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1. Introduction 
 
1.1  Vesicular stomatitis virus 

 
Vesicular stomatitis virus (VSV) belongs to the genus Vesiculovirus of the Rhabdoviridae 
family. VSV mainly infects domestic animals and causes vesicular disease that clinically 
resembles the foot and mouth disease. VSV also infects a high number of people living in 
extensive areas. It triggers flu like illness in humans. The surface glycoprotein of VSV, 
the G protein, can bind to several cell types, which makes VSV a commonly used 
laboratory virus for research on virus molecular biology and virus-cell interactions. VSV 
is used as a prototype virus for other viruses in the family, such as Rabies virus,  for 
comparative studies related to other similar RNA viruses, as a vaccine vector for 
transduction of genetic material into cells and as an antitumor agent in viral oncolytic 
therapies (Fine, 2015). 
The VSV genome is a single-stranded negative sense RNA, about 11 kb in length that 
contains five principal genes, in the order as follows, 3′ - N - P - M - G - L - 5′ whose 
expression at transcriptional level is controlled by the viral RNA-dependent RNA 
polymerase (Ball, Pringle, Flanagan, Perepelitsa, & Wertz, 1999). These genes encode 
five proteins: Nucleocapsid (N), Phosphoprotein (P), Matrix (M), Glycoprotein (G) and 
Polymerase (L) (Fowler et al., 2016). The genomic organization and synthesis of five 
respective mRNAs are shown in figure 1. 
 
  

 
  

Figure 1: (A) Schematic diagram of location of intergenic sequences of VSV genome. le is the leader sequence, tr is the 
trailer sequence. N, P, M, G and L are the 5 genes. The triangles represent the positions of the conserved regulatory 
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sequences at the gene boundaries. The intergenic sequences consist of E (end), I (intergenic), and S (start) domains. (B) 
VSV genome sequences at the other three intergenic regions. Figure adapted from (Strauss & Strauss, 2008). 
 

The N protein forms the nuclease-resistant nucleocapsid that functions as a template for 
the sequential transcription of N, P, M, G, and L mRNAs. The G proteins form the lipid 
bilayer spikes that help in viral entry and viral infectivity. The P protein, present in the 
nucleocapsid, is phosphorylated and required for RNA synthesis. The M protein interacts 
with the nucleocapsid and inhibits host transcription. It also stops the viral RNA synthesis 
post packaging. The L protein is a large and multifunctional protein involved in the 
replication of viral genome and synthesis of mRNAs.  
 
The viral polymerase complex initiates transcription at the 3’ end of viral genome in an 
obligatorily sequential manner, i.e. from 3’ to 5’. First, a leader RNA of 48 nucleotides is 
synthesized. The RNA is released initiating the synthesis of the first mRNA for N. The RNA 
polymerase adds the cap structure at 5’ end of the mRNA soon after initiation. When the 
enzyme reaches the conserved sequence AUACUUUUUUU, it synthesizes a poly (A) tail 
at the 3’ end of the newly-synthesized mRNA. After receiving the termination-
polyadenylation signal, the mRNA for N is terminated and released. The transcriptase 
jumps the next two nucleotides known as the intergenic sequence (the intergenic 
sequence is always two nucleotides in case of VSV) and starts the synthesis of mRNA for 
P at a start signal UUGUC which is conserved. After the synthesis of P-mRNA, the 
polymerase adds the cap and poly (A) tail. The mRNA is released, and the transcriptase 
again skips the two nucleotides and begins synthesis of mRNA for M. The process 
continues until the fifth gene L, producing five capped and polyadenylated mRNAs. 
Synthesis of new viral full-length genomes requires the production and replication of a 
full length antigenomic template. This is followed by the immediate encapsidation of 
newly synthesized genomic RNAs to form genomic RNPs packaged into  progeny virions 
(Ball et al., 1999; Strauss & Strauss, 2008).  

 
1.2 The life cycle of three viruses used in this study: VSV, RSV and SFV 

 
1.2.1 VSV life cycle 
1.2.2 VSV cell Binding 
1.2.3 VSV Endocytosis 
1.2.4 VSV delivery of genome into the cytoplasm 
1.2.5 VSV genes transcription, protein synthesis and genome replication 
1.2.6 VSV virus assembly and progeny release 
 
VSV enters the cell through clathrin-mediated endocytosis (CME) (Cureton, Massol, 
Saffarian, Kirchhausen, & Whelan, 2009). After endocytosis, the virions are delivered into 
acidic endosomes, where the viral outer membrane fuses with the endosomal membrane 
and releases the viral genome into the cytoplasm (Cureton et al., 2009). The fusion process 
is pH dependent and occurs when the pH is lower than 6.5 (Matlin, Reggio, Helenius, & 
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Simons, 1982). After delivery of the viral genome into the cytoplasm, the VSV life cycle 
proceeds to the synthesis of viral mRNAs and synthesis of viral proteins. The viral (-) 
RNAs are transcribed into (+) strands mRNAs by the viral polymerase in the cytoplasm. 
This (+) sense mRNAs are recognized by ribosomes that translate them into viral proteins 
(Ogino & Green, 2019) (Figure 2). Following genome replication and assembly of viral 
particles, the new progeny virions are released from the PM by a budding process.  

 
VSV is a fast replicating virus in cell culture model cell lines such as HeLa cells, and viral 
proteins can be readily detected by imaging or biochemical assays already few hours after 
infection.  
 
For comparative purposes, this study also includes a -RNA virus, Respiratory Syncytial 
Virus (RSV), and a +RNA virus, Semliki Forest Virus (SFV). RSV is a member of the 
Pneumovirinae subfamily of Paramyxoviridae, whereas SFV is an Alphavirus belonging 
to the Tagoviridae family. Both viruses are RNA viruses. Like VSV, the genome of RSV 
has negative (-) polarity, or (-) strand RNA molecule, while the RNA genome of SFV has 
positive (+) polarity. That means that, similar to VSV, the RNA genome of RSV is first 
transcribed into mRNAs by a viral polymerase already present inside the virion. Similar 
to the mRNAs of VSV, these transcripts are used by the ribosomes to produce viral 
proteins.  In the case of SFV, which does not have a polymerase packaged inside the 
virion, the RNA genome can be used directly by the ribosomes to produce viral 
polymerase complexes and structural proteins (Figure 2). 
 
RSV enters cell cultures through actin-dependent micropinocytosis (Krzyzaniak, 
Zumstein, Gerez, Picotti, & Helenius, 2013). After the internalization event, the RSV 
virion reaches macropinosomes, large acidic cytoplasmic vacuoles where the fusion 
glycoprotein (F) on the surface of the virion is activated by a cleavage performed by non-
identified host furin-like protease(s). This cleavage is pH-independent and triggers the 
fusion of viral outer membrane with the limiting membrane of the macropinosomes, 
releasing the viral ribonucleoproteins into the cytoplasm. After transcription of the 
genome into mRNAs, viral structural proteins as well as accessory proteins are produced. 
During infection, a modification of the polymerase complex occurs that switches this 
multi-protein complex from synthesis of mRNAs to the replication of the genome which 
is first copied into a full-size complementary copy from which new -RNAs are synthesized 
and then packaged into newly assembled virions. The release of progeny occurs by 
budding from the plasma membrane (PM) The synthesis of viral particles, virus assembly 
and virus release, follow similar mechanisms as VSV (Figure 2). However, the life cycle 
of RSV is slower than VSV. RSV does not bud from the PM as efficiently as VSV and 
the amount of released RSV virions (10E6/ml in 48 hours) is typically two order of 
magnitudes lower than VSV (10E8/ml in 20 hours). 

