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ABSTRACT The dependence of adenovirus on the host pre-RNA splicing machinery
for expression of its complete genome potentially makes it vulnerable to modulators
of RNA splicing, such as digoxin and digitoxin. Both drugs reduced the yields of four
human adenoviruses (HAdV-A31, -B35, and -C5 and a species D conjunctivitis isolate)
by at least 2 to 3 logs by affecting one or more steps needed for genome replica-
tion. Immediate early E1A protein levels are unaffected by the drugs, but synthesis
of the delayed protein E4orf6 and the major late capsid protein hexon is compro-
mised. Quantitative reverse transcription-PCR (qRT-PCR) analyses revealed that both
drugs altered E1A RNA splicing (favoring the production of 13S over 12S RNA) early
in infection and partially blocked the transition from 12S and 13S to 9S RNA at late
stages of virus replication. Expression of multiple late viral protein mRNAs was lost
in the presence of either drug, consistent with the observed block in viral DNA repli-
cation. The antiviral effect was dependent on the continued presence of the drug
and was rapidly reversible. RIDK34, a derivative of convallotoxin, although having
more potent antiviral activity, did not show an improved selectivity index. All three
drugs reduced metabolic activity to some degree without evidence of cell death. By
blocking adenovirus replication at one or more steps beyond the onset of E1A ex-
pression and prior to genome replication, digoxin and digitoxin show potential as
antiviral agents for treatment of serious adenovirus infections. Furthermore, under-
standing the mechanism(s) by which digoxin and digitoxin inhibit adenovirus repli-
cation will guide the development of novel antiviral therapies.

IMPORTANCE Despite human adenoviruses being a common and, in some in-
stances, life-threating pathogen in humans, there are few well-tolerated therapies. In
this report, we demonstrate that two cardiotonic steroids already in use in humans,
digoxin and digitoxin, are potent inhibitors of multiple adenovirus species. A syn-
thetic derivative of the cardiotonic steroid convallotoxin was even more potent than
digoxin and digitoxin when tested with HAdV-C5. These drugs alter the cascade of
adenovirus gene expression, acting after initiation of early gene expression to block
viral DNA replication and synthesis of viral structural proteins. These findings vali-
date a novel approach to treating adenovirus infections through the modulation of
host cell processes.
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Adenovirus infections are common in the human population, as indicated by the
high seroprevalence of antiadenovirus antibodies (ranging from 80 to 90% in

sub-Saharan Africa to 30 to 70% in Europe and North America) (1). At least 70 types of
human adenoviruses (HAdVs) have been recognized to date and classified into seven
species (A to G) based on their genetic relatedness (1, 2). Although most adenovirus
infections are likely to be subclinical, infection can be manifested by relatively mild
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upper respiratory tract disease as well as more serious bronchiolitis and pneumonia and
by diarrhea and conjunctivitis. Some adenovirus types infect specific tissues, whereas
other types can infect multiple sites (1). For example, HAdV-D8 and HAdV-D19 pre-
dominantly infect the eye, causing serious epidemic keratoconjunctivitis (EKC) that can
lead to visual impairment (3). HAdV-C5 typically causes mild upper respiratory tract
infections but can spread to cause disseminated disease in immunocompromised
hosts. Certain species B adenoviruses, including types 3, 7, and 21, tend to cause more
severe respiratory disease, even in immunocompetent hosts. Case fatality rates for
disseminated disease and for severe pneumonia can be more than 50% (4, 5). At
present, there is no approved treatment for adenoviral infection. Cidofovir (a deoxy-
cytosine monophosphate analog) and brincidofovir (CMX001) (a lipid ester form of
cidofovir), which target the viral DNA polymerase, have shown success in the clinic but
are associated with significant toxicity to the kidney and gastrointestinal tract, respec-
tively (6–10). Consequently, new strategies are required to control these infections.

The cardiotonic steroids digoxin and digitoxin have been used to treat heart failure
for more than 200 years, initially as powdered leaves of digitalis (foxglove) plants and
later in purified form (11–14). Over the past few decades, their potential for treatment
of cancer has been recognized, with studies showing that patients taking these drugs
have a significant reduction in relapse after the initial cancer diagnosis (15–18). Their
potential as antiviral agents was recognized by Hartley et al. (19), who reasoned that
ionic changes within the cell would prevent replication of selected viruses, including
herpesvirus and adenovirus. Here, we expand on the initial observation (19) that
showed inhibition of adenovirus replication in a plaque reduction assay with digoxin.
Both digoxin and digitoxin block the Na�/K� ATPase (NKA) on the cell surface (20–24).
Treatment with either drug increases intracellular levels of Na�, which subsequently
increases intracellular Ca2� levels due to effects on the Na�/Ca2� exchanger (NCX)
used to efflux Ca2� (21, 23, 25). Although effects of cardiotonic steroids previously were
attributed to alterations in intracellular K� and Ca2� levels, it is now recognized that
the NKA is an important signaling molecule for regulation of cell function (26, 27).
Binding of cardiotonic steroids to the NKA induces multiple signaling cascades through
modulation of neighboring tyrosine kinases, including src, ultimately affecting gene
expression (15, 24, 27).

