Virology 514 (2018) 216-229

Contents lists available at ScienceDirect

@ VIROLOGY
60" ANNI e

Virology

journal homepage: www.elsevier.com/locate/virology

The interplay between viperin antiviral activity, lipid droplets and Junin )

Check for

mammarenavirus multiplication e

José R. Pena Carcamo™', Maria L. Morell™', Cecilia A. Vazquez”, Sezen Vatansever®,
Arunkumar S. Upadhyay®©, Anna K. Overby®°, Sandra M. Cordo™?, Cybele C. Garcia™">

@ Laboratorio de Estrategias Antivirales, Departamento de Quimica Bioldgica (QB), Facultad de Ciencias Exactas y Naturales (FCEyN), Universidad de Buenos Aires
(UBA)- Instituto de Quimica Bioldgica de la Facultad de Ciencias Exactas y Naturales (IQUIBICEN)-Consejo Nacional de Investigaciones Cientificas y Técnicas
(CONICET), Buenos Aires, Argentina

b Laboratorio de Bioquimica y Biologia del virus Junin, QB, FCEyN, UBA-IQUIBICEN, CONICET, Argentina

€ Graduate School of Science and Engineering, Koc University, Rumelifener Yolu, Istanbul, Sartyer, Turkey

4 Department of Clinical Microbiology, Virology, Umed University, Umed, Sweden

< Laboratory for Molecular Infection Medicine Sweden (MIMS), Umed University, Umed, Sweden

ARTICLE INFO ABSTRACT

Keywords: Junin arenavirus infections are associated with high levels of interferons in both severe and fatal cases. Upon
Junin virus Junin virus (JUNV) infection a cell signaling cascade initiates, that ultimately attempts to limit viral replication
Viperin and prevent infection progression through the expression of host antiviral proteins. The interferon stimulated

Lipids droplets gene (ISG) viperin has drawn our attention as it has been highlighted as an important antiviral protein against

several viral infections. The studies of the mechanistic actions of viperin have described important functional
domains relating its antiviral and immune-modulating actions through cellular lipid structures. In line with this,
through silencing and overexpression approaches, we have identified viperin as an antiviral ISG against JUNV. In
addition, we found that lipid droplet structures are modulated during JUNV infection, suggesting its relevance
for proper virus multiplication. Furthermore, our confocal microscopy images, bioinformatics and functional
results also revealed viperin-JUNV protein interactions that might be participating in this antiviral pathway at
lipid droplet level. Altogether, these results will help to better understand the factors mediating innate immunity
in arenavirus infection and may lead to the development of pharmacological agents that can boost their effec-
tiveness thereby leading to new treatments for this viral disease.

1. Introduction

The Arenaviridae family includes viruses found in captive alethino-
phidian snakes (the reptarenaviruses) and viruses that circulate mostly
in rodents (the mammarenaviruses) (Radoshitzky et al., 2015). The
mammarenaviruses are divided into two groups -Old World and New
World- based on their serology and geographic distribution. Seven
mammarenaviruses can cause acute human viral hemorrhagic fever
with high case fatality rates, including Junin virus (JUNV), the etiolo-
gical agent of Argentine hemorrhagic fever (AHF) (Paessler and Walker,

2013). Although an effective live attenuated vaccine has been devel-
oped in Argentina to prevent AHF only in the endemic area, vaccination
may not be a definitive solution to JUNV infection because of the
emergence of new viral variants and no specific antiviral available
against arenavirus infections (Enria et al., 2008). The exact mechanisms
by which arenavirus cause its pathology still remain puzzling. The in-
nate immune response has been widely accepted to be one of the es-
sential factors that determine the outcome of arenavirus infection in
patients; however other contributing factors might need to be con-
sidered. JUNV infections are associated with high levels of interferons
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Fig. 1. JUNV sensitivity to IFN treatment. (A) Cell cultures were pre-treated with IFN (0-100000 IU/ml) for 8 h and then infected with JUNV at MOI of 0.1 PFU/cell. Virus yield was
quantified from cell supernatants at 24 h p.i. (B) Cell viability upon IFN treatment was determined in each cell line by MTT assay. After IFN treatment (2000 IU), viral G1 protein
expression was determined at 24 h p.i. in A549 (C) and Vero infected cells (D). Depicted percentages represent quantification of G1 positive cells over total cells. DAPI staining shows the

corresponding cell nuclei for each image. Magnification: 100 X .

