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Abstract

Cardenolides are plant-derived toxic substances. Their cytotoxicity and the
underlying mechanistic signaling axes have been extensively documented, but only a
few anti-viral activities of cardenolides and the associated signaling pathways have
been reported. Previously, we reported that a variety of cardenolides impart
anti-transmissible gastroenteritis coronavirus (TGEV) activity in swine testicular (ST)
cells, through targeting of the cell membrane sodium/potassium pump,
Na'/K*-ATPase. Herein, we further explore the potential signaling cascades
associated with this anti-TGEV activity in ST cells. Ouabain, a representative
cardenolide, was found to potently diminish TGEV titers and inhibit the
TGEV-induced production of IL-6 in a dose dependent manner, with 50% inhibitory
concentrations of 37 nM and 23 nM respectively. By pharmacological inhibition and
gene silencing, we demonstrated that PI3K_PDK1 RSK2 signaling was induced in
TGEV-infected ST cells, and ouabain imparted a degree of anti- TGEV activity via
further augmentation of this existing PI3K_PDK1 axis signaling, in a manner
dependent upon its association with the Na*/K*-ATPase. Finally, inhibition of PI3K
by LY294002 or PDK1 by BX795 antagonized the anti-viral activity of ouabain and

restored the TGEV virus titer and vyields. This finding is the first report of a



PISBK_PDK1 signaling axis further induced by ouabain and implicated in the
suppression of TGEV activity and replication; greatly illuminates the underlying
mechanism of cardenolide toxicity; and is expected to result in one or more anti-viral
applications for the cardenolides in the future.
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Introduction

Cardenolides are plant-derived toxic substances, used in small doses to treat
hypotension and some arrhythmias; and recently discovered to exert anti-cancer and
antiviral activity by targeting and binding to their membrane receptor, the
sodium/potassium pump Na'/K*-ATPase (Agrawal et al., 2012; Diederich et al.,
2017). This direct binding of cardenolides to Na'/K*-ATPase (located in the cell
membrane) induces endocytosis, which reduces the amount of Na*/K*-ATPase at the
cellular surface, perturbing the homeostasis of cell solutes, and hence elevating
intracellular calcium levels (Diederich et al., 2017; Newman et al., 2008; Prassas and
Diamandis, 2008). Exploration of nowvel anti-viral associated signaling axes of the
cardenolides is expected to illuminate the underlying mechanisms of their toxicity.

Each isoform of Na'/K*-ATPase consists of three subunits: one alpha, one beta,
and one gamma; of which there are four, three and one kind, respectively (Baker
Bechmann et al., 2016; Diederich et al., 2017; Katz et al., 2015). While the alpha
subunit of Na'/K*-ATPase is the most well-known cellular target of cardiac
glycosides, their selectivity for the various isoforms of Na*/K*-ATPase varies due to
the structural diversity of the alpha and beta subunits (Habeck et al., 2016; Katz et al.,
2015) .

The use of cardenolides to combat human cancers and reduce viral production



has been previously explored (Diederich et al., 2017; Nagai et al., 1972; Platz et al.,
2011; Su et al., 2008; Tomita and Kuwata, 1978). The binding of cardenolides to
Na'/K*-ATPase not only inhibits the activity of the solute pump, but also results in the
recruitment of Na'/K*-ATPase associated signalsomes in cancer cells, initiating the
associated signaling pathways, and hence the anti-cardiovascular dysfunction and
anti-cancer biological activities (Diederich et al., 2017; Newman et al., 2008; Prassas
and Diamandis, 2008). These signalings are involved in Src-mediated cytostatic
effects, cell death pathways (including non-apoptotic cell death, apoptosis, autophagy,
or mitophagy), and nuclear events (including transcriptional activity, epigenetic
effects) etc. (Diederich et al., 2017). However, only a few reports have investigated
the antiviral mechanisms of cardenolides (Burkard et al., 2015; Yang et al., 2017a).
Transmissible gastroenteritis coronavirus (TGEV) infects pigs and causes
transmissible gastroenteritis with high mortality (Weiss and Navas-Martin, 2005).
TGEV spike (S) protein binds to porcine cell receptor aminopeptidase N, to aide in
the entry of TGEV into cells. Swine testicular (ST) cells have been used as a host cell
line for TGEV in many studies since the 1990s because ST cells express
aminopeptidase N and are highly susceptible to TGEV (Delmas et al., 1992; Ohet al.,
2003; Weingartl and Derbyshire, 1995; Weiss and Navas-Martin, 2005). Previously,

we reported that a variety of cardenolides (including ouabain) exert potent anti-TGEV



activities (Yang et al, 2017a). While knocking down the expression of
Na'/K*-ATPase decreases TGEV infectivity in ST cells (Yang et al., 2017a), the exact
associated effective pathways remain to be investigated.