Signaling pathways can affect RNA splicing by modulating the activity of splicing
factors (28). Evidence linking cardiotonic steroids and splicing came from screens for
small-molecule modulators of RNA splicing (29). The cardiotonic steroids induce alter-
ations of a subset of SR proteins (SRSF3 and Tra2�) that are known to regulate RNA
processing and thereby affect a limited subset of host splicing events (30). In the
context of HIV-1, cardiotonic steroids are potent inhibitors of virus replication due to
the modulation of viral RNA processing. Specifically, they enhance splicing of the
primary viral transcript, resulting in loss of RNAs encoding the HIV-1 structural proteins
(31). Repression of HIV-1 replication by cardiotonic steroids depends on NKA inhibition
but does not require the associated increase in levels of intracellular Ca2�, consistent
with inhibition mediated by cellular signaling pathways that modulate host factors
involved in splicing (32).

Adenoviruses rely heavily on host RNA splicing machinery to express the full
complement of viral proteins. Indeed, pre-mRNA splicing was first discovered in ade-
novirus transcripts (33, 34). The adenovirus genome is 30 to 36 kb in length (35) but
generates more than 50 proteins in a regulated fashion through a combination of
transcriptional and posttranscriptional control (36, 37). Five early transcription units
(E1A, E1B, E2, E3, and E4) and two intermediate transcription units (protein IX and IVa2),
each with its own promoter, are used for expression of 34 mRNAs generated largely by
alternative splicing of primary transcripts (38). Late gene expression begins with the
onset of genome replication (39). From that time onwards, 17 viral proteins are all
produced from a single major late promoter through alternative polyadenylation and
splicing of a common transcript (36, 38, 40). Given the dependence of adenoviruses on
host RNA splicing machinery, it seemed reasonable that small-molecule modulators of
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RNA splicing might be effective antiviral agents in this context. Accordingly, this study
was initiated to examine the effects of digoxin and digitoxin on adenovirus replication,
beyond the plaque reduction data of Hartley et al. (19).

RESULTS
Digoxin and digitoxin inhibit adenovirus replication. We examined the extent to

which digoxin and digitoxin affect adenovirus replication in A549 cells, given that
adenovirus replication depends on regulation of RNA processing and that cardiotonic
steroids alter RNA splicing (29) and potently inhibit HIV-1 replication (31) by altering
viral RNA processing. Initial experiments screened digoxin and digitoxin, at a range of
concentrations, for their ability to inhibit replication of HAdV-C5 in A549 cells. Each
drug, when added at the end of the adsorption period, showed a concentration-
dependent reduction in the number of infected cells, as determined by immunode-
tection of hexon (major capsid protein) at 24 h postinfection (p.i.), with no apparent
damage to the cells (Fig. 1). In subsequent experiments to measure the yield of
infectious progeny virus, each drug reduced virus yield by at least 2 logs (Fig. 2).
Furthermore, antiviral activity was observed for adenoviruses from four different spe-
cies (HAdV-A31, HAdV-B35, HAdV-C5, and a species D isolate from a case of conjunc-
tivitis). The two drugs showed similar dose responses, with maximum inhibition at a
concentration of 100 to 150 nM. The cellular toxicity of digoxin and digitoxin was
assessed using alamarBlue to reflect metabolic activity and using viable counts with
trypan blue (Fig. 3). Metabolic activity after 24 h of exposure to 100 to 150 nM digoxin
and digitoxin was reduced to 75 to 80% and 55 to 60%, respectively, of that of
untreated cells. Despite reduced metabolic activity, there was no apparent effect on cell
viability by trypan blue exclusion, and cell counts were comparable to those for
untreated cells.

Digoxin and digitoxin block replication prior to viral DNA synthesis. Initial
experiments to define the block in replication analyzed expression of the immediate
early protein E1A and the major late capsid protein hexon by Western blot analysis and
immunofluorescence (IF) staining of infected cells. Consistent with initial screening
experiments (Fig. 1), hexon expression at 24 h p.i. was detectable in fewer than 10% of
the treated cells in the presence of either digoxin or digitoxin (Fig. 4A). E1A was
detectable by IF in untreated cells as early as 2 h p.i. as a dull signal in a minority of the
population (less than 1%) (data not shown). The signal intensity and the proportion of

FIG 1 Initial screening identifies digoxin and digitoxin as potential adenovirus inhibitors. A549 cells in 96-well plates were
infected at 1 day postseeding with HAdV-C5 and treated with different concentrations of digoxin or digitoxin at the end of
the adsorption period, in parallel with uninfected cells. Cells were fixed at 24 h p.i. for immunodetection of hexon (green) as
described in Materials and Methods. Nuclei were stained with DAPI (blue). The image shown is representative of cells treated
with digitoxin.
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positive cells increased with time up to 8 h p.i., when most cells showed a strong E1A
signal (Fig. 4B). There was only a limited effect of digoxin or digitoxin on E1A expression
or on the proportion of cells expressing detectable E1A, as determined by Western
blot analysis and IF staining of infected cultures, respectively, at 8 h p.i. (Fig. 4B),
indicating that the drugs did not compromise genome delivery or immediate early
gene expression but blocked one or more steps prior to late gene expression. The
delayed early protein E4orf6 was affected to some degree (Fig. 5). About 30% of
untreated cells were positive for E4orf6 expression by IF at 8 h p.i., with 12% and 6%
cells staining positive in digoxin- and digitoxin-treated cultures, respectively (Fig. 5A).
By 24 h p.i., the majority of cells (�85%) stained positive for E4orf6, with or without
drug, though the signal appeared to be somewhat weaker in treated cells (Fig. 5B).