in both severe and fatal cases (Levis et al., 1984). Accordingly, in vitro
infection of several cell types by different arenaviruses have been
shown to induce type I interferon (IFN-I) (Huang et al., 2014, 2015;
Pythoud et al., 2015). The Arenaviruses genome is composed of two
single-stranded molecules of RNA called L (ca 7.1 kb) and S (ca 3.4 kb),
both exhibiting an ambisense coding strategy. The S segment encodes
the nucleoprotein (N) and the envelope glycoprotein precursor (GPC).
GPC is processed post-translationally yielding a mature glycoprotein
complex formed by three subunits that remain non-covalently linked:
the signal peptide SSP, the external receptor-binding G1 protein and the
transmembrane fusion G2 protein (Eichler et al., 2003; York et al.,
2004). The L segment encodes the RNA-dependent RNA polymerase L
and a small protein called Z. So far, two arenavirus proteins have been
reported as modulators of the IFN-I response: N and Z. Regarding N, it
has been reported that Old World lymphocytic choriomeningitis are-
navirus (LCMV) N negatively modulates IFN production in persistently
infected A549 cells by inhibiting nuclear translocation of the interferon
regulatory factor 3. This property has also been demonstrated for the N
protein of several representatives of the Old and New World mam-
marenaviruses, including JUNV (Martinez-Sobrido et al., 2006). On the
other hand, Z protein from pathogenic New World arenaviruses an-
tagonizes IFN response by binding to the retinoic acid-inducible gene I
(RIG-I) and inhibiting downstream activation of IFN-I expression sig-
naling pathway (Fan et al., 2010; Xing et al., 2015). From many of these

studies it can be concluded that viral modulation of the IFN response is
a key event that determines mammarenavirus pathogenicity. However,
a comprehensive characterization of IFN stimulated genes (ISGs) in-
volved in the innate immune response against mammarenavirus infec-
tion is still missing.

Viperin, encoded by an ISG, is a highly conserved 361-amino-acid
protein, with a predicted molecular weight of 42kDa. It was first
identified as a human cytomegalovirus (HCMV)-inducible gene in fi-
broblasts (Chin and Cresswell, 2001). This protein harbors an amphi-
pathic a-helix domain at its N-terminus that serves as an anchor to lipid
membranes. Viperin localizes in the endoplasmic reticulum (ER) from
which it is transported to lipid-enriched compartments called lipid
droplets (LDs) (Wang et al., 2013). LDs are intracellular sites for neutral
lipid storage and are critical for lipid metabolism and energy home-
ostasis. In immunity, new roles for LDs have been uncovered, with
evidence that they act as assembly and replication platforms for specific
viruses and as reservoirs for proteins that counteract intracellular pa-
thogens (Jiang and Chen, 2011; Saka and Valdivia, 2012). It has also
been demonstrated that viperin is able to bind and inhibit the farnesyl
pyrophosphate synthase (FPPS), an enzyme involved in the synthesis of
multiple isoprenoid-derived lipids (Makins et al., 2016). Thus, choles-
terol-rich rafts membranes that serve as sites for recruitment of several
viral proteins are consequently perturbed, and virus release impaired
(Wang et al., 2007).
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JUNV is an enveloped virus that has been shown to rely on specific
cellular lipid configuration. Data from our earlier studies showed that
treatments altering general lipid metabolism diminished virus yield
suggesting an intimate relationship between viral morphogenesis and
lipid availability (Cordo et al., 1999). More recently it has also been
demonstrated that cholesterol enriched membrane microdomains are
involved in proper JUNV budding and infectious particle production
(Cordo et al., 2013; Gaudin and Barteneva, 2015). Novel cellular lipid
structures are constantly being characterized, and their participation in
JUNV lipid-dependent multiplication remains to be evaluated. This
work intends to extend knowledge on cellular antiviral factors focusing
on lipid structures that are of great importance for virus replication and
a putative place for interplay between viperin and JUNV proteins.

2. Results
2.1. JUNV sensitivity to IFN treatment

Reports addressing the effect of IFN treatment over pathogenic and
non-pathogenic mammarenaviruses like JUNV, Machupo and Tacaribe
viruses arrived to a variety of conclusions ranging from a modest to a
high sensitivity to IFN treatment (Huang et al., 2015, 2012; Groseth
et al., 2011). However, those studies were performed in different cell
lines from different origins (mouse and human) and also different JUNV
strains have been used. For this reason, we sought to determine the IFN
sensitivity degree in our model of study, A549 cells, in order to relate it
to further viperin anti-JUNV functions. To test this, we decided to use
also Vero cells where IFN pathway is deficient. Thus, A549 and Vero
cell cultures were pretreated with a range of IFN concentrations, then
infected at a MOI of 0.1 PFU/cell, and virus extracellular production
was measured at 24 h post infection (p.i.). As can be seen in Fig. 1A,
both cell lines were permissive to JUNV infection, although virus yield
was significantly higher in Vero IFN deficient cell line compared to
A549 IFN competent cell line. Noticeably, viral production was reduced
by 1 log in the presence of IFN in both cell models, confirming JUNV
sensitivity to cell IFN pretreatment.