 
SFV binds very efficiently to negatively charged glycoproteins at the PM and enters into 
the cells via clathrin mediated endocytosis (CME). Unlike VSV internalization, the CME 
of SFV is actin independent. After delivery into acidic early endosomes, acid mediated 
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conformational changes on the virion outer proteins, the spike glycoproteins, triggers the 
fusion of the SFV membrane with the endosomal membrane. The activation of the spikes 
takes place when the pH is below 6.2, releasing the viral (+) RNA genome into the cytosol. 
SFV genome has a 5’cap structure and a 3’ polyadenylated tail, which is characteristic of 
cellular mRNAs. Hence, this viral mRNA is translated directly by ribosomes to synthesize 
viral proteins (fig). SFV replication occurs in association with virus-modified cellular 
membranes (Froshauer, Kartenbeck, & Helenius, 1988; Irurzun, Nieva, & Carrasco, 
1997). After the first rounds of translation, the newly synthesized viral replication 
complexes transcribe the genome into a full-length complementary strand, which is used 
in turn to produce new genomes. The structural proteins of SFV are translated from a 
second mRNA, the sub-genomic mRNA, which is transcribed from an internal promoter 
on the complementary strand of the genome (Figure 2). 
 
Like VSV, SFV grows fast in cell cultures (10E9 virions /ml in 22 hours). The assembly 
of new progeny virions occurs in the cytoplasm and newly formed viruses bud out of the 
PM similarly to VSV and RSV (Figure 2). 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           
 
 
 
Figure 2: The early phases of the infection cycle of RSV, VSV and SFV.  
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1.3 Cellular Integrated Stress Response (ISR) during virus infection 
 
A variety of stress conditions can trigger an extensive cellular signaling pathway known 
as the integrated stress response (ISR). This stress response culminates with or converges 
into- the inhibition of bulk cellular protein synthesis. ISR is caused by a range of 
physiological changes and pathological conditions, that include extrinsic factors, such as 
amino acid deprivation, glucose loss, oxygen deficiency, iron deficiency and cell immune 
responses to viral infections, and intrinsic factor such as ER stress caused by the 
accumulation of misfolded proteins in ER (Pakos-Zebrucka et al., 2016).  
 
The ISR is an intracellular signaling pathway that controls cellular homeostasis by 
inhibiting eukaryotic protein translation until the stress signal is over. The “ON-OFF” 
switch of protein synthesis occurs via phosphorylation/dephosphorylation cycles of one 
of the translation initiation factors, the eukaryotic translation initiation factor 2 alpha 
(eIF2a). When in a dephosphorylated state, eiF2a is bound to GTP and promotes cap-
dependent translation. Phosphorylation at serine 51 (Chou et al., 2017; Pakos-Zebrucka et 
al., 2016) ‘locks’ the  eIF2a in a GDP-bound inactive form resulting in global inhibition 
of cap-dependent protein synthesis.  The phosphorylation of eIF2a is achieved by a family 
of four serine/threonine eIF2a kinases: double-stranded RNA- dependent protein kinase 
(PKR), PKR-like ER kinase (PERK), general control non-derepressible 2 (GCN2) and 
heme-regulated eIF2a kinase (HRI) (Dalton, Healey, Irving, & Marciniak, 2012). 
Mechanistically, the phosphorylation of eIF2a affects the interaction of eIF2 with its GTP-
GDP exchange factor eIF2B, resulting in low availability of the eIF2 ternary complex 
(eIF2-GTP-tRNAi) and thus, repressing the global protein synthesis (Adomavicius et al., 
2019; Gordiyenko, Llácer, & Ramakrishnan, 2019). Although cap-dependent translation 
is blocked, some mRNA that encode for stress response genes can be translated. For 
instance, the mRNA of the ‘activating transcription factor 4’ (ATF4), which is a 
transcription factor that activates ISR target genes promoting cell survival and recovery  
(Harding et al., 2003; Hinnebusch, 2005; Novoa et al., 2003; Pakos‐Zebrucka et al., 2016), 
can be translated even if eIF2a is phosphorylated. This is due to an upstream open reading 
frame (uORF) at the 5’ of the ATF4 mRNA that inhibits its translation under normal 
condition but that in the absence of efficient translation is skipped by the ribosomes which 
scan the mRNA until a second ORF is encountered. The molecular details of this 
mechanism are not fully understood (Y.-Y. Lee, Cevallos, & Jan, 2009). 
 
When the stress signals stop, cells need to restore normal rates of protein synthesis. Two 
specific phosphatases, DNA damage-inducible protein (GADD34) and constitutive 
repressor of eIF2a phosphorylation (CReP), remove the phosphate from inactivated 
eIF2a and re-start protein synthesis (Dalton et al., 2012) (Figure 3). Like ATF4, GADD34 
and CreP are synthesized in the presence of phosphorylated eIF2a (Reid et al., 2016). 
 
In addition to mRNAs that contain uORF, a small set of cellular messengers contain 
internal ribosomes entry sites (IRES) that allow the assembly of ribosome directly in 
proximity of the AUG codon and do not need eIF2a. These class of mRNAs can be 
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translated during the IRS. For example, Hepatitis C Virus (HCV) uses IRES for translation 
of its mRNAs and is independent of eIF2a for initiation of translation. Several inhibitors 
of eIF2 activity, such as thapsigargin, salubrinal and sodium arsenite, that induce 
phosphorylation of eIF2a, have no inhibitory effect on the translation of an mRNA having 
the HCV IRES (González-Almela, Williams, Sanz, & Carrasco, 2018). 
 
In my study, all the three above mentioned viruses used (VSV, SFV and RSV) do not have 
IRES elements in their mRNAs and viral protein synthesis requires active eIF2a to initiate 
translation. 

 

 
Figure 3: Integrated stress response signaling. 
 
In virus infected cells, a large quantity of viral glycoproteins are produced causing 
overload of misfolded proteins in the lumen of the ER of these cells (Ishaq & Natarajan, 
2016). The misfolding of proteins induces cells  to activate cellular stress pathways 
including the unfolded protein response, UPR, which is part of the ISR (Hasnain, 2018). 
(Hetz, 2012; Ron & Walter, 2007; Walter & Ron, 2011). UPR is a cellular homeostatic 
response of host cells to the ER stress caused by virus infections. On the other hand, 
viruses manipulate the UPR to their advantage (Wang, Moniruzzaman, Shuffle, Lourie, 
& Hasnain, 2018). It has been reported that viruses regulate the host translational 
pathways by inhibiting synthesis of host immune response proteins to promote viral 
protein synthesis. For example, in case of VSV infection, the activation of PERK leads to 
eIF2a phosphorylation only at the late stage of infection, which inhibits cellular protein 
synthesis but only marginally affects production of viral genes due to massive amounts of 
viral mRNAs in the cytoplasm of infected cells and other unclear mechanisms (Jheng, Ho, 
& Horng, 2014).  
 

1.4 Small molecule modulators of ISR 
 

1.4.1 Inducers of ISR signaling 
 

ISR signaling can be ‘artificially’ modulated by two means: 1) activation of eIF2a 
kinases leading to eIF2a phosphorylation or 2) inhibition of eIF2a 
dephosphorylation. Compounds that cause eIF2a phosphorylation include 
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CCT020312, an activator of PERK, BTdCPU that activates HRI, BEPP 
monohydrochloride activates PKR and, histidinol, halafugione, asparaginase and 
arginine deiminase are GCN2 activators (Pakos-Zebrucka et al., 2016).  
 