Herein, we disclosed the results of our studies into the underlying anti-TGEV
mechanisms of ouabain. We found that ouabain enhanced an existing
Na'/K*-ATPase-dependent PI3K_PDK1 signaling axis which was initially activated
by TGEV infection in ST cells, and that this augmented Na*/K*-ATPase-dependent
PI3K_PDK1 signaling axis activation by ouabain, contributing to anti- TGEV activity
and replication. This discovery of a novel signaling axis, initiated upon the binding of
ouabain to Na'/K'-ATPase, greatly illuminates the underlying mechanism of
cardenolide toxicity, and is expected to result in one or more anti-viral applications for

the cardenolides in the future.

Materials and Methods

2.1. Cell lines, viruses, immunofluorescent assay (IFA) and multiplicity of infection
(MOI) for infection

ST cells were purchased from ATCC (ATCC®CRL-1746TM) and cultured in



minimum essential medium (MEM; Gibco, Grand Island, NY, USA), supplemented

with 10% fetal bovine serum (FBS) (Biological Industries, Beit Haemek, Israel) and

1% penicillin—streptomycin (Biological Industries, Beit Haemek, Israel) in a

humidified incubator of 5% CO, atmosphere at 37 °C. The Taiwan field isolated

virulent strain of TGEV was propagated in ST cells cultured with MEM and 2% FBS.

IFA and studies on the mechanistic signaling effectors regarding ouabain and the other

pharmacological inhibitors in TGEV infected ST cells were performed as described

(Yang et al., 2017a; Yang et al., 2017b). Briefly, the ST cells in 96-well plates, with or

without pretreatment of test compounds, were infected with TGEV at an MOI of 7.

After 6 h of TGEV infection, ST cells were fixed and subjected to an indirect IFA

with antibodies against the S and nucleocapsid (N) proteins of TGEV. The cells were

treated with eight different concentrations of test compounds. The resultant cells were

incubated with fluorescein isothiocyanate-conjugated anti-mouse immunoglobulin

(Cappel, ICN Pharmaceuticals Inc.) and the fluorescence intensities were measured to

determine the 50% inhibitory concentrations (ICsp) for inhibiting S and N protein

expression. The results of these assays were used to obtain the dose-response curves

from which 1Csos were determined.

The test compounds were pretreated for 1 h and ST cells were infected with

TGEV at (i) an MOI of 7 for IFA, analyses of signaling effectors and viral copy



numbers at 6 h.p.i.; and (ii) an MOI of 0.01 for determining virus titers and IL-6

production at 22 h.p.i or indicated time points.

2.2. Chemicals and western blot analysis

Western blots were performed as described (Yang et al., 2007) with the following
antibodies: p-Akt (S473), p-Akt (T308), Akt, p-p70S6K (T389), p70S6K, RSK1,
p-RSK2 (S227), RSK2, p-PDK1 (S241), PDK1, PI3K pl110a, and GAPDH (Cell
Signaling Technology Inc., MA, USA); Na*/K*-ATPase a1 (Abcam Inc. Cambridge,
UK); and an antibody against TGEV N protein, as described (Yang et al., 2007).
Ouabain (03125, =95%, HPLC) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). p-RSK1 (T359/S363) antibody, BX795, rottlerin, GF109203X, rapamycin, and
triciribine were purchased from Merck Millipore Calbiochem (Billerica, MA).
LY?294002, PP2, KX2-391 and SU6656 were from Selleckchem (Houston, TX, USA).
Farnesyl thiosalicylic acid (FTA, a Racl inhibitor) was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Wortmannin was purchased from Life Technologies

(San Diego, CA, USA).

