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ARTICLE INFO ABSTRACT

Keywords: Dengue virus (DENV) infection is the most arbovirosis in the world. However, medications have not been
Dengue approved for its treatment. Drug discovery based on the host-targeted antiviral (HTA) constitutes a new prom-
Host-targeted antiviral ising strategy, considering their high genetic barrier to resistance and the low probability of selecting drug
;ﬁzgﬁﬁz resistance strains. In this study, we have tested fifty-seven podophyllotoxin-related cyclolignans on DENV-2

infected cells and found the most promising compound was S.71. Using cellular and molecular biology experi-
ments, we have discovered that the new lignan altered the distribution of microtubules, induced changes in cell
morphology, and caused retraction of the rough endoplasmic reticulum. In addition, the compound alters the
viral envelope protein and the double-stranded RNA, while there is a decrease in negative-strand RNA synthesis;
especially when the compound was added between 6- and 12-hours post-infection. Altogether, S.71 decreases the
viral yield through an HTA-related mechanism of action, possibly altering the DENV genome replication and/or
polyprotein translation, through the alteration of microtubule distribution and endoplasmic reticulum deterio-
ration. Finally, pharmacokinetic predictors show that S.71 falls within the standard ranges established for drugs.

Endoplasmic reticulum, and cyclolignan

1. Introduction Microtubules (MTs) have been involved in the replication cycle of

DNA and RNA viruses (Shrivastava et al., 2011) and participate in the

DENV is a mosquito-borne flavivirus of global public health impor-
tance, with an annually estimated 390 million infections (Dengue y
dengue grave 2021). DENV is a positive-sense, single-stranded RNA
enveloped virus whose genome encodes three structural proteins and
seven non-structural proteins. Although dengue infections have high
morbidity and mortality, there are no antiviral therapies approved
against this virus. DENV, like the other flaviviruses, exploits the cyto-
plasmic cellular machinery and interacts with membranes and
biochemical processes of host cells to facilitate its replicative cycle
(Greber and Way, 2006).

* In Memoriam, to Prof. Dr. Mahabir P. Gupta
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traffic flaviviruses (Shrivastava et al., 2011). MTs are structures
composed of heterodimeric subunits of a- and p-tubulin that radiate
throughout the cell (Karp, 2009). Microtubule dynamics and their
control are essential for the maintenance of morphology and support of
organelles such as the endoplasmic reticulum (Karp, 2009).

The endoplasmic reticulum (ER) is a multifunctional signaling
organelle that controls a wide range of cellular processes, including
protein synthesis (Karp, 2009). The ER is a membranous system that is
connected to the microtubules; for this reason, these structures are
interdependent (Karp, 2009). Several studies identified the ER as the
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cellular compartment where translation (Gillespie et al., 2010), repli-
cation (Gillespie et al., 2010), and maturation processes of flaviviruses
occur (Chatel-Chaix and Bartenschlager, 2014; Reid et al., 2018). During
infection, flaviviruses promote the formation of specialized compart-
ments known as RCs (replicative complexes), which are described as the
remodeling of ER. These membranous structures: vesicular packages
(VPs) and convoluted membranes (CM) provide a microenvironment
necessary for the coordination of different stages of the dengue repli-
cative cycle, specifically RNA replication, protein translation, and virus
assembly (Gillespie et al., 2010; Chatel-Chaix and Bartenschlager, 2014;
Reid et al., 2018; Paul et al., 2011; Mackenzie, 2005). Considering the
above, it is interesting to study molecules with effects against MTs and
ER required for the replicative cycle of dengue and other RNA viruses.

Lignans, including derivatives and analogs, are a large family of
natural aromatic polyoxygenated compounds that have demonstrated
diverse types of bioactivity, while some of them have attained approval
as drugs for clinical use, mainly as anticancer and particularly as anti-
viral agents (Ayres and Loike, 1990, Petersen et al., 2010, Cunha et al.,
2012, Zalesak et al., 2019, Xu et al., 2009 and Cui et al., 2020). Podo-
phyllotoxin (POD) (Fig. 1), a cyclolignan, is a potent antimitotic that has
the ability to inhibit tubulin polymerization. POD was approved for
clinical use against condyloma acuminata, caused by papillomavirus
(Bertolotti et al., 2020 and Attiaa et al., 2015), and is also a drug lead
and starting substrate for the synthesis of several approved anticancer
drugs (Gordaliza et al., 2004, Montecucco et al., 2015, Hande et al.,
1998).