The compounds that inhibit eIF2a dephosphorylation include drugs such as 
Salubrinal and Sephin1 that is a derivative of guanabenz (2,6-dichlorobenzylidene 
amino-guanidine acetate). Salubrinal inhibits the eIF2a phosphatases GADD34-
PP1 and CReP-PP1 complexes through direct binding whereas, Sephin 1 inhibits 
GADD34 but does not inhibit the constitutive CReP, thus allowing low levels of 
eIF2a dephosphorylation. Salubrinal and sephin 1 treatments results in a decreased 
rate of protein synthesis, thus allowing more time for proteins to fold within the 
ER and, hence, these drugs help to protect cells from proteotoxicity (Boyce et al., 
2005; Gurney et al., 1994). Nelfinavir, a HIV protease inhibitor, induces the ISR 
by downregulating the CReP levels leading to a decrease in eIF2a-PP1 association 
(Pakos-Zebrucka et al., 2016). ONC201 is an anti-cancer drug that induces the ISR 
by activating ATF4 via PKR and HRI kinases. This causes an increase in the 
abundance of Tumor necrosis factor-related apoptosis-inducing ligand (TRIAL) 
and its receptors (Kline et al., 2016). Drugs such as thapsigargin and tunicamycin 
are potent ER stress inducers (Kamiya, Hara, & Adachi, 2013) and cause rapid 
phosphorylation of eIF2a.  
 
My study suggests that enhancing eIF2a phosphorylation with small molecule 
inducers such as thapsigargin and ouabain, enhances ISR strongly in cells and can 
be used to develop strategies against infections caused by above mentioned viruses 
and to treat various ISR associated disorders.  
 

1.4.2 Inhibitors of ISR signaling 
 

Inhibition of ISR signaling pathway require inhibition of eIF2a kinases. 
GSK2606414 and GSK2656157 inhibit PERK activation by stopping its 
autophosphorylation. Both of these PERK inhibitors have shown to apply 
antitumor activity by trapping PERK in its inactive state as PERK is associated 
with tumorigenesis and cancer cell proliferation. C-16 is a small molecule inhibitor 
of PKR, Aminopyrazolindane is an HRI inhibitor, indirubin-3’-monoxime, 
SP600125 and SyK inhibit GCN2. All these molecules act in ATP-competitive 
manner to stop the activation of the kinases via autophosphorylation (Pakos-
Zebrucka et al., 2016). 
 
In my study, the compound called “small inhibitor of ISR”, ISRIB, was used 
(Rabouw et al., 2019). ISRIB functions by interacting with eIF2B, causing the 
dimerization of this octameric complex. Although the precise mechanism of action 
is not completely clear, it seems that ISRIB allows eIF2B to recycle and perform 
the GTP exchange activity on the molecules of eIF2a that are not yet 
phosphorylated (Rabouw et al., 2019; Zyryanova et al., 2018) (Figure 4). For this 
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reason, ISRIB works only if a fraction of eIF2a is still not phosphorylated (Pakos‐
Zebrucka et al., 2016; Rabouw et al., 2019). ISRIB helps the cells to cope with the 
effect of the ISR by preventing the formation of stress granules during eIF2a 
phosphorylation and triggering ATF4 synthesis (Sidrauski et al., 2013).  
In this study, this inhibitor was used in conjunction with an inhibitor of virus 
infections, ouabain, to rule out if the antiviral effect of this drug was mediated or 
not by ISR.  As a positive control I sued the ISR inducer thapsigargin, an inhibitor 
of the ER Ca2+ ATPase (SERCA). 
 

 
Figure 4: ISRIB restores cellular translation. 

 
 

1.5 Viral protein synthesis can be resistant to stress: 
 

Viruses do not have their own translation machinery but rather depend on the cellular 
protein synthesis for producing their proteins. Diverse environmental stresses can rapidly 
inhibit cellular translation. Stress induced by viral infection, for instance, leads to the 
inhibition the eIF2a via activation of stress kinases such as the PKR (protein kinase 
activated by long dsRNA). This causes arrest of cellular translation and is thought to be a 
defense mechanism of the cell that tries to inhibit viral protein synthesis thus stopping 
viral replication. This translational ‘shutoff’ is often associated with the formation of 
cytoplasmic ribonucleoprotein granules called stress granules (SGs). The SGs contain 
mRNAs, mRNAs regulatory proteins and ribosomal subunits. SGs keep the mRNAs in a 
translationally inactive state until the cellular stress is recovered (Miller, 2011). However, 
viruses have been found to modulate SG formation and interact with SG effector proteins 
to inhibit RNA granule assembly (Lloyd, 2012). Viruses have developed different 
strategies to overcome the host cell translational shutoff. Some of these include encoding 
specific proteins that interfere with PKR activation and prevents eIF2a inactivation. Other 
viruses utilize the internal ribosome entry site (IRES) to initiate translation independently 
of eIF2a (Miller, 2011). In the case of VSV, the mechanism of resistance to stress is still 
not clear (A. S.-Y. Lee, Burdeinick-Kerr, & Whelan, 2013). 
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1.6 Na+K+ATPase pump, cardiotonic steroid Ouabain and virus infections: 
 
It is known that ions play key role in many cellular processes. Typically, Na+ and K+ ions 
are important for the stability, correct folding and functioning of RNA and proteins 
(Rozov et al., 2019). The ribosome is the largest RNA-containing macromolecular 
complex in cells that perform protein synthesis. The monovalent ions are essential for 
ribosome activity and stability (Nierhaus, 2014; Rozov et al., 2019). The decrease in K+ 
ions causes the mammalian ribosome to irreversibly lose poly-Phe polymerizing activity. 
So, for efficient translation by the ribosome, a high K+ concentration is needed (Näslund 
& Hultin, 1971; Rozov et al., 2019). The Na+K+ATPase regulates the intracellular Na+ 
and K+ ions concentrations. It translocates 3Na+ ions outside and 2K+ inside the cell 
respectively using the energy produced from hydrolysis of one molecule of ATP. This 
function is essential to maintain electrostatic gradient across the plasma membrane 
(Lingrel & Kuntzweiler, 1994). The pump comprises three subunits, a, b, and g . The a 
subunit is responsible for the ATPase activity whereas the b and g subunits are accountable 
for assembly of the protein complex and less clear regulatory functions. The a subunit is 
composed by three domains, intracellular, transmembrane (the ion channel) and a series 
of extracellular loops, all encoded by the ATP1A1 gene. This subunit bind to cardiotonic 
steroids, which have inhibitory effect on the pump (Figure 5) (Yatime et al., 2011) (Li & 
Xie, 2009). Ouabain, for instance, binds the a subunit of the pump and inhibits the pump 
causing decrease in intracellular K+ ion concentration (Price, Rice, & Lingrel, 1990). 
(Ledbetter, M.L.S and Lubin, 1977) have shown that when human fibroblasts are treated 
with ouabain the intracellular concentration of K+ decreases and protein synthesis is 
inhibited. This inhibition is not due to the changes in mRNA function, ATP levels or 
amino acid transport, but rather it appears to be directly dependent on the levels of 
intracellular K+. Thus,  K+ ions are required for cellular translation (Nierhaus, 2014), and 
a decrease in their intracellular concentration blocks protein synthesis.  