2.3. Viral RNA isolation and relative quantification by RT-qPCR

These experiments were performed as described (Yang et al., 2017b). Mock or



TGEV infected (MOI of 7) ST cells were processed and the resultant cell lysates were
prepared at 6 h.p.i, with or without compound treatment. Subsequently, total RNA
was extracted with TRIzol reagent (Invitrogen) prior to RT-gPCR analyses. The
primer pairs used for RT-qPCR are listed in Table 1. Viral copy numbers were
determined as described (Yang et al., 2017b). Known amounts (numbers) of the
plasmids pGEX6p-1-PEN (Yang et al., 2017b) and pGEX6p-TGEV-3CLP™ (Yang et
al., 2007) were used to establish standard curves for determination of TGEV viral

copy numbers.

2.4. 1L-6 cytokine measurement

The amount of porcine IL-6 cytokine was measured as described (Yang et al.,
2017b). Briefly, the supernatant of TGEV infected ST cells at an MOI of 0.01 was
harvested at the indicated periods and the amount of secreted IL-6 was determined
using an enzyme-linked immunosorbent assay kit for porcine IL-6 (R&D Systems,
Inc.). Appropriate dilutions were performed prior to determination of the amounts of
IL-6 when the harvested supernatants contained concentrations of IL-6 too high to be

accurately assayed using the enzyme-linked immunosorbent assay Kit.

2.5 Gene Silence



ST cells harbored ATP1Al shRNA (clone ID: TRCN0000444902), PIK3CA
shRNA#1 (clone ID:TRCN0000196582), PIK3CA shRNA#2: (clone ID:
TRCNO0000196795), PDPK1 shRNA#1 (clone ID: TRCN0000221540), PDPK1
shRNA #2: (clone ID:TRCN0000196933) or negative control-shRNA (shLacZ, clone
ID: TRCN231722) (Academia Sinica, Taiwan) respectively for specific gene silencing
were prepared as described previously (Yang et al., 2017a). After validation of
Na‘/K*-ATPase ol, PI3Ka or PDK1 knockdown expression, the selected cells were

used for the followed experiments.

2.6. End point dilution assay for determining virus titers

Virus titers were determined by an end point dilution assay, as described (Yang
et al., 2017a). Briefly, the supernatant obtained from the culture of TGEV infected ST
cells (MOI of 0.01) at the 22 h.p.i. with the indicated treatment was subjected to viral
titer determination via the end point dilution assay. The TCID50 (Tissue Culture
Infective Dose 50%) was determined by the Reed-Muench method. TCID50 was then
used to measure the infectious TGEV virus titer, as approximately 1 TCID=0.69 PFU

(plaque-forming unit).

2.7. Statistical analysis



The statistical significance between the two groups was evaluated by the
two-tailed unpaired Student’s t test; * (or #) and ** (or ##) were used to denote the

statistical significance for p < 0.05, and p < 0.01 respectively.

Results

Ouabain eliminated TGEV titers, inhibited viral replication, and diminished TGEV
induced IL-6 production

Cardenolides have been previously found to potently inhibit TGEV activity in ST
cells without significant cytotoxicity (concentration for 50% cytotoxicity against ST
cells > 10 uM) (Yang et al., 2017a). We selected ouabain (Figure 1A) to study the
mechanism by which this inhibition occurs. After infection in ST cells, TGEV
exhibited a log phase increase in viral yields and reached a plateau from 15 to 22 h.p.i.
with titers of ~10° p.f.u. /ml (Yanget al., 2017b). As expected, in TGEV infected ST
cells withan MOI 0f0.01 at 22 h.p.i., ouabain diminished both the viral titers and viral
yields, even at low doses, in a dose-dependent manner with a 50% inhibitory
concentration (ICsp) of 37 £ 15 nM. Ultimately, ouabain treatments at concentrations

of 1000-3000 nM resulted in reductions of viral titer by ~7-8 orders of magnitude



(Figure 1B). Similarly, ouabain treatments resulted in the reduction of the number of
viral RN Acopies by ~3-4 orders of magnitude in TGEV infected ST cells, withan MOI
of 7 at 6 h.p.i. (Figure 1C). Moreover, TGEV infection (0.01 MOI) induced a sustained
production of IL-6 over a 30 h period in ST cells (Fig. 2A); and this induction was
profoundly diminished by ouabain in a dose dependent manner with an ICso 0f23 + 2

nM (Fig. 2B).