POD and related lignans are effective against Herpes and other vi-
ruses (Gordaliza et al., 1994, Sudo et al., 1998, Cohen et al., 2016),
suggesting their evaluation to other viruses. Thus, from a library of
hundreds of natural and hemisynthetic lignans obtained in our labora-
tories, an antiviral screening against DENV was performed. Considering
antiviral potency and lower cytotoxicity, the lactonic cyclolignan
7-deoxy-7p-(2-methylprop-1-enyl) picropodophyllotoxin (Hernandez
etal., 2018; Abad et al., 2012), encoded as S. 71 (Fig. 1) was selected for
antiviral mechanisms studies, in parallel with POD.

In order to characterize the antiviral profile of S.71, we determined
its biological effects, complemented with computational models for
analyzing its interaction with tubulin, and also for predicting its phar-
macokinetic properties that were evaluated by Lipinski’s Rule of Five,
this describes properties as hydrophobicity, electronic distribution,
hydrogen bonding characteristics, molecule size, flexibility, bioavail-
ability, transport properties, affinity to proteins, reactivity, toxicity,
metabolic stability, and many others (Friesner et al., 2004, Friesner
et al., 2006, Halgren et al., 2004, Elmore, 2007; Sultana et al., 2018).

In general, Lipinski’s Rule of Five consists in:

e Not more than 5 hydrogen bond donors (OH and NH groups)
e Not more than 10 hydrogen bond acceptors (notably N and O)

OH z
o) QI 0
(U J o < o
O :8"“..\ 9 0 ;
H o) E o)
\o o/ \o 0/
0\ o\

POD S.71

Fig. 1. Structures of podophyllotoxin (POD) and the new anti-DENV cyclo-
lignan SAU-22.1071 (S.71).
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e A molecular weight under 500 g/mol
e A partition coefficient log P less than 5 (lipophilicity)

The results demonstrated that S.71 has molecular properties and
structural features similar to the known drug “drug-likeness” and de-
creases the viral yield by an HTA-related mechanism of action through
the alteration of MTs and ER distribution, disturbing the configuration
of the viral factories. Finally, computational predictions showed that the
new anti-DENV compound has drug-likeness properties.

2. Methodology
2.1. Reagents, medium, and antibodies

Dimethyl Sulfoxide (DMSO), MTT [3-(4,5-dimethylthiazol-2-y1)—2,5
diphenyltetrazole], Dulbecco’s Modified Eagle’s Medium (DMEM), and
the X-tremeGENE HP DNA Transfection Reagent were purchased from
Sigma-Aldrich (St Louis, USA). Fetal Bovine Serum (FBS) and the anti-
biotic Penicillin-Streptomycin-Neomycin (PSN) were obtained from
Invitrogen (Carlsbad-California, USA) and ribavirin was purchased from
Calbiochem. Primary antibodies: antibody mAB anti-o/f-tubulin (TU-
10, Invitrogen ™), the anti-ENV produced in hybridoma 4G2 cells, anti-
dsRNA antibody (J2, Scicons’) and anti-gamma tubulin antibody
(ab11317, Abcam) were used. Secondary antibodies: Alexa Fluor 594
(Goat anti-mouse IgG H&L) and Alexa Fluor 488 (Goat anti-mouse and
Anti-rabbit IgG H&L) were used. Nucleus staining was performed with
Hoechst 33,342 (Molecular Probes®).

2.2. Antiviral assays

2.2.1. Cytotoxicity assay

The effect of S.71 and POD on cell viability was evaluated using the
MTT technique according to Roa-Linares et al., 2016 (Roa-Linares et al.,
2016).

