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Infection with human cytomegalovirus (HCMV) continues to be a major threat for pregnant women and the immunocompro-
mised population. Although several anti-HCMYV therapies are available, the development of new anti-HCMYV agents is highly
desired. There is growing interest in identifying compounds that might inhibit HCMV by modulating the cellular milieu. Inter-
est in cardiac glycosides (CG), used in patients with congestive heart failure, has increased because of their established anticancer
and their suggested antiviral activities. We report that the several CG— digoxin, digitoxin, and ouabain—are potent inhibitors
of HCMYV at nM concentrations. HCMYV inhibition occurred prior to DNA replication, but following binding to its cellular re-
ceptors. The levels of immediate early, early, and late viral proteins and cellular NF-kB were significantly reduced in CG-treated
cells. The activity of CG in infected cells correlated with the expression of the potassium channel gene, hERG. CMYV infection
upregulated hERG, whereas CG significantly downregulated its expression. Infection with mouse CMV upregulated mouse ERG
(mERG), but treatment with CG did not inhibit virus replication or mERG transcription. These findings suggest that CG may
inhibit HCMV by modulating human cellular targets associated with hERG and that these compounds should be studied for

their antiviral activities.

Human cytomegalovirus (HCMV) is a major pathogen in trans-
plant recipients, HIV-infected individuals and congenitally in-
fected children (6, 11, 24). HCMYV replication has been associated
with the outcome of several syndromes in immunocompetent indi-
viduals, including sepsis/pulmonary complications in patients in in-
tensive care units and the brain tumor glioblastoma multiforme (28,
32, 34). With broadening indications for HCMV therapy, the side
effects associated with anti-HCMV compounds (all viral DNA poly-
merase inhibitors), and the emergence of resistant viral mutants dur-
ing therapy (5, 19, 46), there is a need to develop anti-HCMV com-
pounds with novel mechanisms of action. Strategies for development
of anti-HCMYV agents include the identification of both viral and
cellular targets that can abrogate virus replication (“anticellular anti-
viral” approach) (8, 10, 51).

Cardiac glycosides (CG) have been reported to inhibit herpes sim-
plexvirus 1 (HSV-1) and HCMYV (7, 13). These compounds are pre-
scribed for congestive heart failure, a condition in which they bind to
and inhibit the activity of the Na*,K"-ATPase pump (31). Effects
other than inhibition of the Na™,K"-ATPase are becoming evident,
mainly anticancer activities (31, 47, 52). Inhibition of cancer cell
growth likely results from modulation of cell signaling pathways and
possibly from interaction with other ion channels. A subgroup of
voltage-gated K" channels, encoded by the hERG gene, which is usu-
ally not expressed in normal cells, is upregulated in cancer cells (2, 35,
36). CG were reported to inhibit hERG trafficking, not via direct
interaction with hERG, but possibly through secondary interaction
with protein kinases/chaperones that are important in hERG process-
ing (9, 50). The role of hERG in HCMYV replication has not been
studied. We investigated the characteristics of HCMYV inhibition by
two CG, digoxin and ouabain, and the potential role of hERG in
HCMYV inhibition by CG.

MATERIALS AND METHODS

Compounds. Digoxin, ouabain, digitoxin, and ganciclovir (GCV) were
purchased from Sigma Chemicals (St. Louis, MO). The CG were dissolved
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in dimethyl sulfoxide (DMSO), and GCV was dissolved in distilled water.
Stock solutions (10 mM) were stored at —80°C.

Viruses. The pp28-luciferase HCMV Towne strain was constructed as
previously described (15). This virus expresses luciferase under the con-
trol of the pp28 late promoter. Luciferase expression is strongly activated
at 48 to 72 h postinfection (hpi). This reporter system is sensitive and
reproducible and closely correlates with plaque reduction (15). We gen-
erated a pp28-luciferase GCV-resistant strain; the C607Y mutation in
UL97 was confirmed by sequence analysis (30). A luciferase-tagged
HSV-1 strain (KOS/Dlux/oriS) was used to evaluate the inhibition of
HSV-1. Mouse CMV (MCMV) Smith strain and Epstein-Barr virus-pos-
itive (EBV ") Akata cells were used to evaluate the inhibition of MCMV
and EBV, respectively.