 

 
Figure 5: Na+K+ATPase pump and ouabain binding site. 
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1.7 Role of K+ ions in protein synthesis and in vitro translation system: 
 

Cells maintain high levels of intracellular K+ and low levels Na+ for regulation of the cell 
volume, the cell signal transduction, cellular protein translation and other physiological 
processes such as filtering waste products in kidneys, sperm motility and maintaining 
neuronal action potential (Pirahanchi & Aeddula, 2019) .  
 
The eukaryotic cells require K+ ions for their protein synthesis (Nierhaus, 2014). In the 
mammalian cells, K+ is required to maintain ribosomal structure, assembly of ribosomal 
subunits and tRNA binding to ribosomes (Nierhaus, 2014). K+ ions have differential effect 
on the in vitro protein synthesis as monovalent cation is required in all in vitro systems 
(Nierhaus, 2014). As K+ ions play specific role in binding of amioacyl-tRNAs to ribosomes 
and assembly of ribosomal subunits, the protein synthesis can be controlled by changing 
the K+ concentrations (Nierhaus, 2014) (Näslund & Hultin, 1971).So, when the cells are 
infected with viruses or treated with cardiotonic steroids, changes in intracellular K+ 
concentration is observed that alters translation and inhibit protein synthesis (Cahn & 
Lubin, 1978). Studies have reported that low K+ concentrations affect the elongation step 
of protein synthesis (Cahn & Lubin, 1978; Sala, Bazzicalupo, & Parisi, 1974). 
 
In my study, I used Ouabain to block the active accumulation of intracellular K+ ions to 
alter the cellular translation, and also observed the effect of this decrease in K+ ions on 
viral protein synthesis when the cells are infected in the presence of Ouabain. Moreover, 
the idea is when these ouabain treated cells with or without viral infection are added with 
extra K+ ions in the form of KCl, the cellular as well as viral translations are restored.  

 
1.8 Background of the study, rationale and expected results: 

 
A genome-wide siRNA screen previously performed by my supervisor Dr. Balistreri 
(unpublished) to identify host factors involved in the infection of several RNA viruses, 
indicated that depletions of the Na+K+ATPase strongly inhibited RSV replication. This 
result was confirmed in the master thesis work of my former colleague Emilia Korhonen. 
In my study, I tested how inhibition of the Na+K+ATPase by the cardiotonic steroid 
ouabain affects the infection of VSV. RSV and SFV were used for comparative studies. 
Based on the known inhibitory effect of ouabain on cellular translation we expected viral 
protein synthesis to be equally blocked.  It has been reported that ouabain blocks VSV 
entry. However, as shown in the results section of this thesis, I found that this small 
molecule inhibitors had no effect on virus entry for all tested viruses but rather inhibited 
early, post-entry steps of the virus life cycle for all tested viruses.  In addition, different 
viruses were differentially affected by ouabain. To elucidate if the mechanism of virus 
inhibition involved the IRS and eIF2a, I used the small molecule inhibitor ISRIB. I 
expected that if the antiviral effect of ouabain involved the ISR, then the concomitant 
treatment with ISRIB should bypass the adverse effect of ouabain. On the contrary, if 
inhibition of the Na+K+ATPase did occur via inactivation of the eIF2a, then ISRIB 
treatments should have no effect on virus inhibition. 
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To test if the effect of ouabain was specific, I used gene-edited cells with point mutations 
in the Na+K+ATPase that abrogate the binding to ouabain. I expected that in this cells 
ouabain would have no antiviral effect. In addition, I also tested if the antiviral effect of 
ouabain was indeed due to changes in the intracellular levels of K+ and/or Na+. To test this 
possibility added exogenous K+ ions hoping to counteract the effect of ouabain. The 
rationale of these experiments is that if the concentrations of ouabain used in the study did 
not block the activity of the pump completely, then increasing the extracellular 
concentration of K+ should be sufficient to partially restore the intracellular concentration 
of this ion and reverse the effect of the drug. 
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2. Aims of the study 
 

• Characterize which step of the virus life cycle is affected by ouabain 
• Characterize the sensitivity of different viruses to ouabain and possible use of this drug 

as antiviral 
• Determine if the ouabain-induced inhibition of protein synthesis involves the ISR 
• Characterize the correlation between intracellular K+ and Na+ and the rates of viral 

protein synthesis  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 13 

3. Materials and methods 
 

3.1 HeLa and HeLaOR cell culture 
 
HeLa (ATCC) and HeLaOR cell (generated by Emilia Korhonen, Balistreri research group) 
were cultured in 75 cm2 Cellstar® cultivation flasks, and grown in Dulbecco’s Modified 
Eagle’s Medium, DMEM (Gibco #41966-029) supplemented with 10% fetal calf serum 
(Sigma #F9665), glutamine (GlutaMAXTM 100X, Gibco #35050-038) and non-essential 
amino acids (Sigma #M7145), in a 37oC incubator with 5% CO2 level. For the drug 
experiments, the cells were grown overnight in 96 well plates (PerkinElmer), 10,000 cells per 
well, under the similar conditions as above.  
  
The cell stocks were prepared in a freezing solution made of DMEM (Gibco #41966-029), 
10% dimethyl sulfoxide (Sigma #PHR1309) and 20% fetal calf serum (Sigma #F9665). The 
cells were aliquoted 1mL per cryotube and stored in liquid nitrogen.   

 
3.2 RSV, SFV and VSV production 

 
The HeLa cells were grown overnight T75 cm2 flasks. When the cells were 60% confluent, 
RSV-GFP was produced in these cells. The growth medium was removed, and the cells were 
washed with 1X PBS. 9ml of virus production medium, MEM + 0.2% BSA, 20 mM HEPES 
pH 7.2, GlutaMAX (Gibco #35050-038) and 1% FCS (Sigma-Aldrich, #F9665), and 1 ml of 
RSV-GFP were added in the flask. The flask was incubated at 37°C incubator with 5% CO2 
level. To monitor the progression of infection, cells were imaged after 24 h and 48 h post-
infection with Nikon Eclipse Ts 2 microscope. After 48 h, when the cells were fully infected, 
the cells were detached from flask with a scrapper and collected in a falcon tube. The cells 
were then centrifuged at 4000 x g for 10 minutes at 4°C. The supernatant containing RSV-
GFP was aliquoted in cryo-tubes (1 ml/tube) and snap frozen in liquid N2. The tubes were 
stored in liquid N2. SFV and VSV were provided by Giuseppe Balsistreri. 
 

3.3 Drugs used in the study 
 
The drugs used in the study included: Dimethyl Sufoxide, DMSO (life technologies, 
#D12345) as negative control, Thapsigargin (Invitrogen by Thermo Fisher Scientific, 
#T7459) as positive control and, ISRIB (Sigma-Aldrich, #SML0843) and Ouabain (Merck, 
#11018-89-6) as test drugs. The working concentrations of these drugs were 1:1000, 200 nM 
and, 200 nM and 300 nM respectively. The stock concentration of Thapsigargin, ISRIB and 
Ouabain were 1 mM, 5 mM and 10 mM respectively, stored in -20oC. 
 