The CCsp value (Cytotoxic Concentration 50%) for the compounds
was obtained by linear regression analysis of concentration-response
curves using GraphPad Prism 5.0 statistical program. CCso values
were expressed as mean + the standard deviation (M + SD) of two in-
dependent experiments performed in triplicate (Roa-Linares et al.,
2016).

2.2.2. Inhibition of dengue virus DENV-2 in pre-infection and post-infection
stages

S.71 was evaluated on pre-infection and post-infection stages, using
a concentration of the determined CCsg. To assess the activity of the
compound on virus adherence, a mixture of DENV-2 (Multiplicity of
Infection, MOI=1 PFU/cell, PFU: Plaque forming units) with different
dilutions of the compound (12.5-100 pM) was added to the cells. Later,
cells were incubated for 1 h at 4 °C; then, the mixture was removed,
washed with cold PBS, and carboxymethylcellulose (CMC) 1.5% was
added (Roa-Linares et al., 2016).

To determine the efficacy of S.71 against virus entry, cells were pre-
treated with the compound (12.5-100 pM) for 24 h at 37 °C. Subse-
quently, the treatment was removed, and the cells were washed with
PBS to be infected with MOI=1. Then, cells were incubated for 2 h at 37
°C; finally, the inoculum was removed to add 1.5% CMC (Roa-Linares
et al., 2016).

For the post-infection stage, cells were infected with MOI=1 and
incubated for 2 h at 37 °C (5% CO5) and wells were washed with PBS and
the compound solutions (12.5-100 pM), previously prepared in 1.5%
CMC medium were added (Roa-Linares et al., 2016). For each assay,
logarithmic dilutions of POD (0.1 - 100 pM) were used as a positive
control.

All experiments were incubated for 6 days, and viral plaque counting
was performed in 3 independent assays to determine the inhibition of
the plaque-forming unit (PFU/mL) (Roa-Linares et al., 2016). Likewise,
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the effective concentration (ECsg) was defined as the concentration that
reduces viral plaques by 50%.

2.3. Studies focused on the antiviral mechanism of action

2.3.1. Time-of-addition (TOA) assay

Cells were infected with MOI=1 and incubated for 2 h at 37 °C, (5%
CO5). Wells were washed with PBS and DMEM (2% FBS) containing the
active concentration of S.71 (72.4 pM) or POD (0.1 pM) were added after
6, 12, 24 and 36-hours post-infection (hpi) (Cardozo et al., 2011), and
incubated for a further 24 h. Later, the supernatants were harvested and
titrated by the PFU assay.

2.3.2. Effects of S.71 on cellular and viral components

To assess the effects of the compounds on microtubules, BHK-21 cells
were seeded on coverslips and subsequently infected with MOI=1 for 2
h. After 6 and 12 hpi, solutions of S.71 (72.4 uM) or POD (0.1 uM) were
added. After 24 h of treatment, viral supernatants were collected to be
titrated for PFU/mL. Finally, the cells were washed with cytoskeleton
buffer and fixed with 3.8% paraformaldehyde, in order to use and label
protocol to ENV protein, dsSRNA, MTOC, and nuclei (Martinez-Gutierrez
et al., 2011). Additionally, BHK-21 cells were transfected with the
pmKate2-ER plasmid using Sigma’s Xtreme gene hp DNA (Evrogen
pmKate2-ER (CAT.# FP324) 2018). After 24 h post-transfection, cells
were infected with a MOI=1, and after 6 and 12 hpi they were treated as
mentioned above. Finally, the coverslips were observed in a
spinning-disk confocal microscope (Olympus IX-81 DSU) and epifluor-
escence microscope (60X objective); images were processed by Image J
software.

2.3.3. Effect of S.71 on the production of negative-strand rna

Total RNA was extracted from cells infected through phenol-
chloroform. Then the synthesis of the cDNA antigenome of DENV-2
was performed using SuperScript™ III Reverse Transcriptase kit of
Thermo Fisher Science - US and forward primer 5 'CAATATGCTG
AAACGCGAGAGAAA. The viral copy number was estimated by qPCR
using primers previously reported: The DENV-2-specific primers (for-
ward: 5 CAATATGCTGAAACGCGAGAGAAA 3 and reverse:
5'CCCCATCT ATTCAGAATCCCTGCT 3’) and el kit Maxima SYBR Green
gPCR Master Mix de Thermo Fisher Scientific-US (Castillo et al., 2016).