Cell culture, virus infection, and antiviral assays. Human foreskin
fibroblasts (HFFs), passages 12 to 16 (ATCC, CRL-2088), and U373 gli-
oma cells were grown in Dulbecco modified Eagle medium (DMEM)
containing 10% fetal bovine serum (FBS) (Gibco, Carlsbad, CA) in a 5%
CO, incubator at 37°C and used for infection with HCMV at a multiplic-
ity of infection (MOI) of 1 PFU/cell. After 90 min of adsorption, the
medium was removed, and the cells were washed with phosphate-buft-
ered saline (PBS). DMEM with 4% FBS containing compounds was added
to each well. Infected, treated HFFs were collected at 72 hpi, and lysates
were assayed for luciferase using a luciferase assay kit (Promega, Madison,
WI) on a GloMax-Multi+ detection system (Promega) according to the
manufacturer’s instructions. Infection with HSV-1-luciferase was per-
formed according to the principles described for HCMYV, except that lu-
ciferase was quantified at 24 hpi. MCMV was diluted in DMEM to a
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concentration that gave ~100 plaques per well. After the infection of
mouse embryonic fibroblasts (MEFs), compounds were added, and a
methylcellulose overlay was applied to each well. After 3 days of incuba-
tion, the cells were stained with crystal violet, and plaques were counted
under a microscope at X40 magnification. Akata cells latently infected
with EBV were cultured in RPMI 1640 medium (Sigma) supplemented
with 10% FBS. The cells were induced with 50 pg/ml of goat antihuman
IgG (Sigma). Compounds were added to triplicate wells immediately after
lytic induction. Supernatants were collected after 4 days for DNA quanti-
fication by real-time PCR (27).

Transient transfection. For overexpression of hERG, U373 cells were
transfected with hERG-pcDNA3.1 plasmid using Lipofectamine 2000
(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions.
The pcDNA3.1 plasmid is derived from pcDNA3 and provides high-level
transient expression in mammalian cells. The vector contains an HCMV
immediate-early (IE) promoter for high-level expression. Cells were
seeded onto six-well tissue culture plates. After incubation at 37°C over-
night, the cells were transfected with hERG-pcDNA3.1 (1 pg/well) for 6 h;
the medium was then replaced, and the cells were infected with HCMV
and treated with compounds. After 24 h of incubation, the cells were lysed
for Western blotting.

To investigate the effect of CG on CMV promoter activity, an en-
hanced green fluorescent protein (EGFP) reporter plasmid, pEGFP-C
(Clontech, Mountain View, CA), was used. This plasmid expresses EGFP
under the control of a CMV IE promoter, the same promoter that controls
the expression of hERG ¢DNA in pcDNA3.1 plasmid. U373 cells were
transiently transfected with pEGFP-C (1 pg/well) using Lipofectamine
2000. After 6 h, the medium was replaced, and the cells were infected with
HCMYV and treated with compounds. EGFP expression was determined
by Western blotting at 24 hpi. To further investigate the effect of CG on
CMYV promoter activity, pRL Renilla luciferase control reporter plasmid
(Promega) was used. The pRL-CMV vector (accession no. AF025843)
contains CMV enhancer and IE promoter elements. For transient trans-
fection, U373 cells were plated onto 24-well plates and transfected with
pRL-CMV plasmid. After 6 h, the cells were treated with the compounds.
The Renilla luciferase activity was measured after 24 h by mixing cell
lysates with a Renilla luciferase substrate, coelentrazine (Sigma), dissolved
in PBS.

Cell viability. Cell viability was determined by an MTT [3-(4,5-di-
methyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide]-based col-
orimetric assay. Cells were seeded in 96-well microplates and treated with
various concentrations of CG. For each cell type used for virus infection
and drug treatment, an MTT assay was performed at the same time points
of the antiviral assay.

SDS-PAGE and immunoblot analysis. Cell lysates containing equiv-
alent amount of proteins were mixed with an equal volume of sample
buffer (125 mM Tris-HCI [pH 6.8], 4% SDS, 20% glycerol, 5% (3-mer-
captoethanol) and boiled at 100°C for 10 min. Denatured proteins were
resolved in Tris-glycine polyacrylamide gels (10 to 12%) and transferred
to polyvinylidene difluoride membranes (Bio-Rad Laboratories, Hercu-
les, CA) by electroblotting. Membranes were incubated in blocking solu-
tion (5% nonfat dry milk and 0.1% Tween 20 in PBS [PBST]) for I h,
washed three times with PBST, and incubated with appropriately diluted
primary antibodies at 4°C overnight. The membranes were washed with
PBST, followed by incubation with horseradish peroxidase (HRP)-conju-
gated secondary antibodies in PBST for 1 h at room temperature. After a
washing step with PBST, protein bands were visualized by chemilumines-
cence using SuperSignal West Dura and Pico reagents (Pierce Chemical,
Rockford, IL). The following antibodies were used: mouse anti-IE1 and
-IE2 antibody (MAb810), mouse anti-B-actin antibody (Millipore, Bil-
lerica, MA), mouse anti-UL84 antibody, mouse anti-NF-«kB antibody
(p65), mouse anti-UL44 antibody (Santa Cruz Biotechnology, Santa
Cruz, CA), mouse anti-pp65 antibody (Vector Laboratories, Burlingame,
CA), HRP-conjugated anti-rabbit IgG antibody (Cell Signaling Technol-
ogy, Beverly, MA), rabbit anti-KV11.1 (hERG) antibody (Alomone Labs,
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Jerusalem, Israel), rabbit anti-GFP antibody (G1544; Sigma), and HRP-
conjugated anti-mouse IgG (GE Healthcare, Waukesha, WI). Individual
bands intensity was quantified by densitometry using Image]J v1.410 soft-
ware (National Institutes of Health, Bethesda, MD).