3.4 Drug treatments and infections 
 
The drug experiments were performed in 96 well, black, clear bottomed, view plates 
(PerkinElmer, #Rev.C/0815). First, the HeLa and HeLaOR cells were seeded in the 96 well 
plates at a density of 104 cells/well and grown overnight at 37°C in a 5% CO2 incubator. Next 
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day, the growth medium was removed from each well, and supplemented with infection 
medium (MEM + 0.2% bovine serum albumin [BSA] + 2 mM L-glutamine) containing drugs 
in experimental concentrations as mentioned above. 180 μL/well of infection medium was 
added to cells and incubated at 37°C in a 5% CO2 incubator for 30 min before infection. 
These HeLa and HeLaOR cells were infected with viruses, in a concentration as mentioned 
above, in infection medium for 6 h for SFV/VSV and 18 h for RSV. 20 μL/well of viruses 
was added on top of drug containing medium. After 6 h (SFV/VSV) and 18 h (RSV), the wells 
were aspirated and washed three times with 1X PBS. The infected cells were fixed with 4 % 
PFA (100 μl/well) for 20 minutes at RT. The fixation solution was removed, and cells were 
washed three times with PBS. 100 μl PBS was loaded in each well and the plate was kept at 
4°C in dark before staining.  
 

3.5 Fluorescence imaging 

CellInsight Imager (Thermo Fischer, CellInsight software version 1.6.2.4-1.00x, build 6390) 
was used for fluorescence imaging. 10x objective lens was used for imaging, with 386-nm 
filter to visualize Hoechst stained nuclei and 485-nm filter to visualize the GFP fluorescence 
from infected cells. For each well, 9 different fields and images were acquired from both 
fluorescent channels. The image montage for each experimental combination was saved 
manually.  
 

3.6 Automated image analysis 

For image analysis, CellProfiler 2.2.0 (www.cellprofiler.org), which is an open source 
software, was used. It analyzed the images using the intensity of fluorescence coming from 
the nuclei stained with Hoechst (Figure 6). To differentiate between infected and non-infected 
cells, the software scanned each nucleus area for GFP fluorescence. Here, the non-infected 
wells were used as control. The cells were considered infected when the median intensity for 
GFP was higher than the manually assigned threshold value. 
  
In the case of SFV-ZsG infected cells, the fluorescent protein ZsG was fused with the viral 
protein nsP3 that localized only in the cytoplasm of the cells (Spuul, Balistreri, Kääriäinen, & 
Ahola, 2010). Therefore, to detect SFV-ZsG infected cells, a second region of interest was 
defined by expanding the area of each identified nucleus by 5 pixels, thereby including a 
portion of the cytoplasm. The original area of the nucleus was then subtracted from the 
expanded area resulting in a ring-shaped region around each nucleus. This region contained 
most of the ZsG signal. Infected cells were identified if the median intensity of ZsG in each 
ring-shaped area was higher than the manually assigned threshold value.  
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Figure 6: Automated image analysis of images obtained from high content imaging using CellProfiler. 
 
 

3.7 Statistical analysis 
 
The spread sheet for infected and non-infected cells was generated from CellProfiler. The 
mean classify infected data was analyzed by calculating the average and standard deviation 
of experiment triplicates. The infection percentage or GFP intensity was then plotted as 
graphical representation where error bars represented the standard deviation.  

 
3.8 SDS PAGE and Western Blotting 

 
500 μL of 104 HeLa cells were seeded in a 24 well plate (Cellstar, #662 160) and grown 
overnight at 37°C in a 5% CO2 incubator. The following day, growth medium (DMEM) was 
aspirated from the wells and supplemented with infection medium (MEM) containing DMSO, 
Thapsigargin and Ouabain, with and without ISRIB, in the concentrations as mentioned 
above. The cells were allowed to grow under this condition for 2.5 h at 37°C in a 5% CO2 
incubator. The wells were aspirated and washed with ice cold 1X PBS keeping plate on ice. 
300 μL of NP-40 lysis buffer (life technologies, #FNN0021) was added to wells and plate 
incubated on ice for 30 min on a shaker in a cold room. The HeLa cell lysates were collected 
in 1.5 mL Eppendorf tubes and centrifuged 10 min at 14,000 rpm. Supernatants were collected 
in separate Eppendorf tubes as 80 μL aliquots per tube for each HeLa-drug lysate. The lysate 
samples were stored in -80 °C.  
 
For SDS-PAGE, the samples were taken out from -80 °C and kept on ice for 15 min. Samples 
were centrifuged for 1 min at 14,000 rpm. 30 μL of each sample was taken and supplemented 
with 10 μL4X laemmli sample buffer. The samples were cooked for 10 min at 100 °C and 
then, quickly thawed on ice and centrifuged for 10 sec before loading on to the SDS gel (Bio-
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Rad, #456-8093). 7.5 μL of prestained protein ladder (Thermo Scientific, #00615885) and 30 
μL of samples were loaded into the wells of SDS gel. 30 μL of 1X laemmli buffer was loaded 
in empty well. The SDS-PAGE was performed at 210 V for approx. 30 min. The gel was 
imaged under UV-transilluminator (Bio-Rad, Serial no: 76S/00607) to check for proteins. The 
proteins were transferred to membrane using a transfer kit (Bio-Rad, Trans-BlotÒ TurboTM 
RTA Transfer Kit, #170-4270) and Trans-BlotÒ TurboTM system (Bio-Rad, serial no: 
690BR022829) with blotting setting: Mixed molecular weight, 1.3 A, 25 V, 7 min, 1 mini gel. 
The membrane was transferred to a tray and washed three times with 1X TBST. For blocking, 
5% (w/v) skimmed milk in 1X TBST was used, and the membrane was incubated with 5% 
milk for 1 h on a shaker in cold room. The blocking solution was removed and the primary 
antibody, P-eIF2alpha/eIF2alpha rabbit Ab, was added to membrane and incubated overnight 
on a shaker in cold room. The membrane was washed three times with 5 mL 1X TBST each 
time and incubated with the secondary antibody, Anti-rabbit IgG, for 1 h on a shaker in cold 
room. Both the antibodies were used in a concentration of 1:1000 and volume of 5 mL, 
prepared in 5% milk solution. The membrane was washed three times with 5 mL 1X TBST 
and kept in buffer until filmed. The ECL substrate solution (Thermo Scientific, #32106) was 
prepared in 1X PBS, where 1 mL of each reagent 1 and reagent 2 were added in 2 mL PBS. 
The enzyme-substrate reaction was carried out for 1 min. The membrane was transferred to 
the cassette having transparent plastic cover already taped to it. The membrane was covered 
and an X-ray film (GE Healthcare, #65602) was placed on top of it. The cassette was closed, 
and film exposed. The film was developed in a film developer machine (OPTIMAX X-Ray 
Film Processor, serial no: 117010-1509-13125).  