2.5. Characterization of cellular integrity during DENV-2 infection and
treatment

2.5.1. Annexin v staining, size, and granularity evaluation

BHK-21 cells previously treated and infected were resuspended in a
binding buffer solution and annexin V. The mixture was incubated for
15 min at 4 °C; then, the binding buffer was added to be centrifuged for
5 min. Finally, samples were analyzed on a cytometer (BD Facs Canto II,
by Becton Dickinson) (Castellanos et al., 2016). Additionally, the
complexity (size and granularity) of the infected and treated cells was
determined, considering the parameters FSC (Forward Scatter) and SSC
(Side Scatter).

2.5.2. Cell recovery assays

Cells previously seeded on coverslips were treated and exposed for
24 h to treatment with S.71 or POD. Later, the compounds were removed
and the cellular monolayers were washed. Next, DMEM 2% FBS was
added and they were incubated for 3 days. After, the cells were washed
and fixed as previously described for labeling of the nuclei. The cover-
slips were observed in a confocal microscope.

2.6. In silico studies

2.6.1. Molecular docking
Docking calculations were performed using Glide (Friesner et al.,
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2004, Friesner et al., 2006, Halgren et al., 2004) integrated into the
Schrodinger Molecular Modelling Suite. The tubulin-podophyllotoxin
complex from Bos taurus (PDB:1SA1) was selected as the target. The
complex was processed with the Protein Preparation Wizard. Finally, the
model was refined using OPLS-2005 Force Field. POD and S.71 were
processed with the LigPrep before optimizing the structure of each
ligand (Friesner et al., 2004, Friesner et al., 2006, Halgren et al., 2004).

A receptor grid was centered in the ligand-binding site of the tubulin
complex. Docking was carried out using the Extra Precision (XP) mode
of Glide. The final poses were selected using the energetic parameter
XPGlideScore function (Friesner et al., 2004, Friesner et al., 2006,
Halgren et al., 2004).

2.6.2. Prediction of pharmacokinetic parameters

The OSIRIS platform was used (Elmore, 2007) for toxicity and
drug-likeness assessment, and SwissADME (Sultana et al., 2018) for
predicting physicochemical parameters related to Lipinski’s rule of five,
bioavailability, and metabolism.

3. Results
3.1. S.71 is active against DENV-2 in the post-infection stages

The CCsp on BHK-21 cells showed that S.71 was 166.7 pM and the
POD compound was very toxic at concentrations >1 uM, but below this
concentration, POD was cytostatic; ie, the treatment stops the growth of
cells without killing them. For this reason, the CCsy could not be
determined. (Fig. S2). For this reason, the 57 cyclolignans were evalu-
ated at 1-100 uM concentrations range (Table ST1), highlighting that
S.71 showed relevant antiviral results with lower toxicity. S.71 was not
active in the early stages of the DENV-2 replicative cycle (Fig. S3).
However, this compound showed inhibition on post-infective stages
with an ECsg of 72.4 uM (Fig. 2)

As shown in Fig. 2, significant decreases in the viral titer after S.71
treatment at 50 and 100 pM for six days were observed. The positive
control POD was effective at 0.1 pM.

3.2. Effects of S.71 and pod on viral yield and negative-strand rna
synthesis

A one-step growth curve was standardized to know the growth ki-
netics of DENV-2 (Fig. S4). We observed the viral entry occurs at 2hpi,
the viral eclipse at 6 to 12 hpi, and the viral egress at 24 post-infection
(hpi). It is relevant to highlight that in the viral eclipse phase, viral
protein translation, viral genome replication, and viral assembly take
place. Considering the above, the TOA experiment (single replication
cycle) was performed, and thus, S.71 and POD were added after 6, 12,
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Fig. 2. Antiviral results for S.71 and POD in post-infection stages of DENV-
2 BHK-21 cells infected with MOI=1. The bars represent means and standard
deviations relative to control and p values were determined using the Student’s
t-test of unpaired data. DMSO <0.05% in all tests. POD (0.1 pM).
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24, and 36 (hpi).