RNA isolation and RT-PCR. Total RNA was isolated from cultured
cells by using an RNeasy minikit (Qiagen, Georgetown, MD). A RevertAid
first-strand cDNA synthesis kit (Fermentas Life Sciences, Cromwell Park,
MD) was used to synthesize first-strand cDNA from total RNA using
oligo(dT) primers. Synthesis of first-strand cDNA from mRNA template
was carried out at 42°C for 1 h. The levels of hERG1 and hERG1B isoforms
were detected by using sequence-specific primers and PCR (94°C for 30's,
55°C for 30s, and 72°C for 60 s for 30 cycles). PCR products were analyzed
on 2% agarose gel and stained with ethidium bromide (Sigma). In addi-
tion, quantitative reverse transcription-PCR (qRT-PCR) was performed
using specific primers and SYBR green (Fermentas Life Sciences) with a
two-step cycling protocol (95°C for 15 s and 60°C for 1 min). The tran-
scription of three other potassium channel genes (Kirl.1, Kir 2.1, and
KCNQ5) and mERG was quantified. GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase) was used as an internal control. Primer sequences
for qualitative and quantitative PCR may be found in the supplemental
material.

HCMYV real-time PCR. The inhibitory effects of CG on HCMV DNA
synthesis were determined by real-time PCR. DNA was isolated from
infected and treated cells at 48, 72, and 96 hpi. The real-time PCR is based
on detection of the highly conserved US17 gene (49).

Drug combination. The combined inhibitory effect of CG and GCV
on HCMV replication was determined in infected HFFs. Compounds
were added at different dilutions, starting with concentrations that re-
sulted in full inhibition. Analysis was performed using the Bliss equation
in which drug combination represents the product of two probabilistically
independent events (21):

1 1

D, \™ D, \™
1 + 1 +
ECso(1) ECso(2)

where D is the drug concentration, 1 is the slope, and EC,, is the effective
concentration resulting in 50% virus inhibition. The combined effect of
two inhibitors (Fy, fractional unaffected) is computed as the product of
individual effects of the two inhibitors, F;;; and Fy,. If the ratio of ob-
served fold inhibition divided by the expected fold inhibition is greater
than 1, the compounds are synergistic. If the ratio is less than 1, the com-
bination is considered antagonistic, and if it is equals to 1 the combination
is additive.

Fo142 = Fu1 - Fuiu =

RESULTS
CG are potent inhibitors of HCMV. HFFs and U373 cells were
infected with Towne HCMYV luciferase and treated with digoxin
and ouabain at 0.01 to 0.1 wM. GCV was used as a control (1 to 30
wM). Virus replication was quantified by luciferase activity at 72
hpi. Treatment with digoxin and ouabain resulted in a significant
inhibition of HCMYV replication in HFFs and U373 cells (Fig. 1A
and Table 1). In HFFs, the 50% effective concentrations (ECs,s) of
digoxin and ouabain were 0.036 uM * 0.00 and 0.017 wM = 0.00,
respectively. The EC5, of GCV was 1.4 pM = 0.01, and the slope of
its dose-response curve was 1, as expected from a compound with
one target. The slope of CG was >2, suggesting an involvement of
one target with subsequent downstream effects or multiple targets
(44). The GCV-resistant Towne HCMV was inhibited by CG,
while GCV showed decreased activity against the resistant virus
(Fig. 1B).