 
3.9 Antibodies used in the study 

 
The primary antibodies, eIF2alpha Rabbit Ab (#02/2018), P-eIF2alpha (S51) Rabbit Ab 
(#01/2018), eIF4E Rabbit Ab (#12/2017) and P-eIF4E (S209) Rabbit Ab (#03/2018), and 
secondary antibody, Anti-Rabbit IgG HPR linked antibody (#27), were bought from Cell 
Signaling Technology. These antibodies were stored in -20oC. The antibodies were used in 
the concentration of 1:1000, in 5% milk (w/v) in 1X TBST buffer, for the experiment. 
TurboGFP antibody was from Invitrogen (#TI2637011) 

 
      3.10 K+ ions addition experiment 

 
Potassium salt (KCl) was used in the K+ addition experiments. The salt was added on top of 
the infection medium ranging in concentrations from 5 mM to 25 mM, and at different time 
points. The cells were treated with 300 nM ouabain 30 min before infection. After infection, 
the cells were again treated with ouabain for 30 mins to possibly completely block the pump.  
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4. Results 
 

4.1 Effect of Ouabain on RSV, SFV and VSV 
 
The effect of ouabain on three viruses, RSV, SFV and VSV, was tested on HeLa cells. Cells 
were infected in medium containing ouabain (300 nM) or DMSO as control. In studies 
previously performed in our lab by my former colleague Emilia Korhonen, this concentration 
of ouabain was sufficient to inhibit the number of RSV infected cells by >90% 300 nM.  Thus, 
for the first test, I used this concentration of the drug. In the same study, Korhonen also found 
that the effect of ouabain on virus infection was at a post-entry step of the virus life cycle 
because ouabain had no effect on virus entry and it still inhibited RSV infection when added 
2 hours after infection.  
 
In this first experiment, cells were pre-treated with ouabain for 30 mins before adding the 
virus inoculum. Cells in 96-well plates were fixed after 18 h for RSV, 6 h for SFV and VSV. 
All recombinant viruses had been engineered to express the green fluorescent protein (GFP). 
Upon synthesis of viral proteins, the infected cells accumulate GFP, which can be detected 
with a high-content fluorescence microscope. From the images shown in figure 7, it is evident 
that ouabain strongly inhibited RSV infection (figure 7, RSV). This result was expected and 
confirms previous finding (Emilia Korhonen, master thesis). A considerable reduction in the 
number of infected cells was also observed in the case of SFV, albeit to a lesser extent 
compared to RSV (figure 7, SFV). Interestingly, no apparent reduction in the number of VSV 
infected cells was observed. This result was unexpected because it has been previously shown 
that ouabain can strongly inhibit VSV entry and, therefore, infection at very low 
concentrations of ouabain (50 nM) in HeLa cells (Burkard et al., 2015).  The results of this 
first qualitative experiment prompted me to test the effect of ouabain on VSV more thoroughly 
and quantitatively. 

 
                                        Nuclei Infected 
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Figure 7. Qualitative test of the effect of ouabain on different RNA viruses in HeLa cells. Representative fluorescent 
images show the infected cells expressing GFP (infected, green) and the nuclei of each cell labelled by Hoechst nuclear 
stain (nuclei, blue).  Cells were treated with 300nM ouabain starting 30 min before infection and the drug was kept in the 
medium throughout infection.  
 

A range of ouabain concentrations, from 75 nM to 4800 nM, was used to monitor the effect 
of the drug on VSV infection in Hela cells. The experiment was performed as in Figure 8. A 
schematic representation of the experimental workflow is shown in Figure 8 a. The read out 
of the experiment was the number of GFP positive cells, i.e. the number of cells that displayed 
a GFP fluorescent signal higher than the background signal of non-infected cells in different 
wells of the same 96-well plate. The quantification of the GFP fluorescence and calculation 
of the percentage of infected cells in each well was performed by automated image analysis 
using the open source software CellProfiler (www.cellprofiler.org). The results of this 
analysis indicated that ouabain had no significant effect on the number of infected cells even 
at concentrations as high as 150 nM (Figure 8 b), which is in contradiction with the results 
obtained by (Burkard et al., 2015). At concentrations higher than 300nM, virus infection 
started to be inhibited. At the very higher concentrations of the drug (> 1000 nM), which was 
already toxic for cells, VSV could still infect cells (figure 8 b). These results confirmed that 
VSV was more resistant to ouabain compared to RSV and SFV.  
 
VSV is a very fast replicating virus. The synthesis of viral mRNAs and proteins is detectable 
already few hours after infection even when using very low doses of virus. The read-out of 
the experiment, the detection of the number of GFP-positive cells, did not allow me to 
determine if the rate of GFP synthesis in each infected cell was reduced compared to DMSO-
control treated and infected cells. Thus, I changed the analysis method to measure the mean 
intensity of GFP fluorescence in the infected cells. Although there was a considerable cell-to-
cell variation in the levels of GFP in infected cells, the trend of the experiment clearly 
indicated that ouabain did cause a reduction of GFP expression (Figure 8 c). To confirm this 
result, I used western blotting. Cells from parallel experiments performed in 24-well plates 
were lysed and the presence of GFP was detected by SDS PAGE followed by WB using an 
antibody against the GFP (Figure 9). SFV was used for comparison. The results of this 
analysis indicate two things: i) ouabain has the same inhibitory effect on virus infection when 
added 30 min before or 1 hour after infection. This demonstrates that the drug has no effect 
on virus entry but rather inhibits a post-entry step of the virus life cycle; ii) VSV is less 
sensitive to the effect of ouabain than SFV. When the drug was added 1 and 3 h pi, the levels 
of GFP are higher in VSV infected cells compared to SFV infected cells. 
  

 
 

(a) 
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Figure 8. (a) Workflow of the experiment in HeLa cells infected with VSV and treated with ouabain. The drug was added 
30 minutes before infection and cell incubated at 37°C were fixed 6 hours after the infection. (b) The percentage of VSV 
infected HeLa cells (Y-axis) treated with different concentrations of ouabain (X-axis). The values are derived from the 
means of three replicas and the error bars represents the standard deviations. (c) The mean intensity of GFP in each 
infected cell was quantified in the experiment shown in b. Values are the mean of three experiments and the error bars 
represent the standard deviation.  
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Figure 9. Ouabain blocks the post entry step of virus infection. Cell extracts from Hela cells treated with ouabain or 
DMSO for indicated times and infected with VSV or SFV were analyzed by western blot. Tubulin was used as a loading 
control. 

 
4.2 The effect of ouabain in virus infection is specific 

 
It has been reported that ouabain can inhibit translation via direct interaction with initiation 
factors (Cao et al., 2014). To test whether the antiviral effect observed in my experiment was 
specific for the Na+K+ATPase, I used gene-edited HeLa cells previously produced in our lab 
where two point mutations, Q118R and N129D, introduced by CRISPR/Cas9 mutagenesis in 
the ouabain binding site of the pump render cells ouabain resistant (HeLa ouabain resistant, 
HeLaOR) (figure 10 a) (Dekker et al., 2017). If the effect of ouabain on virus infection was 
due to the interaction with other cellular factors, I expected antiviral effect also in HelaOR. To 
test this possibility, I used SFV, a virus that is very sensitive to ouabain inhibition. 
 
When HeLa and HeLaOR cells were infected with SFV in the presence of 300 nM ouabain, 
the drug inhibited infection in HeLa cells whereas no effect in infectivity was observed in 
HeLaOR cells. In the presence of DMSO as control, both the normal and mutant cells showed 
comparable percentage of infection (figure 10 b-c).  This result confirmed that the inhibitory 
effect of ouabain was due to its binding to the a-subunit of the pump. Thus, at the 
concentrations used in this study, the effect of the drug was solely dependent on its binding 
to the Na+K+ATPase. 
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Figure 10. Ouabain inhibits virus infection by specifically binding to the Na+K+ATPase. (a) mutations inserted in HeLa 
cells in the �-subunit of the Na+K+ATPase pump to make cell ouabain resistant. (b) Representative fluorescence images 
showing the effect of Ouabain in HeLa cells and mutated HeLaOR cells infected with SFV. (c) and (d) quantitative image 
analysis. The % of infected cells, as well as the GFP intensity of infected cells are not affected by ouabain in HeLaOR 
cells 

 

 
4.3 The antiviral effect of Ouabain is not due to the inactivation of eIF2a 

  
Further studies were carried to understand whether the inhibition mechanism of ouabain was 
due to cellular stress and the ISR leading to the inactivation of eIF2a and consequent block 
in protein synthesis. To test this possibility, I used ISRIB, a molecule that bypasses the 
inhibitory effect of phosphorylated eIF2a (Rabouw et al., 2019; Sidrauski, McGeachy, 
Ingolia, & Walter, 2015). As internal control, thapsigargin, a known inducer of ISR was used 
to make sure the dose of ISRIB used in the experiment was effective. 
  