The viral yield was defined as a viral progeny obtained when the
viral cycle has been completed and was evaluated by PFU assay. To
understand the first step toward viral replication, we examined the
DENV minus-strand RNA because this strand serves as a template for the
amplification of additional positive-strand genomic RNA. Since the viral
replication is ER-associated and this organelle is connected to the mi-
crotubules, the effect of the S.17 and POD was evaluated.

S.71 significantly reduced the yield of DENV-2 (Fig. 3A), as well as
the negative-strand RNA copies at 6 and 12 hpi (Fig. 3B) in comparison
with untreated controls. Also, S.71 altered the cellular morphology of
mock-infected (cells without infection) and infected cells (Fig. 3C).

3.3. S.71 alters microtubules, dsSRNA, and env protein distribution
without affecting the mtoc

To validate the tubulin-related mechanism of action of S.71 and
POD, we analyzed the microtubules distribution on infected and treated
cells (Figs. 4 and 5).

BHK-21 cells have an elongated and fibroblastic-like phenotype, and
microtubules appear as fine and thin fibers. Notably, infected and un-
infected cells treated either at 6 or 12 hpi showed an atypical polygonal
form and microtubule distributed separately after S.71 treatment. Dur-
ing POD treatment, cells showed a round morphology and fragmented
microtubules (Figs. 4A and 5A).

Furthermore, on S.71 and POD-treated cells after 6 hpi (Fig. 4) and
12 hpi (Fig 5), the mean fluorescence intensity (MFI) of viral elements,
such as dsRNA (Fig 4B, and Fig 5B) and ENV protein (Fig. 4C and
Fig. 5C), were quantified. In untreated cells, dSRNA was distributed in a
thick and compact granular pattern limited to the perinuclear area
(Figs. 4A and 5A); meanwhile, the ENV protein is visualized as fine
granules throughout the area of the cell (Figs. 4A and 5). On the other
hand, in treated cells, significant decreases in dsRNA (Figs. 4B and 5B)
and ENV protein signals (Figs. 4C and 5C) were detected. Additionally,
the dsRNA distribution was observed to be distant from the perinuclear
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area (Figs. 4A and 5A).

Considering the importance of the microtubule organizing center
(MTOC) for the nucleation of microtubules, the localization of this
structure was examined. On mock and cells treated with S.71, the MTOC
was observed as a point located in the perinuclear area. However, in
cells treated with POD and with nocodazole, the MTOC was not detected
(Fig. 6). MTOC quantification in S.71-treated cells revealed that for
every three cells in the field, two had the typical morphology of this
structure (2:3 ratio), while the cells treated with POD presented a 1:3
ratio.

3.4. The S.71 treatment changes the distribution of the rough endoplasmic
reticulum

The treatments with S.71 and POD, either 6 hpi (Fig. 7A, arrows) or
12 hpi (Fig. 7B), induced the ER retraction on infected and mock cells
(Fig. S5). This phenomenon is probably related to the changes in the
distribution pattern of MTs during exposure to such treatments.

3.5. S.71 increased cell granularity and did not affect the cell size nor
induce phosphatidylserine exposure

Cells treated with the lignans showed alterations; therefore, it was
necessary to clarify whether the observed morphological changes could
represent early events of cell death. Significantly, when infected or
uninfected BHK-21 cells were exposed to treatments with S.71 and POD
for 24 h, changes in cell size were not observed (Figs. 8A and D), nor
changes in phosphatidylserine exposure (Figs. 8C and F). However, an
increase in cell granularity was detected (Figs. 8B and E).