In HFFs the viability reached a plateau at 1 wM digoxin and 0.5
WM ouabain and remained unchanged despite increasing drug
concentrations to 500 wM. At 1 mM, both digoxin and ouabain
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FIG 1 CG inhibit HCMV replication. (A) HFF and U373 cells were infected with pp28-luc HCMV and treated with the indicated concentrations of digoxin,
ouabain, or GCV. The luciferase activity was measured at 72 hpi. The data represent mean values = the SD of triplicate determinations from five independent
experiments. (B) HFF cells were infected with either pp28-luc HCMV or a GCV-resistant pp28-luc HCMV (pp28-GCV-R) and treated with the indicated
concentrations of digoxin, ouabain, or GCV. The luciferase activity was determined at 72 hpi. VND, virus/no drug. The data represent mean values * the SD of
triplicate determinations from two independent experiments. (C) HFFs and U373 cells were treated with the indicated concentrations of digoxin and ouabain,
and cell viability was determined after 72 h using an MTT assay. The data represent mean values = the SD of triplicate determinations from three independent

experiments.

showed nearly 90% cytotoxicity (Fig. 1C). In U373 cells the via-
bility decreased as the doses were increased. We calculated the
selectivity indices (SIs) of digoxin and ouabain based on the effec-
tive drug concentration that results in 50% virus inhibition (ECs,)
and the drug concentration that leads to 50% cellular cytotoxicity
(CCsp) (Table 1). The SI'was determined as the ratio between CCs,
and EC;, The reported values of EC5, and CC, represent the
means and standard deviations (SD) of data derived from at least
three independent experiments performed in triplicates. The
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curve-fitting toolbox, Matlab software (v7.10; Mathworks,
Natick, MA), was used to determine ECs5, and CCs, values using a
four-parameter logistic regression.

Given the potent anti-HCMYV activity of digoxin and ouabain,
we tested digitoxin, another CG that has been studied as a poten-
tial anticancer agent (29). HCMV replication was significantly in-
hibited: the mean EC;, of digitoxin in HFFs was 0.016 .M = 0.00,
suggesting that CG are a class of HCMV inhibitors and that there
might be differences in HCMYV inhibition similar to their antican-
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TABLE 1 Inhibition of alpha herpesvirus (HSV-1), betaherpesvirus (HCMV), and gammaherpesvirus (EBV) by CGs*

Mean ECs, (LM) * SD Mean CCy, (LM) £ SD SI
Virus Digoxin Ouabain Digoxin Ouabain Digoxin Ouabain Host cell
HCMV 0.036 * 0.00 0.017 £ 0.00 0.45 = 0.11 0.10 = 0.02 12.6 6.08 HFF
HCMV 0.086 * 0.01 0.021 £ 0.00 0.48 * 0.24 0.21 £ 0.07 5.6 10 U373
HSV-1 0.10 = 0.01 0.026 * 0.00 0.89 = 0.10 0.58 = 0.01 8.9 22 Vero
EBV 0.15 = 0.00 0.077 £ 0.01 0.217 £ 0.05 0.10 = 0.00 1.45 1.31 Akata

“The ECs, CCs, and selectivity index (SI) values of digoxin and ouabain against HCMV, HSV-1, and EBV in different cell lines are shown. The ECs, of digoxin against HCMV in
HEF cells has been reported to be 0.02 wM (13). The ECqs of digoxin and ouabain against HSV-1 in Vero cells were 0.15 and 0.04 M, respectively (7). Mean values of triplicate

determinations from three independent experiments are shown.

cer activities (25). The following experiments used digoxin and
ouabain as a proof of concept for antiviral activities.

Inhibition of HSV-1 and EBV replication by CG. HFFs were
infected with luciferase HSV-1-KOS/Dlux/oriS (48) at an MOI of
1 and treated with digoxin and ouabain (0.01 to 0.5 pM). Virus
replication was quantified by luciferase activity at 24 hpi. Lytic
EBYV replication was induced in Akata cells, and supernatants of
treated cells (digoxin, 0.05 to 0.5 wM; ouabain, 0.025 to 0.5 wM)
were collected after 4 days for real-time PCR of the EBV DNA
polymerase gene, BALF5 (27). CG inhibited HSV-1 and possibly
EBV replication. The most significant inhibition was observed for
HCMV (Table 1), but because of the toxicity profile in the tested
cell lines, the SI was not significantly different between HCMV
and HSV-1. The toxicity of CG in Akata cells, along with reduced
activity, resulted in a lower SI for EBV. Subsequent experiments
focused on CMV (human and mouse) inhibition by CG.

Pretreatment with CG is not required for HCMYV inhibition.
HFFs were incubated with CG 1 h prior to virus infection or after
virus adsorption. The luciferase activity was measured at 72 hpi.
Pretreated and nonpretreated cells showed similar degrees of virus
inhibition (Fig. 2A), suggesting that CG were not acting at the
stage of virus attachment or binding to cellular receptors.

Inhibition of HCMV DNA replication by CG. HFFs were in-
fected and treated with digoxin (0.1 wM), ouabain (0.05 pM), or
GCV (10 M). Genomic DNA was purified from infected, treated
cells after 48, 72, and 96 h, and the viral DNA replication was
quantified by real-time PCR (49). Treatment with CG resulted in
near-complete inhibition of HCMV DNA replication (Fig. 2B).