In light of the effects of digoxin and digitoxin on viral protein expression, we
examined what was happening at the level of viral RNA accumulation/processing.
Splicing of the E1A transcript results in three major species, 13S, 12S, and 9S, generated
by the use of different 5= splice sites and a common 3= splice site (41, 42). The 13S and
12S species are predominant at early times postinfection whereas the 9S species
becomes predominant late in infection (37), as seen with the untreated samples in our
study (Fig. 6A). Specifically, at 8 h p.i., 13S and 12S E1A RNAs were present at
comparable levels and were the predominant forms detected, with only �10% being
9S (Fig. 6A). By 24 h p.i., the 9S form represented �95% of the E1A RNAs detected.

FIG 2 Digoxin and digitoxin suppress replication of multiple adenovirus species. A549 cells in 6-well
plates were infected at 1 day postseeding. After 60 min of adsorption at 37°C, the inoculum was removed
and replaced with culture medium containing DMSO, digoxin, or digitoxin. Cells and media were
collected together at 24 h p.i. for titration of total virus by endpoint dilution in 293 cells. Data points
represent average titers of duplicate samples. Error bars represent standard error of the mean from three
experiments for HAdV-C5 with each drug and HAdV-A31 with digoxin and for two experiments for
HAdV-A31 with digitoxin and HAdV-D (conjunctivitis isolate) with digoxin. Only one experiment was
done for HAdV-D with digitoxin and HAdV-B35 with each drug.
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Treatment with either drug altered the relative proportion of E1A RNA isoforms. At 8 h
p.i., the proportion of E1A 13S RNA was increased in the presence of drug at the
expense of both 12S and 9S RNAs. At 24 h p.i., 9S RNA was predominant with and
without drug, but in the drug-treated cells, 12S and 13S RNAs together accounted for
20 to 30% of the total E1A transcripts, compared to barely detectable amounts in
untreated cells. Consistent with the reduced expression of hexon (Fig. 1 and 4), RNAs
coding for late proteins 100K, fiber, hexon, and penton base (Fig. 6B) were barely
detectable in drug-treated cells.

Since the adenovirus genome must undergo replication before it can serve as a
template for late gene expression (37, 39), it was of interest to determine whether
reduced expression of late viral proteins was due to reduced genome replication. As
determined by quantitative PCR (qPCR), treatment with either digoxin or digitoxin
drastically reduced genome levels at 20 and 22 h p.i., respectively (Fig. 7). Given that
adenovirus infection also results in alterations in the subcellular distribution of the
splicing regulatory SR proteins due to E4orf4 expression, we examined whether digox-
in/digitoxin could block this response. As shown in Fig. 8, adenovirus infection did
induce a marked alteration in the subnuclear distribution of the SR-related protein
Tra2�, a response that was blocked upon addition of either digoxin or digitoxin.

Effect of time of addition of digoxin/digitoxin on modulation of adenovirus
gene expression. Given that E1A expression was only moderately affected by addition
of drugs at the end of the adsorption period, it was of interest to determine whether
E1A expression could be affected to a greater degree by pretreatment of cells prior to
infection. Pretreatment for as little as 4 h not only reduced hexon expression (data not

FIG 3 Digoxin and digitoxin have minimal cytotoxic effects on A549 cells. Cells treated with digoxin (A)
or digitoxin (B) were compared to DMSO-treated cells in an alamarBlue metabolic assay and by viable
counts with trypan blue exclusion. Cells in a 96-well plate were treated at 1 day postseeding with digoxin
or digitoxin at different concentrations (with duplicate wells at each concentration), and alamarBlue was
added 24 h later. For viable counts, cells seeded in a 24-well plate were treated at 1 day postseeding with
DMSO or with digoxin or digitoxin at different concentrations, in duplicate. After 24 h of drug exposure,
cells were trypsinized and the suspension diluted with culture medium and then added to an equal
volume of 0.3% trypan blue. Cells were counted with disposable hemocytometers containing 10 grids.
More than 99% of the cells excluded trypan blue. The viable cell count in each well containing drug was
normalized to the count in the DMSO-treated wells in the same experiment. Error bars in both panels
represent the standard error of the mean from three experiments.
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shown), as expected, but also reduced levels of E1A protein provided that drug was still
present after infection (Fig. 9A). The effect of pretreatment for as long as 24 h prior to
infection was lost when drug was removed at the time of infection, indicating that the
drugs were not toxic and that any effect on the host cell was reversible.