Ouabain enhanced PI3K activation in TGEV infected ST cells, which was
associated with Na*/K*-APTase and contributed to anti-TGEV activity

To identify the signaling pathways involved in the anti- TGEV activity of ouabain,
we comprehensively examined ouabain-related cellular events for anti- TGEV activity
by screening a variety of pharmacological inhibitors for several signaling pathways
(Table 2). LY294002, a PI3K inhibitor, significantly reversed the anti-TGEV activity
of ouabain as determined by IFA (Table 2 & Figure 3A) for viral S and N antigen
expression. The anti- TGEV ICsqg value of ouabain (ICso = 143 * 13 nM) increased in
the presence of 50 uM or 100 uM LY294002 (ICso =171+ 23 nM and ICs0 = 182 £ 30
nM respectively), and the inhibition curve exhibited a significant right-shift in the
presence of LY294002 (Figure 3A).

TGEV infection induced Akt phosphorylation, and ouabain treatment further



augmented this Akt phosphorylation. The PI3K inhibitor LY294002 eliminated both
TGEV induced and ouabain enhanced Akt phosphorylation (Figure 3B). Ouabain has
been reported to bind to Na'/K'-ATPase and resulted in recruitment for
Na'/K*-APTase associated signalsome, which in turn triggered signaling for the
pharmacological effects of ouabain (Liu et al., 2007; Nguyen et al., 2011). This was
supported by the observation that treatment with LY294002 inhibited the ouabain
associated PI3K activation, as demonstrated by abolishing Akt phosphorylation; and
rescued the TGEV N protein expression level — an indication of TGEV proliferation

(Figure 3B & 3C).

PDK1 activation mediated by ouabain enhanced PI3K activation was associated
with Na'/K*-ATPase and contributed to anti-TGEV activity

A pharmacological inhibition strategy was used to examine the involvement of
Akt, mTOR, and PDK1 (the downstream signaling cascades of PI3K) in the
anti-TGEV activity of ouabain (Figure 4A-B-C). Two doses of ouabain, 200 nM and
150 nM, close to its ICsp value (143 £ 13 nM) determined by IFA (Figure 3A), were
then used for the following studies (Figures 4 and 5). The Akt inhibitor triciribine was
able to inhibit Akt phosphorylation, but failed to rescue the diminished N protein

expression by ouabain, as had been accomplished with the PI3K inhibitor LY294002



(Figure 4A). Similarly, the mTOR inhibitor rapamycin was able to diminish the
p70S6K phosphorylation, but failed to reverse the inhibited N protein expression by
ouabain (Figure, 4B). Only the PDK1 inhibitor BX795 was able to reverse the
ouabain-inhibited TGEV N protein expression. While ouabain treatment increased
RSK2 phosphorylation (Fig. 4C), RSK1 phosphorylation was not significantly
affected (data not shown). Treatment with BX795 inhibited the phosphorylation of
PDK1 downstream effector RSK2 (Hao et al., 2016; No et al., 2015; Sun et al., 2017;
Utepbergenov et al., 2016)(Fig. 4C).

Furthermore, in Na*/K*-ATPase o1 depleted ST cells infected by TGEV, TGEV
N protein expression was significantly suppressed compared to those in control
shRNA harboring ST cells (Fig. 5A) (Yang et al., 2017a) , wherein PDK1 and RSK2
phosphorylation/activity were significantly increased (Fig. 5A). Moreover, in PI3K or
PDK1 depleted ST cells infected by TGEV, TGEV N protein expressions were in
comparable amounts compared to those in control ShRNA harboring ST cells (Fig. 5B
& 5C). However, when these cells were treated with ouabain, the N protein was
significantly suppressed in control ShRNA harboring ST cells while depletion of PI3K
or PDK1 was able to significantly reverse the ouabain-inhibited TGEV N protein
expression (Fig. 5B & 5C).

Therefore, we concluded that ouabain targeted Na*/K*-ATPase and led to an



enhanced PI3K_PDK1 axis signaling, which in turn imparted anti-TGEV activity.