CG are early inhibitors of HCMV replication. To identify
what stage during virus replication was inhibited by CG, time of
addition and time of removal experiments were performed. In the
add-on group, compounds were added to infected HFFs at 0, 6, 12,
24,36, and 48 hpi, and the luciferase was measured at 72 hpi. In the
removal group, compounds were added immediately after virus
infection and were subsequently removed after 6, 12, 24, 36, and
48 h; luciferase was measured at 72 hpi. Treatment with CG re-
sulted in >90% inhibition of HCMV replication when added
prior to or at 12 hpi. When CG were removed at 24 hpi, complete
virus inhibition was already achieved, whereas GCV removal at
that time point resulted in 60% virus inhibition (Fig: 2C and D).
These data suggest that the effects of CG occur early in virus rep-
lication, prior to DNA replication.

CG inhibit HCMYV IE gene expression. The expression of IE
HCMV proteins IE1 and IE2 was quantified at 72 hpi (Fig. 3A, top
panel). Digoxin and ouabain at 0.05 and 0.1 M, respectively,
decreased IE1 expression by ~50 to 70% and ~65 to 90%,
whereas IE2 levels were undetected. The expression of the early

4894 aac.asm.org

genes UL84 and UL44 and the late gene pp65 was also undetect-
able at these concentrations of digoxin and ouabain (Fig. 3A).
Ouabain was a more potent inhibitor of virus protein expression,
similar to the luciferase assay data (Fig. 1).

The effect of CG on IE1 and IE2 protein levels was determined
at different times during virus replication (Fig. 3B). At all time
points the levels of IE1 and IE2 were significantly reduced in
treated HFFs (12 to 72 h). In contrast, at 12 and 24 hpi, there was
no inhibition of IE1 by GCV; a slight decrease in IE1 expression
was observed at 48 and 72 h. The levels of IE2 protein were signif-
icantly reduced by GCV at 48 and 72 h.

NF-kB expression is significantly downregulated by CG. The
expression of IE1 and IE2 proteins is regulated by the major IE
(MIE) enhancer containing promoter, a region containing multi-
ple binding sites for cellular transcription factors (TF) (17).
Transactivation of the MIE after infection is required for genera-
tion of the MIE transcripts, viral replication and production of
infectious virus. NF-kB is rapidly induced after HCMV infection
and plays a critical role in the efficient transactivation of MIE,
although other transcription factors such as the cyclic AMP re-
sponse element-binding (CREB) and AP1 also activate the MIE
(18, 26, 54). NF-kB levels were measured in infected and CG-
treated HFFs. The levels of NF-kB (p65) protein were significantly
reduced in total cell lysates at 12 hpi from HCMV-infected cells
treated with digoxin at 0.1 wM and ouabain at 0.05 uM (Fig. 3C).

Combination of digoxin/ouabain and GCV is additive. Since
CG inhibited HCMYV at an earlier time than GCV and were active
against a GCV-resistant HCMV strain, the combination of the
compounds was tested for additive/synergistic activity against
HCMYV replication. Using the Bliss independency model (21), the
combinations of digoxin or ouabain and GCV resulted in an ad-
ditive effect, suggesting independent mechanisms of action (Ta-
ble 2).

HCMYV inhibition by CG is associated with changes in hERG
expression. To assess whether the hERG gene contributed to the
activity of CG in HCMV-infected cells, HFFs were infected with
HCMYV Towne and levels of hERG mRNA were measured (Fig.
4A). There are two N-terminal splice variants of hERG, including
the full-length isoform 1 and the shorter isoform 1B (20). A sig-
nificant increase in hRERG1 and hERGIB transcripts was observed
in HCMV-infected HFFs compared to mock-infected cells at 12
hpi (Fig. 4A). Both digoxin and ouabain completely inhibited the
HCMV-mediated increase in hERG1 and hERG1B levels. The
downregulation of hERG was specific to CG because mRNA levels
of hERG in HCMV-infected cells treated with GCV were un-
changed. In addition, treatment of HCMV-infected cells with ar-
temisinin derivative (artesunate), an early inhibitor of HCMV
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with the indicated concentrations of digoxin or ouabain (no pretreatment). The luciferase activity was measured at 72 hpi as an indication for late HCMV gene
expression. VND, virus/no drug. The data represent mean values = the SD of triplicate determinations from two independent experiments. (B) Viral DNA
replication is inhibited by CG. HFFs were infected and treated with digoxin (0.1 wM), ouabain (0.05 uM), or GCV (10 uM), and viral DNA replication was
quantified by real-time PCR at 48, 72, and 96 hpi. NVND, no virus/no drug. The data represent mean values the = SD of triplicate determinations from two
independent experiments. (C and D) CG inhibit HCMV during the first 24 h of virus replication. (C) HFFs were infected with pp28-luc HCMV, and compounds
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at 72 hpi. The data represent mean values = the SD of triplicate determinations from two independent experiments.

replication, was not associated with changes in hRERG mRNA (Fig.
4B) (1, 4).