3.6. The S.71 effects on cell morphology are reversible

Considering the toxic effects of lignans, the recovery of cell
morphology after treatment removal was determined. Untreated BHK-
21 cells showed an elongated three-dimensional morphology, whereas,

D

DENV/S.71

Fig. 3. Effects of S.71 and POD on viral yield (A), negative-strand RNA synthesis (B), and morphology of cells without infection (C), cells treated with S.71
(D). Moreover, was observed cells infected (E) and cells infected/treated with S.71 (F). BHK-21 cells were infected with MOI=1 and cells were exposed for
24 h to the compounds. The bars represent the mean =+ s.e.m of three independent experiments. The DMSO concentration was <0.05%. (*): p <0.05; (**): <0.01;
(***): <0.001. The comparison between groups was performed using the one-way ANOVA test.
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Fig. 4. Effects of S.71 and POD on microtubules during 24 h exposition (A), dsRNA (A, B), and viral envelope protein (A, C) distributions when added at 6
hpi on BHK-21 cells infected with MOI=1. Pictures were captured with a 60X objective. Graphs represent the quantification of the mean fluorescence intensity
(MFI) of dsRNA (B) and ENV protein (C) and correspond to three independent triplicate experiments. Microtubules (red), dsRNA, and envelope protein ENV (green)
and nuclei (blue) - see arrows. (*): p values <0.05; (**) <0.01; (***): <0.001, were determined using the Student’s-T-test of unpaired data.
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Fig. 5. Effects of S.71 and POD on microtubules during 24 h exposition (A), dsRNA (A, B), and viral envelope protein (A, C) when added at 12 hpi on
infected BHK-21 (MOI=1). Quantification of the mean fluorescence intensity (MFI) for dsRNA (B) and ENV protein (C) is shown. Pictures were captured with a 60x

objective and graphs correspond to three independent triplicate experiments. Microtubules (red), dsRNA, and envelope protein ENV (green) and nuclei (blue) -
see arrows.

after treatment with S.71 and POD for 24 h, the shape of the cells removed and replaced with a nutrient-supplemented medium, the cells
became flat, polygonal, or round (Fig. 9A). Cells treated with POD recovered their normal morphology after three days (Fig. 9B).
showed pyknotic and fragmented nuclei, while such degradation was

not observed on the cells treated with S.71. When the treatment was
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Fig. 6. Effects of S.71, POD, and nocodazole (NZ) on the microtubule-organizing center (MTOC) of BHK-21 cells after 24 h treatment (A). Image B cor-
responds to the MTOC enlargement. There is a noteworthy presence of MTOC in MOCK and S.71, contrary to their absence in the treatment of POD and NZ.
Microtubules (green), MTOC (red), and nuclei (blue). Asterisks indicate the MTOC localization.
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Fig. 7. Effects of S.71 and POD on rough endoplasmic reticulum (ER) on infected BHK-21 (MOI=1). The workflow shows the obtention of transfected cells with
ER (A). Microtubules, ER, and dsRNA (B, C) distributions in ER-transfected BHK-21 cells, after treatments initiated at 6 (B) and 12 (C) hpi. Pictures show microtubule
distribution (green), and expressions of ER (red) and dsRNA (green) - see arrows. Images captured with a 60x objective correspond to one of three independent

triplicate experiments.

3.7. S.71 interacts with tubulin subunits

Both ligands dock in the same site (Fig. 10), but the spatial orien-
tation is different due to the rigidity of the trans-fused lactone system in
POD versus the more flexible cis-fused of S.71. Such flexibility allows the
cyclohexene ring of the molecule to adopt a boat conformation

combined with the pseudo-equatorial orientation of the 7p-isobutenyl
substituent at C-7 (Fig. 1).

In the 2D-maps, the docking contacts of POD (Fig. 11A) and S.71
(Fig. 11B) can be analyzed. The main interactions for these cyclolignans
correspond to the H-bonds marked by arrows, being of type H-donor for
the hydroxyl group of POD towards the Thr179 residue of the tubulin
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Fig. 8. Effects of S.71 and POD on cell size (A, D) and granularity (B, E) and induction of phosphatidylserine exposure in mock (A-C) and infected (D-F)
BHK-21 cells (MOI=1).. Treatments with S. 71 and POD did not substantially alter the size (A) but increased the granularity of normal cells (B). S.71, and POD also
did not generate phosphatidylserine exposure (C) after 24 h. The results were similar for infected cells (E- F).
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Fig. 9. Effects of S.71 and POD on cell morphology after a 24 h treatment and recovery after three days. Images were obtained with differential interference
contrast and a 60x objective, and nuclei were labeled in blue. Dotted lines reveal morphological changes in treated cells.

a-subunit, whereas the 1,3-dioxole fragment of S.71 acts as H-acceptor
from the Lys352 f-subunit residue. Lys352 is also a positively charged
contact for POD, while Lys254 acts similarly for S.71. Most other con-
tacts are of a hydrophobic (green) or polar (blue) nature.