Time-of-addition experiments also indicated that digoxin and digitoxin have maxi-
mal effect on virus replication between 2 and 8 h p.i. Either compound could be added
at 2 h p.i. and still compromise viral protein expression to the same degree as drug
added immediately at the end of the adsorption period (T0). When added at 8 h p.i., the

FIG 4 Differential effect of drug treatment on expression of hexon and E1A proteins. A549 cells infected with
HAdV-C5 were harvested for immunodetection of hexon at 24 h p.i. (A) or of E1A at 8 h p.i. (B) by fluorescence
microscopy and Western blot analysis. Blots were reprobed for �-tubulin to verify protein loading. Numbers below
the E1A blot indicate the relative expression of the viral protein normalized to the level in DMSO-treated cells. The
graphs show the proportion of cells expressing the protein of interest as determined by counting the number of
antibody-stained cells and the total number of nuclei (DAPI) in four or five random fields in each of two
experiments for E1A and four to eight random fields in each of three experiments for hexon. Data are based on
more than 200 cells per condition for E1A and more than 1,000 cells per condition for hexon. Error bars show the
standard error of the mean from two (E1A) or three (hexon) experiments. ns, not significant in an unpaired, 2-tailed
Student t test.
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drugs still blocked hexon expression in some cells, though in fewer cells than when
drug was added immediately after virus adsorption or at 2 h p.i. (Fig. 9B and C).

The cardiac glycoside derivative RIDK34 has enhanced antiviral activity. In the
search for drugs with greater potency and potentially reduced toxicity in vivo, we tested
RIDK34 (Fig. 10A), a synthetic derivative of convallotoxin (43). RIDK34 at only 12.5 nM
achieved the same 3.5-log reduction in virus yield that was achieved with 150 nM
digoxin (Fig. 10B). Metabolic activity at concentrations above 12.5 nM was 60% of that
in untreated cells, but viable counts with trypan blue showed no evidence of cell death
(Fig. 10D). Similar to the case for digoxin and digitoxin, RIDK34 had only a limited effect
on E1A expression when added at the end of the adsorption period but dramatically
reduced hexon synthesis (Fig. 10C), attributable to reduced viral genome replication
(Fig. 10E).

DISCUSSION

The potential of cardiotonic steroids as antiviral agents was recognized by Hartley
et al. (19), who reported that replication of adenovirus and three herpesviruses (herpes
simplex virus [HSV], varicella-zoster virus [VZV], and cytomegalovirus [CMV]) was inhib-
ited by digoxin. The overall effect was attributed to an inhibition of viral DNA synthesis
due to lowered levels of intracellular K�, though genome replication was not assessed
directly. Using a different approach, our study confirmed the antiviral effect of digoxin
on adenovirus replication and identified the time frame during which digoxin, digitoxin,
and RIDK34 exert their antiviral effect. Expression of immediate early E1A protein was
not markedly affected unless cells were pretreated with drug, suggesting that the onset
of E1A expression normally began before the drug took effect. Expression of the
delayed early E4orf6 protein was compromised at 8 h p.i., but the difference in

FIG 5 Effect of digoxin and digitoxin on adenoviral E4orf6 protein expression. A549 cells were infected
with HAdV-C5, treated with digoxin or digitoxin immediately after the adsorption period, and then fixed
at 8 h p.i. (A) and at 24 h p.i. (B) for immunodetection of E4orf6. Nuclei are stained with DAPI. The
proportion of cells positive for E4orf6 protein expression is based on total counts of �500 cells in 12 to
14 random fields for each condition in panel A and 300 to 400 cells in 8 or 9 random fields for each
condition in panel B. Error bars show the standard error of the mean from two (B) or three (A)
experiments. An unpaired, 2-tailed Student t test was used to determine P values.
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drug-treated and untreated cells was minimal at 24 h p.i. The extent to which reduced
E4orf6 levels contributed to subsequent events is not known. It was clear, however, that
genome synthesis was blocked. Without replication, the genome cannot serve as a
template for late transcription (39, 44). Consequently, the block in late gene expression
and lack of relocalization of the host factor Tra2� were likely secondary to the block in
genome replication.

The time-of-addition experiments give some insight into the timing of inhibition. A
4-h pretreatment, with continued presence of drug after infection, was sufficient to
reduce expression of immediate early E1A expression, showing that antiviral activity
was established within 4 h. Addition of drug at 2 h p.i., with no pretreatment, had the
same inhibitory effect on hexon expression as addition of drug at the end of the
adsorption period. Together, this evidence suggests that the antiviral state is estab-
lished within 2 to 4 h after the drug is added. Given that the drug can still have some
effect when added as late as 8 h p.i., it appears that the drug exerts its antiviral effects
by compromising processes taking place in the interval from 2 to about 10 h p.i.,
following the onset of E1A expression and prior to genome synthesis. Knowing that
drug added to cells 24 h prior to infection can inhibit E1A protein expression means
that the drug was still active after 24 h. The inhibitory effect of pretreatment was lost
unless the drug was also present after infection, indicating that drug-induced changes
can be rapidly reversed.