To determine the effects of CG on hERG protein expression in
HCMV-infected cells, U373 cells were transiently transfected with
hERG c¢DNA. At 6 h after transfection, the cells were infected and
treated with digoxin (0.1 uM) or ouabain (0.05 wM). There was a
significant increase in hERG1 protein expression in HCMV-in-
fected-hERG-transfected cells compared to noninfected hERG-
transfected-only cells at 24 h (Fig. 4C). Furthermore, treatment
with CG significantly inhibited the HCMV-mediated hERG1 up-
regulation at the mRNA and protein level (Fig. 4A and C). The
inhibition of hERGI protein expression by CG in CMV-infected
cells was not a result of inhibition of the CMV promoter in the
hERG-pcDNA3.1 plasmid because the same experiment per-
formed with an EGFP-C plasmid which expresses EGFP under the
control of the same CMV promoter revealed no significant
decrease in EGFP protein levels in DMSO- or CG-treated cells
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(Fig. 4D). In addition, transfection of U373 cells with a pRL-
CMYV reporter plasmid which expresses Renilla luciferase under
the control of the CMV promoter, followed by treatment with
digoxin, ouabain, or DMSO for 24 h revealed no significant
changes in Renilla luciferase expression between mock (DMSO)-
treated or CG-treated pRL-CMV-transfected cells.

To determine whether the effect of HCMV on hERG1 expres-
sion was specific to this channel, HFFs were infected with HCMYV,
and the expression of representative potassium channels
(KCNQ5, Kirl.1, and Kir2.1) was measured at 12 hpi. These three
channels were already expressed in noninfected HFFs, and their
mRNAs did not change significantly upon HCMYV infection (Fig.
4C). We quantified the changes in mRNA levels of hERG and the
other representative potassium channels in noninfected and
HCMV-infected HFFs by qRT-PCR. Although a significant in-
crease was observed in hERG1 and hERG1B mRNA (100- and
40-fold, respectively), the changes observed in mRNA levels of
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FIG 3 CG inhibit the expression of HCMV genes and NF-kB. (A) HFFs were infected and treated with the indicated concentrations of digoxin, ouabain, or GCV
(10 pM). The expression of immediate-early (IE1 and IE2), early (UL84 and UL44), and late HCMV proteins (pp65) was determined in cell lysates after 72 h. (B)
HEFF cells were infected with HCMV, treated with digoxin (0.1 M), ouabain (0.05 wM), or GCV (10 wM), and the expression levels of IE1 and IE2 proteins were
determined at the indicated time points. (C) HFF cells were infected with HCMV and treated with DMSO (control), digoxin, or ouabain at the indicated
concentrations. The concentration of GCV was 10 .M. The levels of NF-«kB (p65 subunit) protein were determined after 12 h in total cell lysates. B-Actin was

used as a sample loading control.

KCNQS5, Kirl.1, and Kir2.1 in HCMV-infected cells compared to
noninfected cells were <4-fold (Fig. 4G).

Downregulation of hERG transcription was also observed in
HSV-1-infected HFFs treated with CG (Fig. 5A). In the case of
EBV, a different pattern of hERG transcription was observed be-
cause endogenous hERG transcripts were already detected in the
cancer Akata cells. Induction of lytic EBV replication was associ-
ated with significant downregulation of hRERG (Fig. 5B). After lytic
replication, the levels of hERG transcripts remained low in cells
treated with CG but were restored in cells treated with GCV (Fig.
5B). Because both CG and GCV inhibited EBV Iytic replication,
these results suggest that hERG may play a role in the switch be-
tween the latent and lytic phases of EBV and that CG exert their
inhibitory effects on EBV replication at least in part by maintain-
ing the downregulation of hERG transcription.

Because HCMV upregulated hERG transcription/translation
and its expression levels were decreased at an early time point
upon treatment with CG, we evaluated whether specific hERG
inhibitors could inhibit HCMV replication. Dofetilide and E4031,
potent and specific inhibitors of hERG channels, were used at
concentrations ranging from 0.001 to 1 wM. These compounds
did not inhibit HCMV replication (data not shown). Therefore, in

TABLE 2 Combination of digoxin or ouabain and GCV*

HCMV-infected cells the effect of CG on hERG expression is in-
direct and involves a pathway downstream of the Na*,K™"-
ATPase.