3.8. Toxicity risks, drug-likeness, and adme properties

The Osiris predictor (Evrogen pmKate2-ER (CAT.# FP324) 2020)
assigned no mutagenic, tumorigenic, or irritant risks for either S.71 or

POD, while the potential effects on cell cycle were predicted for both
compounds, to which the drug-likeness/drug-score values of 3.84/0.29
and 4.19/0.45 were respectively predicted. The SwissADME predictor
(1. Sultana et al., 2018) showed that S.71 and POD meet the conditions
defined in Lipinski’s rule of five, and estimated high gastrointestinal
absorption with a bioavailability factor of 0.55 for both compounds
(Table ST2).
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Fig. 10. Superimposition of POD (blue) and S.71 (purple) as docked in the colchicine site of the - tubulin heterodimer, with GTP and Mg>* associated with the
a-tubulin subunit (A), and complexes of POD (B) and S.71 (C).
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Fig. 11. 2D-maps showing the contacts for POD (A) and S.71 (B) docked in the colchicine site of the a-p tubulin heterodimer. Colored circles indicate types
of interaction and arrows mark H-bonds. Letters C and D are associated with amino acids in fig. A, and correspond to o and p tubulin chains, respectively.
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4. Discussion

Considering that MTs and ER participate in the infection process of
different RNA viruses (Mackenzie, 2005; Naghavi and Walsh, 2017),
there is a lack of treatment for DENV infection since the HTA approach
(Pastorino et al., 2010), it is important to obtain and evaluate molecules
that could interact with any of those cellular components, in order to
develop dengue antivirals with low toxicity. Thus, potent tubulin poly-
merization inhibitors, such as podophyllotoxin and its derivatives could
be considered as potential candidates for developing drugs against the
dengue disease.

In this study, S.71 and POD were effective in DENV-2 post-infection
stages, specifically at 6 and 12 hpi. They produce several morphological
changes in the treated cells that could be correlated with those observed
cytoskeleton alterations (Rape et al., 2011). Previous studies indicate
that podophyllotoxin derivatives were able to bind to o/p-tubulin sub-
units (Abad et al., 2012; Kamal et al., 2014). Consequently, molecular
docking studies were carried out to characterize the interaction between
S.71 and a/p-tubulin subunits colchicine binding-site. These findings are
compatible with other results found for podophyllotoxin and some de-
rivatives (Kamal et al., 2014). The functional assays are confirming that
the treatments caused microtubule alterations and morphological
changes in the cells, which it is compatible with the explanation of why
the cytoskeleton maintains cell shape and facilitates

mechanical-functional interactions with the outside environment (Rape
et al., 2011; Vega and Solomon, 1997).
S.71 and POD on the MTs generated an ER retraction, which possibly
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altered the virus replication complexes. This result was evidenced by the
decrease of the MFI and by changes in the dsRNA distribution pattern.
Also, low numbers of copies of negative-strand RNA and a reduction of
viral ENV protein were detected (See, Fig. 12).

It has been reported that treatment during 2 h with nocodazole,
another tubulin polymerization inhibitor, generates ER retraction
(Terasaki et al., 1986). This would explain why ENV protein and dsRNA
are altered, i.e., their expression decreased and the subcellular distri-
bution changed during S.71 and POD treatment. Moreover, Reid et al.,
2018 (Reid et al., 2018) showed that the synthesis of negative genomes
(RNA-) occurs from 6 to 24 hpi. Additionally, they showed the trans-
lation of viral proteins at 6 to 12 hpi (Reid et al., 2018) and determined
that RNA- and positive viral genomes (RNA +) are located in the ER
(Marceau et al., 2016; Puschnik et al., 2017). Other microtubule in-
hibitors (MTIs) such as paclitaxel, colchicine and nocodazole reduced
the HCV (Bost et al., 2003) and ZIKV (Sultana et al., 2018) viral infec-
tion, confirming that the cytoskeleton is important for the flaviviridae
family.