Thapsigargin is an inhibitor of the ER-resident Ca2+ATPase (Lyttonsg, Westlins, & Hanleyll, 
1991). Thapsigargin activates ISR by PERK-dependent inactivation of eIF2a  (Durose, 
Scheuner, Kaufman, Rothblum, & Niwa, 2009; Rajesh et al., 2015). ISRIB treatments have 
been shown to bypass the effect of thapsigargin on translation, effectively restoring protein 
synthesis at a concentrations of 100-200 nM (Sidrauski et al., 2015). 
  
I first tested the effect of ISRIB on SFV infected cells treated with DMSO (vehicle), 
thapsigargin or ouabain. ISRIB had no effect on virus infection in DMSO infected cells. As 
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expected, treatments with thapsigargin strongly inhibited infection (Figure 11 a).   The 
addition of ISRIB completely reversed the effect of thapsigargin, confirming that this drug 
inhibits virus infection via inactivation of eIF2a (Figure 11 a, Thapsigargin). Conversely, 
ISRIB failed to rescue the inhibitory effect induced by ouabain (figure 11 a, ouabain). These 
results suggest that ouabain blocks SFV by a mechanism that does not involve the bona fide 
ISR. In the case of VSV, thapsigargin had a similar inhibitory effect than that of SFV. 
However, ISRIB did not completely restore the rates of infection, indicating that in addition 
to inactivation of eIF2a, thapsigargin causes some other perturbation of the cell, which inhibit 
VSV.  
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Figure 11.  Use of ISRIB to bypass inhibition of eIF2��during thapsigargin or ouabain treatments in HeLa cells infected 
with (a) SFV and (b) VSV. 

 
 
To confirm that during ouabain treatment the ISR is not activated, I prepared cell listed from 
experiments performed as described in Figure 11 and, performed WB analysis using 
antibodies against the phosphorylated form of eIF2a (phosphorylated at serine 51). The WB 
results showed that only lysates from cells treated with thapsigargin produced bands for P-
eIF2a, confirming that ouabain did not activate ISR (Figure 12). The levels of another 
translation initiation factor, eIF4E (approx. 25 kDa), were also monitored (Figure 12). In 
response to certain conditions, the levels of this regulatory protein can decrease resulting in 
inhibition of translation (Connor & Lyles, 2002). Ouabain did not cause changes in the cellular 
levels of eIF2B.  These results strongly indicated that the mechanism that mediate ouabain-
inhibition of viruses’ infection is independent of the ISR.  
 
Because the most prominent effect of ouabain is the inhibition of the Na+K+ATPase, I next 
tested if the antiviral effect of this inhibitor was dependent of the concentration of K+. 
 

 
Figure 12. Monitoring levels of eIF2a phosphorylation and levels of eIF4E. 

 

 
4.4 Addition of K+ ions on ouabain treated cells rescues virus infection 

 
The mechanism by which ouabain interfere with virus infection is not known. Based on the 
known inhibitory effect on cellular translation due to the decrease in intracellular levels of K+ 
and increase in Na+, it is possible that viral protein synthesis is inhibited in a similar way. 
Therefore, to test whether the antiviral effect of ouabain is mediated by a decrease in 
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intracellular levels of K+ (and consequent increase in Na+), I increased the concentration of 
K+ ions in the extracellular medium. I expected that this treatment would counteract the effect 
of ouabain because the dose of the drug used in this study (300nM) is far from the saturating 
concentration of the drug (>10uM). 
  
Hela cells were treated with ouabain, infected with SFV and, at different times after infection, 
the extracellular concentration of K+ was increased from 5mM to 25mM and cells fixed at 6h 
pi (figure 13 a).  The results showed that the supplementing cells with extra K+ completely 
rescued the infection levels to DMSO levels when the ion was added 1-3 hours post infection 
(Figure 13 b). An equivalent increase in Na+ had no effect, indicating that the recovery 
induced by K+ was not due to osmotic effects (Figure 13 b).  
 

 
 
 
 

 

  
 

Figure 13. (a) Workflow of the experiment. (b) Representative fluorescence images (upper panels) and image analysis 
(lower panes) of K+ add-in experiments. Nuclei=blue; infected GFP positive cells=green. Data are the mean of three 
experiments and the error bars represent the standard deviation. 
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4.5 Determination of K+ ions concentration required to overcome the effect of ouabain 
 

The concentration of K+ in cell culture media is 5mM. I determined the minimal concentration 
of ion sufficient to rescue the effect of ouabain (300nM) by testing a range of concentrations 
of K+ from 10 mM to 20 mM. The results of this experiment showed that at concentrations of 
5-10 mM the effect of ouabain on SFV infection was not rescued (Figure 14). At 15 mM K+ 
the infection was rescued to control levels (no ouabain).  The infection medium (MEM) 
contained HEPES buffer to keep the pH constant at 7.2 (optimal pH for virus attachment to 
cells). I found out this buffer is prepared in house using KOH to adjust the pH. This 
contributed 3.56 mM K+ to all experiments. Hence, the accurate concentration of K+ to rescue 
the effect of ouabain was 18.56 mM (15 mM + 3.56 mM). 
 
Interestingly, the addition of K+ caused a substantial increase of infectivity in cells not treated 
with ouabain (Figure 14, black bars). Although the mechanism of this increase is not clear, 
this phenomenon, if reproducible with other viruses, could be very useful for the production 
of virus stocks with higher titers, particularly for viruses that are difficult to grow.   
 

 

Figure 14. The infection percentages of SFV in HeLa cells (Y-axis) with different K+ concentrations (X-axis). Higher 
concentrations of K+ could recover infection inhibition imposed by ouabain. When the pump was blocked leading to 
decrease in intracellular K+ concentrations, addition of the ions pushed the ions inside the cells providing sufficient ions 
to restart translation. A concentration of 15 mM on top of MEM medium with HEPES was found optimal. 

 
4.6 VSV protein synthesis cannot occur in the absence of K+ 

 
VSV showed some resistance to ouabain. I tested if viral protein synthesis could occur at all 
in the complete absence of   K+. The experiment was performed using specially formulated 
media without K+. Because the absence of K+ could potentially affect virus entry, I tested the 
effect of K+-depleted media added either 30 min before or 1 h pi (Figure 15). As expected, in 
the presence of K+ (normal media), VSV infectivity was well detectable in the HeLa cells 
treated with DMSO or 300 nM ouabain. However, in the absence of K+, VSV could not 

0

10

20

30

40

50

60

control 10 mM 15 mM 20 mM 25 mM

%
 in

fe
ct

ed
 c

el
ls

K+ concentration

No Ouabain

Ouabain (300 nM)



 26 

produce viral proteins. This effect occurred also when the K+-depleted medium was added 1h 
pi, indicating that a post-entry step of the virus life cycle was blocked. Thus, although VSV 
can infect and produce proteins in the presence of ouabain, it still requires some K+ for viral 
protein synthesis and possibly other steps of the virus life cycle not tested in this study (e.g. 
mRNA transcription from the viral genome). 
 