CG do not inhibit MCMY replication. To determine whether
CG inhibit MCMYV replication, a plaque reduction assay was per-
formed. Concentrations of digoxin and ouabain as high as 100 and
50 wM, respectively, did not inhibit MCMYV replication, whereas
GCV (10 pM) completely inhibited MCMYV (data not shown).
The levels of mouse ERG (mERG) were quantified by RT-PCR in
both MCMV-infected and MCMV-infected/CG-treated cells.
There were nearly 120- and 4-fold increases in the mRNA levels of
mERG1 and mERGI1B, respectively, in MCMV-infected com-
pared to uninfected MEF cells. However, treatment with 50 uM
ouabain resulted in a <2-fold decrease in mERG1 and merglB
levels compared to infected-only cells (Fig. 5C). Thus, CG had no
significant effect on the mERG levels in MCMV-infected cells.

DISCUSSION

The viral DNA polymerase inhibitors (GCV, foscarnet, and cido-
fovir) effectively suppress virus replication, but their prolonged
use leads to significant side effects and the emergence of resistant
mutants (19, 43, 46).

Drug 1 Drug 2 Combination

Theoretical fold Actual fold
Drug (concn [wM]) Fold inhibition Drug (concn [wM]) Fold inhibition inhibition inhibition
GCV (2.5) 3.41 £ 0.02 Digoxin (0.025) 1.14 = 0.04 3.89 £ 0.06 4.05 = 0.01
GCV (2.5) 3.08 = 0.03 Quabain (0.015) 1.83 = 0.01 5.64 = 0.04 6.33 = 0.01

“ Combinations of digoxin or ouabain and GCV were tested for their effect on HCMV inhibition. The expected combined effect of two drugs was calculated using the Bliss
equation. Fold inhibition means = the standard deviations were calculated as the reciprocal of the fraction unaffected at a particular drug concentration. The ratio of the actual to
the theoretical fold inhibition is close to 1, suggesting that these combinations are additive. Mean values of triplicate determinations from three independent experiments are

shown.
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FIG 4 CG inhibit HCMV-mediated upregulation of hERG gene expression. (A and B) HFFs were infected with HCMV and treated with digoxin (0.1 wM) or
ouabain (0.05 pM) (A) or GCV or artesunate (AS) (10 pM each) (B). After 12 h, the levels of hERG1, hERG1B, and GAPDH mRNA were measured by RT-PCR.
(C) U373 cells were transiently transfected with hERG-pcDNA3.1 plasmid and at 6 hpi with HCMV. Immediately after infection cells were treated with DMSO,
digoxin (0.1 wM), or ouabain (0.05 M), and the levels of hERG1 protein and B-actin were determined by Western blotting after 24 h. (D) U373 cells were
transiently transfected with EGFP-C plasmid and after 6 h were infected with HCMV. After infection, the cells were treated with DMSO, digoxin (0.1 pM), or
ouabain (0.05 wM), and the levels of EGFP protein were determined by Western blotting after 24 h. (E) U373 cells were transfected with pRL-CMV plasmid and,
after 6 h, treated with the indicated concentrations of digoxin and ouabain. The Renilla luciferase activity was measured in cell lysates after 24 h. (F) HEF cells were
infected with HCMV, and the transcription of the potassium channels KCNQ5, Kir1.1, and Kir2.1 was determined by using RT-PCR at 12 hpi. (G) HFF cells were
infected with HCMV, and the levels of hERG1, hERG1B, KCNQ5, Kirl.1, and Kir2.1 were measured by qRT-PCR. For each gene, the relative change in gene
transcription between noninfected and infected cells was determined. Quantitative data represent mean values * the SD of triplicate determinations from two

independent experiments.

Compounds with specific effects on cellular pathways have
been reported to inhibit HCMV replication. In general, these can
be grouped into early inhibitors of HCMYV replication, i.e., inhib-
itors of phosphoinositide 3-kinase (PI3-K) (23), p38 mitogen-
activated protein kinase (MAPK) (22), and the tyrosine kinase
inhibitor Gleevec (45), and others active at multiple steps of virus
replication, including cellular cyclin-dependent kinase inhibitor,
roscovitine (41), and leflunomide and its active metabolite
FK778 (8).

CG have anticancer activities, and we now provide strong evi-
dence for their antiviral activities. We show that these compounds
are potent inhibitors of HCMYV replication at nanomolar concen-
trations, similar to the concentrations that inhibit cancer cell
growth (33). HSV-1 (alphaherpesvirus) and possibly EBV (gam-
maherpesvirus) were also inhibited by CG, suggesting the antiviral
activities may involve cellular pathways or a viral protein shared
by these herpesviruses. Because of the high sensitivity of the la-
tently infected Akata cells to CG, the selectivity index of these
compounds for EBV was less than that calculated for HCMV and
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HSV-1. Thus, inhibition of EBV replication requires further stud-
ies using other cell types.