It cannot be affirmed that S.71 acts as a depolymerizing agent such as
podophyllotoxin or nocodazole, because it does not show the same
morphological changes, nuclear alterations or MTOC detection (Rhee
et al.,, 2009). MTIs induce cell arrest in the G2/M phase, causing
destabilization in the microtubules and consequently apoptosis (Molli-
nedo and Gajate, 2003; Elmore, 2007; Sultana et al., 2018; Ji and Ji,
2014). Thus, it was necessary to establish whether the S.71 and POD
have the capacity to activate early cell death events.

Cellular alterations could not be attributed to an early event of cell

Fig. 12. Mechanism of action of the lignan S.71. MTs are represented by straight lines and their distribution coincides with that of the ER. A: DENV-2 infected cell
with MTs and ER distributions similar to those of the uninfected cell, but with convoluted membranes (CM), vesicular packages (VPS), and assembled viruses
constituted in the ER. B: Infected cell treated with S.71 showing its polygonal flat morphology, separated MTs, ER retraction, and normal nucleus. It is also suggested
that this compound has a certain effect on the synthesis of negative chains and the translation of viral polyprotein; therefore, CM and VPs inhibition is indicated. C:
Infected cell treated with POD showing its round flat morphology with fragmented MTs and pyknotic or busted nuclei. Consequently, S.71 and POD have the same
antiviral effect, but the morphological alterations induced by POD treatment are dramatic, probably due to its higher cytotoxicity.
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death (Fig. 8), because there was no phosphatidylserine exposure. In
contrast to other POD derivatives, we highlight that the S.71 derivative
does not induce cell death after 24 h of treatment (Ji and Ji, 2014).
Additionally, cells treated for 24 h recovered their normal morphology
three days after the treatments were removed (Fig 0.9). This finding
could be the consequence of the reversible tubulin-ligand binding
derived from hydrophobic interactions.

Following Lipinski’s rule of five, the S.71 molecule was shown to
have drug-likeness properties according to SwissADME and Osiris pre-
dictors (Elmore, 2007). The approved MTIs have low bioavailability due
to their interaction with different cytochromes and efflux transporters
(p-GP) (Finch and Pillans, 2014). However, in combination with other
drugs, emulsions, and nanocapsules, the bioavailability can be improved
(Chu et al., 2008).

Moreover, the SwissADME predicted that S.71 could be metabolized
by cytochrome CYP1A2 ((Evrogen pmKate2-ER (CAT.# FP324) 2019,
Ghodke-Puranik and Lamba, 2017)). Additionally, the platform
described that S.71 would not have an affinity for p-GP, and could be
absorbed in the gastrointestinal tract and the blood-brain barrier (Par-
dridge, 2012). This finding is important since some flaviviruses could
invade the Central Nervous System and S.71 could eventually be a
candidate to control such infections (Maximova and Pletnev, 2018).

POD is an approved drug for topical applications only due to drastic
gastrointestinal effects and low bioavailability. The ADME prediction
shows that POD is not a substrate of p-GP, but can be metabolized by
different cytochromes CYP1A2, CYP2C19, and CYP2C9. This suggests
that POD can be degraded without the possibility of being absorbed.

In previous investigations, S.71 was active against Leishmania
infantum through tubulin polymerization inhibition. It seems possible
that the aliphatic alkenyl substituent at position C-7 could be associated
with biological activity and low cytotoxic effects (Escudero-Martinez
etal., 2017). We prove that S.71 can control dengue infection during the
first 24 hpi. Also, the differences in cytotoxicity and morphological al-
terations caused by S.71 and POD, allow us to hypothesize that S.71
probably does not induce substantial depolymerization of MTs. The
literature and these data demonstrate that compounds with
broad-spectrum biological activities are important for the treatment of
several pathologies, including emerging and re-emerging viral diseases.
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