FIG 6 Digoxin and digitoxin alter the accumulation of adenoviral mRNAs. A549 cells were infected with
HAdV-C5 and treated with digoxin or digitoxin (100 nM) immediately after the adsorption period. Total
RNA was extracted from cells collected at 8 h and 24 h p.i. (A) Amplicons from RT-PCR were fractionated
on polyacrylamide gels, and the relative abundance of E1A RNA isoforms was determined by integration
of signal for amplicons corresponding to spliced isoforms. (B) Relative abundance of mRNAs encoding
100K, fiber, hexon, or penton base protein, as determined by qRT-PCR. Values shown are normalized to
levels in samples treated with DMSO alone. Error bars show the standard error of the mean from three
experiments.
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The mechanism by which digoxin and digitoxin inhibit adenovirus replication has
yet to be fully characterized. If the drugs are modulating signal transduction, it might
be expected that virus replication would be compromised, given the importance of
signal transduction for virus entry and trafficking as well as subsequent events in the
virus replication cycle (45–49). In the current study, digoxin and digitoxin usually were
added at the end of a 60-min adsorption period, by which time HAdV-C5 genome
delivery is complete (50). Digoxin has been shown to increase the formation of
promyelocytic leukemia (PML) bodies (51), which are known to have an antiviral
function (52, 53), but E1A expression in the presence of digoxin argues against
inhibition by PML bodies (51–53). However, reduced uptake, genome delivery, and/or
increased formation of PML bodies may have contributed to the reduction in E1A
expression when cells were pretreated with drug.

It is possible that the inhibitory effect of the drugs reflects altered splicing, as seen
with HIV (31). The change in the relative proportions of 13S, 12S, and 9S E1A mRNAs at
8 h p.i. in treated compared to untreated cells is consistent with altered RNA process-
ing, but the extent to which these changes influence subsequent steps is not known.
Continued low-level expression of 13S and 12S RNAs at 24 h p.i., in the presence of
drugs, may reflect altered RNA processing but cannot be responsible for the reduced
yield of virus harvested 24 h p.i. Analysis of the effect of digoxin/digitoxin on expression
of E2 and E4 proteins is warranted. Whereas E2 proteins, including DNA polymerase,
single-stranded DNA binding protein, and preterminal protein, are essential for genome
replication, certain E4 proteins are known to alter the activity of host splicing factors
associated with changes in viral RNA processing during the course of the replication

FIG 7 Digoxin and digitoxin block adenovirus genome replication. A549 cells were infected with
HAdV-C5 and treated with 100 nM digoxin (A) or 100 nM digitoxin (B) immediately after the adsorption
period. Cells were collected at 0, 10, 16, and 20 or 22 h p.i., total DNA was extracted, and the level of
adenovirus DNA was determined by qPCR. The relative amount of viral DNA at each time point is plotted
as the ratio of viral DNA to cellular TBP DNA (E3/TBP). The results represent three independent
experiments for digoxin (A) and two independent experiments for digitoxin (B), with each sample
analyzed in duplicate. Error bars show the standard error of the mean.
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cycle (54, 55). Regulation of splice site usage by SR proteins is modulated by the extent
of their phosphorylation (28, 56–58). E4orf4 recruits the PP2a phosphatase to dephos-
phorylate SR proteins, affecting their ability to regulate RNA processing (54). Of
particular note, responses to cardiac glycoside addition in our study mimicked effects
seen upon overexpression of the SR protein ASF/SF2 (SRSF1). SRSF1 overexpression
impaired the late accumulation pattern of E1 transcripts and blocked viral DNA
replication, attributed to a block in splicing of E2B transcripts, with a two-log reduction
in infectious virus yield (59).

Regardless of the precise mechanism of action, digoxin and digitoxin reduce the
yields of four different species (A to D) of adenoviruses by at least 2 logs. Given the
absence of well-tolerated therapies for adenovirus infection, repurposing digoxin as an
antiviral agent is of interest, particularly given the wealth of clinical data that have
accumulated over the years during which digoxin has been used to treat heart disease.
Although digoxin has been associated with toxicity (20, 60), the use of cardiac glyco-
sides as antivirals would be short term, in contrast to the chronic use in patients with
heart disease. In this study, digoxin and digitoxin reduced virus yields by 2 to 4 logs
when used at concentrations of 100 to 150 nM, which are below the tissue concen-
trations associated with toxicity in vivo (61, 62). Although metabolic activity was
compromised to some degree (Fig. 3), there was no change in appearance of the cells
and no evidence of cell death in cultures exposed to these drugs for 24 h or more.
Accordingly, the reduced yield of progeny virus cannot be attributed to cell death.

Due to possible resistance to using digoxin in the clinic, it was of interest to identify
a drug with the potential of having a better selectivity index (SI) in cell culture, as a
predictor of a better therapeutic index in vivo. RIDK34 (43) was more potent than
digoxin in terms of antiviral activity, achieving a 3.5-log reduction in virus yield at a
concentration of only 12.5 nM, but did not show reduced cytotoxicity. RIDK34 com-
promised metabolic activity to a greater degree than did digoxin at the effective
antiviral concentration (Fig. 11). As with digoxin, however, there was no evidence of cell
death (Fig. 10D). Neither drug reduced metabolic activity by as much as 50%, even at
concentrations up to 1,000 nM (Fig. 11). It is difficult to predict how reduced metabolic
activity might affect toxicity in vivo, though it might be predicted that cells would
recover normal metabolism after removal of the drug.