Ouabain eliminated TGEV titers via an augmenting Na'/K*ATPase dependent
PI3K_PDK1 axis

Ouabain potently eliminated TGEV titers in a dose-dependent manner (Figure 1B);
and both LY294002 (a PI3K inhibitor) and BX795 (a PDK1 inhibitor) blocked
PI3K_PDK1 RSK2 signaling, antagonizing this effect (Figures 3 and 4C). We further
tested whether these effects resulted in diminishing virus titers. We found that
LY294002 or BX795 significantly rescued the TGEV replication/titers inhibited by
ouabain (Fig. 6). Thus, ouabain reduced TGEV viral replication/titers, at least in part,

via enhancing an activated PI3K_PDK1 signaling cascade.

Discussionand Conclusion

Cardenolides elevate the concentration of calcium in the cytoplasm, causing
muscle contraction, and are thus used to treat cardiac dysfunction (Diederich et al.,
2017). Recently, their use as anti-cancer drugs has been investigated (Baker
Bechmann et al., 2016; Diederich et al., 2017). The underlying mechanisms of both

processes, however, remain to be unraveled. Previously, we reported that cardenolides



exert potent anti-viral activity in TGEV infected ST cells (Yang et al., 2017a). Herein,
we disclose the results of our further investigations into the underlying mechanisms of
this activity, and our discovery that the enhanced activation of PI3K_PDK1 axis in
TGEV infected ST cells contributes to the anti-TGEV activity of ouabain.

Herein, cells were separately infected at MOls of 7 (to screen compounds and
dissect signaling pathways using western analyses, IFA etc.) and of 0.01 (to more
accurately ascertain anti-viral potency. We first screened pharmacological inhibitors,
in search of those which counteracted the anti-TGEV activity of ouabain. The PI3K
inhibitor LY294002 was able to significantly counteract the anti-TGEV activity of
ouabain (Table 2).

Recently, Na*/K*-ATPase a1 subunit mediated Src signaling was reported to
inhibit another coronavirus, murine hepatitis virus, in HelLa cells transfected with a
plasmid containing a human-derived but not murine-derived Na'/K*-ATPase ol
subunit (Burkard et al., 2015). We also reported that cardenolides do not exert anti-
murine hepatitis virus activity in murine astrocytoma DBT cells (Yang et al., 2017a).
However, no significant counteraction was found among the three Src inhibitors
SU6656, PP2, and KX2-391 utilized herein for screening (Table 2) at the effective
concentrations for signaling. Thus, the role of Src signaling in anti-coronaviruses

varies and depends on the nature of the Na*/K*-ATPase isoform and the exact cell



type (Burkard et al., 2015; Yang et al., 2017a).

Additionally, although Src associated PI3K-Akt and PI3K-mTOR signaling
cascades were reported to be responsible for the biological effects of the cardenolides
in cardiac (Liu et al., 2007; Zhang et al., 2008) and cancer cells (Tian et al., 2009)
respectively, ouabain also activates the Na*/K*-ATPase associated PI3K1A signaling,
which is Src independent (Wu et al, 2013). Therefore, we further examined the
downstream effectors of PI3K, Akt, mTOR, and PDK1, and found that only the PDK1
inhibitor BX795 was able to reverse the anti- TGEV activity of ouabain (Fig. 4). When
Na'/K*-ATPase, not PI3K or PDK1, was knocked down in ST cells, a significant
amount of N protein expression was suppressed, reflecting a decrease in virus
infectivity. However, when PI3K or PDK1 was knocked down in ST cells, these cells
became more resistant to ouabain treatment than control ShRNA harboring ST cells,
reflecting a reverse in virus infectivity (Fig. 5). Finally, combination treatments of
either LY294002 or BX795 with ouabain successfully reversed the activity of the
ouabain, and increased TGEV titers (Fig. 6).

Cardenolides have been used to treat hypotension and arrhythmia and the blood
concentrations attained in patients are very low(Hauptman et al, 2013). Future
development of the cardenolides for the treatment of coronavirus infection should be

mindful of the in vitro observations reported herein, which should inform therapeutic



dosage requirements.