Similar to the reported early inhibition of HSV-1 by CG (7),
HCMYV inhibition occurred early during virus replication. The
expression of IE1 and IE2 proteins was decreased in the presence
of CG, suggesting either an involvement of the MIE promoter and
its activation by cellular transcription factors or a process that
occurs after the transcription of the IE genes. The requirement for
NF-kB in the transactivation of the MIE promoter has been de-
scribed (3), and we show that CG significantly reduce the expres-
sion of NF-kB. We note that the MIE promoter has been shown to
be activated by multiple transcription factors, and our data sug-
gest that CG do not affect its transcription. Thus, the low levels of
NF-kB protein measured at 12 hpi may represent an effect that
occurs after the activation of the MIE.

How would CG inhibit HCMV? These compounds bind to the
Na*,K"-ATPase that has an established role in ion transport.
However, this pump has additional cellular activities, such as the
regulation of cell growth and the expression of various genes (37).
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FIG 5 hERG expression in other herpesviruses. (A) HFF cells were infected
with HSV-1 and then treated with digoxin (0.1 wM) or ouabain (0.05 uM).
The mRNA levels of hERG1, hERG1B, and GAPDH were then determined at
12 hpi using RT-PCR. (B) Akata (EBV ") cells were induced by goat antihuman
IgG, and the cells were treated with digoxin, ouabain, or GCV at the indicated
concentrations. The transcription levels of hRERG were determined by RT-PCR
after 48 h. (C) MEFs were infected with MCMYV, and the mRNA levels of
mERG1, mERG1B, and GAPDH were measured at 12 hpi by using qRT-PCR.
The concentration of ouabain used was 50 wM. Quantitative data represent
mean values = the SD of triplicate determinations from two independent
experiments.

Binding of CG to the Na™,K*-ATPase triggers a signaling cascade
(signalosome), resulting in activation of the protein tyrosine ki-
nase Src, which transactivates epidermal growth factor receptor,
Ras, and MAPKSs. The diverse mechanisms of control of cell pro-
liferation have been reviewed in detail (42). Some of the involved
pathways are also used by HCMYV for its efficient replication (53),
and the fact that NF-kB expression was decreased in CG-treated
cells supports this interpretation. Currently, there is no evidence
to support direct inhibition of a virus-specific protein by CG.
Proof that these compounds indeed target a specific viral protein
will require demonstration that they can select for resistant viral
mutants (16). These studies are ongoing. Alternatively, CG may
target a cell protein or pathway(s) that are critical for the replica-
tion of herpesviruses.

Another mechanism that could link inhibition of cancer cells
and HCMV by CG involves an interaction between the Na*,K™-
ATPase and other ion channels. We show that HCMV signifi-
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cantly upregulate hERG transcription as early as 12 hpi, while CG
downregulate its transcription. qRT-PCR showed that the tran-
scription of three other potassium channels was unchanged dur-
ing HCMV infection. The hERG gene has been associated with
multiple cancers and appears to be important in cancer progres-
sion in vivo. Its role in virus infections has not been studied (2, 35,
36). Although MCMYV infection resulted in the upregulation of
mERG, treatment with CG did not inhibit virus replication, and
mERG levels were unchanged during infection and treatment with
CG. Interspecies differences in the effects of CG have been noted
in studies using a variety of cells (12, 40). Transformation of hu-
man lymphocytes in vitro by phytohemagglutinin was sensitive to
ouabain, but rat cultures were relatively insensitive (38). In addi-
tion, tumor cell sensitivity to CG was reported to be species de-
pendent. Although nontoxic to rodent-derived tumor cell lines,
CG are potent inhibitors of human tumor cells (39). These differ-
ences in activity may be due to changes in the structure of the
Na*,K*-ATPase among species.

At therapeutic concentrations (0.0006 to 0.0015 pM), digoxin
is unlikely to inhibit HCMYV replication based on the in vitro con-
centrations reported here. However, work has shown that digi-
toxin may have anticancer effects at concentrations commonly
found in cardiac patients (0.02 to 0.033 uM) (14, 29). Based on
our in vitro concentrations of HCMV inhibition by digitoxin
(EC5o = 0.016 pM = 0.00), digitoxin may have inhibitory effects
on HCMV in vivo. Thus, studies of additional CG with potential
clinical application are needed.

In conclusion, CG are potent inhibitors of HCMV replication
and IE gene expression. Their effects correlate with the transcrip-
tion and translation of hERG. Future studies may characterize the
signaling and chaperons involved in this interaction.
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