FIG 8 Addition of digoxin or digitoxin inhibits redistribution of host SR proteins in infected cells. A549
cells were either uninfected or infected with HAdVC5 and treated with DMSO, digitoxin (100 nM), or
digoxin (100 nM) immediately after removal of the virus inoculum. Cells were fixed at 24 h p.i. and stained
for DNA (DAPI) or for Tra2�. Images were taken using a 63� oil objective. Shown are representative
images from three independent experiments.
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Apart from use to treat severe respiratory and disseminated disease, these drugs
seem attractive as potential agents for topical treatment of epidemic keratoconjuncti-
vitis and, even prophylactically, to treat close contacts of patients with EKC. It is not
clear why a phase 2 trial for use of digoxin in adenovirus keratoconjunctivitis was
discontinued (http://adisinsight.springer.com/drugs/800018650). A more recent phase
2 trial testing digoxin, alone and in combination with furosemide (19), for treatment of
cutaneous warts due to human papillomavirus has been completed (https://clinicaltrials
.gov/show/NCT02333643), but results have not been reported. The documented antiviral
activity of cardiotonic steroids against HIV-1 (31), multiple DNA viruses (adenovirus,
human papillomavirus [HPV], and herpesvirus [19, 63]), and several unrelated RNA
viruses (alphaviruses, reoviruses, and vesicular stomatitis virus) (64) suggests that they
mediate their antiviral activity through a common host cell function, such as RNA
processing, required for viral gene expression. Greater understanding of the mecha-
nism(s) by which digoxin and digitoxin act to effect such a dramatic reduction in virus

FIG 9 Effect of pretreatment and time of addition of digoxin and digitoxin on adenovirus E1A and hexon
expression. (A) A549 cells were incubated with 100 nM drug for 24 h (24PT), 12 h (12PT), or 4 h (4PT) prior
to infection with HAdV-C5. After 60 min of adsorption, the inoculum was replaced with medium
containing DMSO alone (no posttreatment) or containing 100 nM digoxin or digitoxin (� posttreatment).
Cells were harvested at 8 h p.i., and levels of E1A expression were determined by Western blot analysis.
The relative expression levels of E1A, normalized to the level in untreated cells, are shown below the blot.
(B) Cells were infected with HAdV-C5, and drugs (100 nM) were added either immediately after the
adsorption period (t � 0 h p.i.) or at 2 or 8 h p.i. (t � 2 h p.i. or t � 8 h p.i.). Cells were fixed at 24 h p.i.
for immunodetection of hexon by fluorescence microscopy. (C) The proportion of cells staining positive
for hexon is based on counts from four to eight random fields in each of three independent experiments,
with the exception of digitoxin added at 2 h p.i. (six random fields in one experiment). The total cell count
for each condition exceeded 1,000. Error bars represent the standard error of the mean from three
experiments.
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replication will guide the development of novel agents, with little to no toxicity, for the
treatment of multiple viral infections.

MATERIALS AND METHODS
Compounds. Digoxin and digitoxin were purchased from Sigma-Aldrich. RIDK34 was derived syn-

thetically from convallotoxin, as described by De Gouveia (43). Drugs were dissolved in dimethyl
sulfoxide (DMSO) at a stock concentration of 10 mM and stored at �20 C.

Viruses and cells. A549 cells (human lung carcinoma) were obtained from the American Type
Culture Collection (ATCC) at passage level 76 and used between passages 89 and 110. HEK 293 (human
embryonic kidney) cells (65, 66) were obtained from F. Graham, McMaster University, Hamilton, Ontario,
Canada, at passage 24 and were used between passages 58 and 90. All cells were maintained in minimal

FIG 10 The analog RIDK34 has increased antiviral activity relative to that of digoxin. (A) Structure of
RIDK34. (B) Yield reduction assay. Cells were infected with HAdV-C5, treated with RIDK34 or digoxin, and
harvested at 24 h p.i. for assay of total virus by endpoint dilution. Data represent the results of three
experiments. Error bars show the standard error of the mean. (C) E1A and hexon expression in HAdV-C5
infected cells incubated with DMSO or 12.5 nM RIDK34 and harvested at 8 h p.i. (E1A) or 24 h p.i. (hexon).
Data are representative of results from three experiments. (D) Effect of RIDK34 on cell metabolism and
viability. Following infection with HAdV-C5, cells were treated with the indicated concentrations of
RIDK34. After 24 h, metabolic activity was assessed using alamarBlue and cell viability by counts with
trypan blue. More than 99% of the cells excluded trypan blue. The results shown are the averages from
three independent assays. (E) qPCR analysis of adenovirus genome amplification in cells incubated with
DMSO or 12.5 nM RIDK34 and harvested at 0, 10, 16, and 22 h p.i. The relative amount of viral DNA at
each time point is plotted as the ratio of viral DNA to cellular TBP DNA (E3/TBP). Results represent two
independent experiments, with each sample analyzed in duplicate. Error bars represent the standard
error of the mean.
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essential medium (MEM) supplemented with 10% fetal calf serum (FCS) plus penicillin (100 U/ml) and
streptomycin (100 �g/ml). alamarBlue metabolic assays were performed according to the manufacturer’s
recommendations (ThermoFisher). Hybridoma cells (2Hx-2) were obtained from the ATCC and cultured
in MEM as described for A549 cells but supplemented with additional glucose (final concentration, 0.5%).
HAdV-C5 was initially obtained from the ATCC. Other viruses were isolated from clinical specimens,
specifically, stool of a pediatric patient with diarrhea (HAdV-A31), lung tissue from a fatal infection in a
neonate (HAdV-B35), and an eye swab from an adult patient with uncomplicated conjunctivitis (HAdV-D).