In conclusion, the mechanism of action of the anti-TGEV activity of ouabain has
been elucidated, and found to be mediated by the Na'/K'-ATPase-dependent
PISBK_PDK1 axis, a novel cardenolide pharmacological signaling cascade. These
fundamental mechanistic insights are expected to contribute to future applications of

anti-viral cardenolides.
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Legends

Figure 1. Ouabain potently inhibits TGEV replication. A. Chemical structure of
ouabain. B. Ouabain reduced TGEV vyields in a dose-dependent manner in an end
point assay for viral titer determination. C. Ouabain potently reduced TGEV viral
copy number in ST cells by TGEV infection in a dose-dependent manner, as measured
by RT-gPCR. ST cells were pretreated with ouabain for 1 h and then infected with
TGEV at a multiplicity of infection (MOI) of 0.01 at 22 h.p.i for determining virus
titers (B) and at an MOI of 7 at 6 h.p.i for determining viral copy numbers (C). See
Materials and Methods for determination of the viral copy numbers and Table 1 for
the primer sequences used for RT-qgPCR. Results shown are averages +/- SD from

three independent experiments (B & C) each conducted in triplicate (C).

Figure 2. Oubain potently inhibited the IL-6 induction in ST cells by TGEV infection.
A. ST cells were induced to produce a large quantity of IL-6 upon TGEV infection at
MOI of 0.01 over a period of 30 h.p.i. The resultant culture supernatant of TGEV
infected ST cells at each indicated time point was subjected to quantification of IL-6.
B. IL-6 production in TGEV infected ST cells was significantly diminished by

ouabain in a dose dependent manner. Ouabain was pretreated for 1 h prior to ST cells



infected with TGEV at a MOI of 0.01. The resultant culture supernatants of ouabain

treated cells at the 22 h.p.i. were subjected to quantification of IL-6. Results shown are

averages +/- SD from three independent experiments.

Figure 3. PI3K inhibition antagonized the anti-TGEV activity of ouabain. A. PI3K

inhibition by LY294002 attenuated the potency of the anti-TGEV activity of ouabain

in an IFA assay by increasing the ICsy value and shifting the dose-dependent

inhibition curve to right. B. PI3K inhibition by LY294002 rescued the TGEV N

protein level, which was significantly inhibited by ouabain, as determined by western

analysis. C. Quantification and statistical significance analysis of B. ST cells were

pretreated with the indicated test compounds for 30 min, then treated with ouabain for

1 h prior to TGEV infection at an MOI of 7 for observation or fluorescent intensity

measurements for IFA (A) or for western analysis with the indicated antibodies (B) at

6 h.p.i. ST cells were fixed and subjected to an indirect IFA with antibodies against

the S and N proteins of TGEV. The obtained S and N protein expressions by IFA or

western analysis were used as an indication of TGEV activity. * and #, P<0.05; ** and

##, P<0.01. #/##: was compared to TGEV infection control; */**: was compared to

TGEV infection with ouabain treatment; N protein and p-Akt were normalized with

GAPDH. Results shown are represented results (B) or averages +/- SD from three



independent experiments (A and C).

Figure 4. Ouabain activates PI3K_PDK1 axis signaling that leads to an inhibition of
TGEV activity. A. Ouabain anti- TGEV activity was not mediated by PI3K_AKkt axis
signaling. B. Ouabain anti- TGEV activity was not mediated by PI3K_mTOR axis
signaling. C. Ouabain anti-TGEV activity was mediated by PI3K_PDK!1axis
signaling. ST cells were pretreated with the indicated test compounds for 30 min, then
treated with ouabain for 1 h prior to TGEV infection at an MOI of 7 for 6 h, and the
resultant cells were harvested for western analysis with the indicated antibodies. NS:
no significance; * and #, P<0.05; ** and ##, P<0.01. #/##: was compared to TGEV
infected control; */**: was compared to TGEV infection with ouabain treatment; N
protein, p-Akt, and p-P70S6K, were normalized with GAPDH. p-RSK2 was
normalized with regular RSK2. Results shown are represented results or averages +/-

SD from three independent experiments.

Figure 5. The effects of knockdown expression of Na'/K*-ATPase al, PI3K, or
PDK1 on the TGEV activity. A. Knockdown of Na'/K'-ATPase ol expression
activated PI3K_PDK1_RSK?2 axis pathway and suppressed TGEV activity. B & C.