 

 
 

Figure 15. Representative images of an infection assay of VSV-infected HeLa cells treated with DMSO or 300 nM 
ouabain, in the presence of normal media (5mM K+) or media completely depleted of K+. Nuclei=blue; infected 
cells=green.    
 
 

4.7 Minimum amount of K+ required for VSV infection against ouabain 
 
VSV requires K+ to overcome the effect of ouabain. Because infection media containing 
HEPES-KOH contain a total of 8.56 mM K+ (5 mM KCl in medium and 3.56 mM from 
HEPES). Using K+-depleted media and by adding defined concentrations of K+, I found that 
VSV could not infect cells at K+ concentrations <5 mM. So, it can be assumed that VSV 
requires K+ in a concentration between 5 mM and 10 mM to overcome the effect of ouabain, 
which is half the amount required by SFV. 

 
 
 
 
 
 
 
 
 
 

 

Nuclei Infected 

Control K+(-) 1h pi K+(-) 30 min bi VSV 
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5. Discussion and Conclusion 
 

The effect of ouabain, a cardiac glycoside, was examined on the growth of three different 
RNA viruses (VSV, SFV and RSV). Infection assays were performed in HeLa cells in the 
presence or absence of this Na+K+ATPase inhibiting drug. The results showed that RSV and 
SFV required an active Na+K+ATPase for infection and were strongly inhibited by 300 nM 
ouabain. In contrast, VSV showed more resistance to the effect of ouabain. The MS thesis 
studies of Emilia Korhonen showed that ouabain does not affect the entry of RSV into the 
target cells, but rather the inhibitory effect is on a post-entry steps of the virus life cycle. The 
results of my study also showed that ouabain blocks post-entry steps of VSV and SFV. 
 
The effect of ouabain was specific for the Na+K+ATPase, because viruses were not inhibited 
by ouabain in gene-edited HeLa cells where mutations in the alpha-subunit of the pump 
abrogate the ouabain binding. Thus, ouabain inhibits viruses by direct inhibition of the target 
pump and not by unspecific interactions with other cellular components. Cao et al. have 
reported that ouabain directly binds eIF4E and disrupts eIF4E/eIF4G association in cells, 
thereby inhibiting cellular cap-dependent translation (Cao et al., 2014). In their study, the 
authors suggested that the ouabain induced inhibitory effect of cellular protein synthesis was 
independent from mTORC1, eIF2a signaling or Na+K+ATPase activity, but rather to the 
binding eIF4E. My experiments with ouabain-resistant cells suggest that at least in the case 
of the viral protein synthesis the drug must bind the ion pump to block infection. In addition, 
WB analysis of the levels of eIF4E showed no changes in the presence of ouabain. 
 
Ouabain is known to inhibit cellular protein and DNA synthesis (Szamel, Somogyi, Csukás, 
& Solymosy, 1980). In case of RSV and SFV, ouabain inhibited GFP production. This could 
be due to a block in viral mRNA transcription and/or protein synthesis. VSV, on the other 
hand, produced more GFP in similar conditions compared to RSV and VSV. After virus entry 
into the cells via CME, VSV releases the viral genome into the cytoplasm where the viral 
mRNAs are synthesized by RNA-dependent RNA polymerase. The VSV mRNAs are similar 
to that of host mRNAs, that is VSV mRNAs also have 5’ cap and 3’ poly (A) tail similar in 
length to cellular mRNAs. VSV infection causes inhibition of cellular translation due to 
modification of eIF4F complex. However, this modification does not affect translation of viral 
mRNAs (Connor & Lyles, 2002). Whitlow et al. proposed that in VSV infected cells the viral 
mRNA translation is affected in a similar fashion to that of host mRNA translation, but the 
abundance of viral mRNAs compared to host mRNAs favors viral translation over cellular 
translation (Whitlow, Connor, & Lyles, 2006). This model is conceivable at late stages of 
virus infection, when the levels of viral mRNA are, indeed, very high. In my experiments, 
cells were pre-treated with ouabain 30 min before infection, and the experiments were stopped 
at 6 h pi. It seems unlikely that the abundance of viral mRNAs at this early stage could explain 
how VSV can produce proteins in the presence of ouabain. 
 
In my opinion the mechanism by which VSV protein synthesis occurs during cellular 
translation shut off is still unclear. One possibility to be investigated in the future is that VSV 
mRNA could be chemically modified to allow translation during stress conditions, or that a 
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viral protein could allow viral mRNAs to be translated. More experiments are needed to test 
these possibilities. 
 
Cells can inactivate bulk translation when undergoing stresses. This stressed include viral 
infections, drug treatments, DNA damage etc. In all cases, a series of kinases are activated 
that target a common key regulator of translation, the eIF2a. Because the mechanism by 
which ouabain inhibits virus infection is not clear and given the known inhibiting effect of 
this drug on cellular protein synthesis, I tested if during ouabain treatment the eIF2a became 
phosphorylated on serine 51, and, thus, inactivated. This was not the case as shown by WB 
analysis and by treatments of ouabain treated infected cells with ISRIB; a molecule that 
bypasses the effect of inactivated eIF2a. Thus, ouabain inhibits virus infection independently 
of the integrates stress response.  

 
The changes in the ionic concentrations of K+ (and Na+) in HeLa cells treated with ouabain 
could affect ribosome structure and interactions between the ribosome and the mRNA. It has 
also been reported that the reduction in the intracellular K+ concentrations primarily affect the 
rate of protein synthesis. In mammalian cell lines, reduced K+ levels inhibit protein synthesis 
but not RNA synthesis (Ledbetter, M.L.S and Lubin, 1977). More recent structural study 
indicate that potassium ions are not only needed for the whole structure of the ribosome but 
also play a role in amino acid incorporation (Rozov et al., 2019). 
 
My study showed that increasing the extracellular concentration of  K+ increased virus GFP 
production in ouabain treated cells and also in DMSO control treated cells, indicating that 
increasing K+ concentration in the media could be a good trick to produce higher virus titers, 
e.g. for production of viral vectors or to increase the production of slow replicating viruses. 
When the concentration of K+ was increased from 5mM (normal culture media) to about 18 
mM, the effect of ouabain was completely reversed and GFP production of SFV in control 
cells reached the maximum. Similar treatments with Na+ ions had no effect.  
 
VSV was more resistant to ouabain than the other viruses. However, my experiments showed 
that viral protein synthesis does require K+, but at lower concentrations compared to SFV. I 
found that whereas SFV needed 18mM K+, VSV required 8.5 mM K+ to overcome the mild 
inhibitory effect of ouabain. Thus, the K+ required by VSV to overcome ouabain effect was 
almost half the amount required by SFV.  
 
VSV has high potential as an oncolytic virus. Ouabain is also used to treat cancer. Can the 
two be combined? Since VSV is resistant to the drug, perhaps this virus could be used in 
conjunction with ouabain treatments to increase the oncolytic effect.  
 
Understanding how the viral mRNAs can be translated while cellular protein synthesis is 
blocked will help us develop new antiviral therapies. Future plans and ongoing experiments 
in this direction include analyzing chemical modifications of the viral mRNA, and in vitro 
translation with viral mRNAs in the presence of defined ions concentrations and translation 
regulators. 
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