Virus propagation and assay. All viruses were propagated in 293 cells and used in experiments at
passage level 3 following primary isolation from clinical samples or receipt from the ATCC (HAdV-C5). 293
cells in tissue culture flasks were infected at input multiplicity of infection (MOI) of �0.1 and harvested
when cytopathic effect (CPE) was complete. Cells were collected by centrifugation for 10 min at 2,000 �
g, resuspended in a small volume of culture medium, and then disrupted with five cycles of freezing and
thawing to produce cell lysates. The lysate was clarified by centrifugation for 10 min at 2,000 � g.
Clarified lysate and culture fluid were assayed for infectious virus by endpoint dilution in 293 cells, using
60-well Terasaki plates (Sarstedt), as described previously (67). Titers were calculated by the statistical
method described by Reed and Muench (68) and expressed as infectious units (IU)/ml (67).

Effect of drugs on adenovirus yield. A549 cells were seeded in 6-well plates at a density of 500,000
cells per well. Cells were infected at 1 day postseeding at input MOIs of 100 to 400 for HAdV-C5 and -A31,
5 for HAdV-B35, and 0.1 for the conjunctival isolate HAdV-D. After 1 h of adsorption at 37°C, the inoculum
was removed and replaced with fresh culture medium containing DMSO (solvent control) or drug
dissolved in DMSO (duplicate wells per condition). Progeny virus was harvested at 24 h postinfection (p.i.)
by scraping the cells into the culture fluid and then freeze-thawing the suspension five times with
vortexing. The lysate was clarified by centrifugation at 500 � g for 5 min and titrated by endpoint
dilution in 293 cells (67).

Collection of protein and RNA samples. A549 cells were seeded on glass coverslips in 6-cm plates
at a density of 1 � 106 cells per plate and infected at 1 day postseeding. At 8 or 24 h p.i., the coverslip
was removed and cells were fixed in 3.7% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for
15 min for subsequent staining. The culture medium was removed from the well, the remaining cells
were detached in 1� PBS–2 mM EDTA, and then the suspension was divided into two tubes and cells
were pelleted by centrifugation at 800 � g for 3 min. For protein analysis, cell pellets were resuspended
with radioimmunoprecipitation assay (RIPA buffer) (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS), and then the lysate was clarified by centrifugation at 9,000 � g
for 5 min and stored at �20°C. For RNA analysis, the pellet was resuspended in lysis buffer provided in
the Aurum total RNA extraction kit (Aurum). Total RNA was extracted as per the manufacturer’s
instruction (Bio-Rad) and analyzed by reverse transcription-PCR (RT-PCR) or quantitative RT-PCR (qRT-
PCR) as described below.

IF staining. For immunofluorescence (IF) staining, cells were fixed at the indicated times postinfec-
tion with 3.7% PFA for 15 min, washed with 1� PBS, permeabilized for 15 min with 0.1% Triton X-100
in PBS (PBT), and then blocked for 45 min with 5% bovine serum albumin (BSA) in PBT (BSA-PBT). Cells
were incubated with primary antibody for 45 min, washed three times with 1� PBS, and then incubated
with secondary antibody for 45 min. Cells were washed twice with PBT and then twice with 1� PBS, and
coverslips were mounted in PBS containing DAPI (4=,6=-diamidino-2-phenylindole) at 0.25 �g/ml. Primary
antibodies were as follows: monoclonal antibody M73 (ThermoFisher) for E1A, undiluted culture fluid
from 2Hx-2 hybridoma cells for hexon, rabbit polyclonal antibody for E4orf6 (a gift from G. Ketner [69]),

FIG 11 Comparative effects of RIDK34 and digoxin on virus yield and metabolic activity in A549 cells. The
digoxin data from Fig. 2 and 3, along with the RIDK34 data from Fig. 10, are shown as percent inhibition
of virus yield (left axis) and percent inhibition of metabolic activity as determined with alamarBlue (right
axis).
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and rabbit polyclonal antibody for endogenous Tra2� (Abcam 31353). The secondary antibody was
either goat anti-mouse or anti-rabbit antibody labeled with Alexa Fluor 488, fluorescein isothiocyanate
(FITC), or Texas Red and used at 1:200 dilution. Cells were viewed with a 40� objective or 63� oil
immersion objective using a Leica DMR microscope, and images were captured with Openlab imaging
software version 2.0.7.