Knockdown of PI3K (B) or PDK1 expression (C) reversed the ouabain-inhibited



TGEV activity/ TGEV N protein expression. The validated knocked down cells were
seeded onto a 6 well-plate, 1.8 x 10° cells/well, and cultured for 24 h prior to
harvesting for western analysis with the antibodies indicated. NS: no significance; **,
P<0.01. Na'/K*-ATPase al, p-PDK1, PI3Ka and N protein were normalized with
GAPDH. p-RSK2 was normalized with regular RSK2. Results shown are represented
results or averages +/- SD from three independent experiments. The gene names for

Na'/K*-ATPase a1, PDK1 and PI3Ka. respectively are ATPA1, PDPK1 and PIK3CA.

Figure 6. Ouabain eliminated TGEV titers via augmenting a Na'/K'-ATPase
dependent PI3K_PDK1 axis. Combined treatment of either LY294002 or BX795 with
ouabain significantly rescued the TGEV replication/titers inhibited by ouabain. ST
cells were pretreated with the indicated compounds for 1 h, and then infected with
TGEV at a multiplicity of infection (MOI) of 0.01. The resultant cultured medium
was harvested at 22 h.p.i and subjected to determining virus titers by an end-point
assay as described in Materials and Methods. *, P<0.05; **, P<0.01. Results shown

are averages +/- SD from three independent experiments.



Table 1. Sequences of primers for RT-PCR

Gene Sequences

N protein Forward 5’-CCAAGGATGGTGCCATGAAC-3’

Reverse 5’-GGACTGTTGCCTGCCTCTAGA-3’

3l Forward 5’-CACCAACTACAATGGCCACACA-3’

Reverse 5’-TAGCCCTGGTAGGTGACTCTGTT-3’

Table 2. Screening of cellular signaling pharmacological inhibitors to identify those
able to reverse the anti-TGEV effect of ouabain. Shown are residual activities by
treatment of each pharmacological inhibitor compared to DMSO vehicle treatment
which TGEV activity was used as 100%. IFA described in Methods for detection of N
and S protein expression was applied to measure TGEV activity. Results shown are
averages +/- SD from three independent experiments, each conducted in duplicate. ~ P

< 0.01, compare to only ouabain treatment

Ouabain (uM)
Inhibitorj uM 0.3 0.2 0.1 0
None| 4%| £ 2% 16% t [3% 80% * (6% 100%| * (0%
LY294002] 50 21%| = (6% 40% * [3% 83% £ |6% 89% £ |7%
25 3%| = 2% 20% * [3% 86% * [12% 90%| * 8%
SuU6656) 50 6%| * (0% 13% £ [1% 46% * (6% 95% * [10%




10 3%| £ 1% 6% * 0% 43% * (7% 88% £ 1%

KX2-391| 50 2% £ |1% 2% £ 0% 25% * (4% 2% * 5%

20 4%| £ (1% 3% £ 0% 43% £ (7% 74% * (6%

PP2| 50 1%[ £ 1% 15% £ (1% 52% 12% 89% £ 16%
20 4%| £ 2% 9% £ 1% 62%| 18% 113% £ |11%
Rottlerinf 2 3%| £ |4% 5% £ 0% 75% 19% 78% £ 12%
GF109203X[ 1 2%| £ 12% 13% = [3% 52% £ 16% 105% £ |11%
FTA 10 5% £ 13% 1% £ [3% 96% * (26% 106% * |12%

Rac1| 100 2% £ 1% 0% * 0% 16%| £ |6% 54% * 3%
Wortmannin| 1 5%| £ 13% 10% = 2% 90% £ |123% 102% £ |19%
Triciribinel 20 3%| £ 1% 8% * 1% 78% 17% 90% £ 17%

*¥% <0.01, compare to ouabain

’

only treatment




Highlights
eQuabain eliminated TGEV titers and inhibited viral replication.
eQuabain diminished TGEV induced IL-6 production.
eOuabain enhanced PI3K or PDK1 activation induced by TGEV via Na*/K*-APTase.
oPI3K or PDK1 inhibition antagonized the anti-TGEV activity of ouabain.
eQuabain augmented the PI3K_PDK1 axis signaling that inhibited TGEV activity.
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