound to the pre-treated cells at MOI=0.3 in presence of 50nM 970 

ouabain on ice for 90 min. Unbound virus was removed and cells incubated for 2h at 37C in 971 

presence of ouabain. At 2hpi the inoculum was removed and cells incubated for 2min with warm 972 

buffers at different pH (7.2, 6.5, 5.5, and 5.0), containing 50nM ouabain. Incubation at 37C in 973 

ouabain containing medium was continued until 11hpi. Infection levels were determined by 974 

measuring the luciferase expression levels in cell lysate relative to those in mock-treated cells. 975 

Error bars represent SEM, n=3*3.  976 

 977 

Figure 9. Inhibition of infection by ouabain is rescued by inhibition of Src. HeLa cells were 978 

inoculated with luciferase expressing MHV (A), FIPV (B), or VSV (C) at MOI=0.1 for 2h. Cells were 979 

(pre-)treated with 50nM ouabain (Ou), wortmannin (Wort), PP2, pNaKtide or a combination 980 

thereof as indicated from 30 min prior to (pre) or 2h post (post) inoculation. The drugs were 981 
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kept present until cell lysis at 7h post inoculation.  Infection levels were determined by 982 

measuring the luciferase activity in lysates of drug-treated relative to mock-treated cells. Error 983 

bars represent SEM, n=3*3.  984 

 985 

Figure 10. Model of the effect of ATP1A1 knockdown and CTSs treatment on entry of CoVs 986 

and VSV. siRNA-mediated gene silencing of ATP1A1 encoding the 1-subunit of the Na+,K+-987 

ATPase or treatment of cells with CTSs inhibits infection with CoVs and VSV at an early entry 988 

stage, resulting in reduced virus-cell fusion. In the presence of CTSs or after siRNA-mediated gene 989 

silencing of ATP1A1, virus particles accumulate in pre-endosomal invaginations that are not 990 

accessible for the membrane impermeable HR2 peptide or trypsin. For VSV, this block in entry 991 

can be bypassed by low-pH shock. Knockdown of ATP1A1 leads to release of an Na+,K+-ATPase-992 

bound subset of Src, Src activation, and increased Src signaling (20, 39, 64). Ouabain binding to 993 

the 1-subunit subunit of Na+,K+-ATPase triggers a conformational change in this subunit, which 994 

also results in release of Src from Na+,K+-ATPase and its concomitant activation (20, 87). 995 

Activated Src induces yet unknown downstream signaling, which inhibits virus entry at an early 996 

stage upstream of the inhibitory effects of inhibitors of clathrin-mediated endocytosis. 997 






