Western blot analysis. To assess hexon and E1A expression, cell lysates (prepared in RIPA buffer as
described above) were separated on 7 or 10% SDS-polyacrylamide gels and transferred onto polyvinylidene
difluoride (PVDF) membranes using the Bio-Rad TurboBlot system according to the manufacturer’s protocol.
For hexon analysis, blots were blocked with 5% skim milk diluted in 0.05% Tween20 in 1� PBS (PBS-T) for 1
h and then incubated overnight with undiluted hybridoma (2Hx-2) supernatant containing antihexon
antibody. Following three washes with PBS-T, secondary anti-mouse antibody conjugated with horseradish
peroxidase (HRP) (1:5,000) was added for 1 h. For analysis of E1A protein, blots were blocked with 5% skim
milk diluted in TBS-T (0.05% Tween 20 in 1� Tris-buffered saline [TBS]) for 1 h and then incubated overnight
with polyclonal E1A antibody (Santa Cruz, sc-430) diluted 1:2,000 in TBS-T. Following at least 5 washes,
secondary anti-rabbit antibody conjugated with HRP (diluted 1:5,000 in TBS-T) was added and left for 1 h. Both
E1A and hexon bands were visualized using ECL� chemiluminescence solution or Bio-Rad Clarity ECL Western
blotting substrate and imaged with Bio-Rad ChemiDoc. Blots were subsequently probed for tubulin or GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) as loading controls.

Adenoviral RNA and DNA analysis. To examine E1A RNA splicing, analysis was performed as
previously outlined by Yomoda et al. (70). To analyze late gene expression, qRT-PCR was performed using
a forward primer common to all adenovirus late mRNAs (AdC-L1-5-qF, 5=-CGAGAAAGGCGTCTAACCAG-
3=) and reverse primers specific to the mRNA of interest: Hexon-qR (5=-CCCGAGATGTGCATGTAAGA-3=),
Fiber-qR (5=-GAAAAGGCACAGTTGGAGGA-3=), Penton-qR (5=-GCTCACCACGCTCTCGTAG-3=), or 100K-qR
(5=-GACGGGGAAGGTGGTAGG-3=). Results were normalized to those for GAPDH generated using
GAPDH-qF (5=-CAATGACCCCTTCATTGACC-3=) and GAPDH-qR (5=-GACAAGCTTCCCGTTCTCAG-3=).

For DNA analysis, cells were seeded on 6-cm plates at a density of 1 � 106 cells per plate. The next
day, cells were infected with HAdV-C5 for 1 h, and the inoculum was removed and replaced with medium
containing DMSO or 100 nM digoxin/digitoxin or 12 nM RIDK34. At the indicated times postinfection,
cells were collected and washed in 1� PBS. Cells were lysed using 200 �l lysis buffer (10 mM Tris-HCl [pH
8.0], 75 mM NaCl, 0.1% SDS, 0.5% NP-40, 0.5% Tween 20, 0.5 mg/ml proteinase K) at 56°C for 4 to 5 h,
and the mixture was boiled for 15 min. Samples were centrifuged at 13,000 � g, and the supernatant was
collected. All samples from a given experiment were processed at the same time. Adenovirus DNA was
amplified with primers specific for the adenovirus E3 region (71). The reference gene encoding TATA box
binding protein (TBP) was amplified with forward primer 5=-GATGCCTTATGGCACTGGAC-3= and reverse
primer 5=-GCCTTTGTTGCTCTTCCAAA-3= (gifts from Lucy Osborne). PCR mixtures contained 0.4 �l of Taq
DNA polymerase (5 U/�l; NEB, catalog number M0267L), 2.5 �l of ThermoPol buffer, 1.5 �l of 10� SYBR
green I (Sigma-Aldrich, catalog number S9430), 2.5 �l of 2.5 mM deoxynucleoside triphosphates (dNTPs),
1.0 �l of 5= primer (0.1 �g/�l), 1.0 �l of 3= primer (0.1 �g/�l), 11.1 �l H2O, and 5 �l of DNA. Standard
curves were made using serial 10-fold dilutions of DNA collected at 20 h p.i. from infected cells treated
with DMSO. Extracted DNA was diluted 1/10 and 1/100 for amplification with TBP and E3 primers,
respectively. Parameters for E3 primers were 50.0°C for 2.00 min, 95.0°C for 10.00 min, and 35 cycles of
95.0°C for 15 s, 65.0°C for 1.00 min, and 72.0°C for 1.00 min. Parameters for TBP primers were 50.0°C for
2.00 min, 95.0°C for 10.00 min, and 40 cycles of 95.0°C for 15 s, 60.0°C for 1.00 min, and 72.0°C for 30 s.
qPCR was done using a Bio-Rad MyiQ single-color real-time PCR detection system, standard edition, and
data were collected with iQ5 Optical System software, version 2.1.
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