Further treatments with higher IFN concentrations showed similar
reduction on virus production, suggesting that IFN effect over JUNV
multiplication was already established in these cell cultures and
reached its maximum in these systems. The IFN concentrations used in
the assays 2000-100000 IU/ml) were compatible with cell viability
(Fig. 1B), so decreased viral production was specific. Microphotographs
on Fig. 1C-D showed that number of A549 and Vero infected cells was
reduced by IFN treatment by an 88% and 73%, respectively. In con-
clusion, A549 and Vero cell cultures were able to respond to IFN
treatment and this response impaired JUNV multiplication.

2.2. Endogenous viperin is upregulated upon JUNV infection

Viperin induction through classical IFN pathways has been pre-
viously demonstrated (Hinson et al., 2010; Seo et al., 2011; Helbig and
Beard, 2014). As a primary approach to study the role of any putative
restriction factor we decided to quantify levels of important mRNAs of
the IFN-I pathway. Expression of RIG-I, TLR3, MYD88, TRAF6 and IL6
mRNAs after IFN treatment was analyzed by real time PCR (Fig. 2A).
mRNA levels corresponding to the dsRNA sensor receptor molecules
RIG-I and TLR3 were upregulated, reaching a 4.95 + 0.3 and 2.9 + 0.3-
fold increase, respectively, in relation to non-treated cells at 24 h. On
the other hand, TRAF6, MYD88 and IL6 analyzed mRNA did not show
any fold change in this condition. Then, we studied viperin mRNA le-
vels at different time points after IFN treatment. As it is shown in
Fig. 2B, no differences in viperin mRNA abundance with respect to non-
treated cell cultures were found at 8 h after treatment. However, sus-
tained rising viperin mRNA levels reaching a 2.7 + 0.3 change fold
were observed at 24 h, and similar values were observed at 48 h after
IFN treatment (Fig. 2B). Although with higher values along all analyzed
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time points, the upregulation of the pathogen sensor RIG-I was similar
to viperin kinetics (data not shown) supporting that the IFN pathway
was specifically induced. Then, we evaluated this specific activation
profile upon JUNV infection. A549 cells were infected at a MOI of 0.1
PFU/cell and mRNA levels were determined at 48 h p.i. All cellular
mRNAs studied were found upregulated in infected cell cultures
(Fig. 2C). In addition, viperin expression showed a 22.2 + 3 fold in-
crement, while viral Z mRNAs level reached an 80.64 + 7 fold change
(Fig. 2D). Overall these results indicated that actively replicating virus
effectively induced the antiviral response in these cells. In order to
confirm this observation, we infected cells previously induced to an
antiviral state by IFN treatment. Alternatively, we also infected A549
cells with a UV-JUNV treated stock. Reduced levels of JUNV Z mRNA
upon IFN treatment, together with a modest up-regulation of viperin
mRNA were measured. As expected, no Z mRNA was detected and vi-
perin mRNA was not found upregulated in cultures infected with in-
activated particles. Finally, we also infected A549 cells previously
transfected with viperin-siRNAs. We did not find detectable viperin
mRNA levels but importantly a significant 804 = 89 fold upregulated Z
mRNAs expression in viperin silenced cultures compared to 80 fold
increase in infected cells (Fig. 2D).

2.3. Viperin expression along JUNV infection

Since important upregulation of viperin mRNA was confirmed in
A549 cells infected by replicative competent JUNV stock, we sought to
better delineate kinetics of both viperin expression and viral replica-
tion. For this, infected cultures were analyzed at different times p.i. as
results depicted in Fig. 3. JUNV replication was monitored by means of
Z mRNA levels showing a 15 = 0.1 fold increment at 10 h. p.i. and
followed by a continuous raising up to a 60 * 4 fold increase at 48 h
p-i. (Fig. 3A). With the same tendency it is worthy to note that while at
6 h p.i. viperin mRNA levels were increased to 2-3 fold change; at 24 h
p.i its abundance was remarkably higher with an increment of 15 + 2-
fold change (Fig. 3A).

In order to study viperin protein expression, we performed im-
munofluorescence assays and found that endogenous viperin is not
detected at early times p.i. (ranging from O to 10 h p.i.) in JUNV-in-
fected cells (Fig. 3B). However, after 24 h p.i. viperin expression was
observed in a cytosolic punctate-diffuse pattern as reported (Chin and
Cresswell, 2001). This expression was detected after a considerable
accumulation of viral RNA (Fig. 3A) and glycoprotein expression
(Fig. 3C), indicating that this host restriction factor is stimulated upon
JUNV replication. Noticeably, we found that viperin expression di-
minished at 48 h p.i (Fig. 3C). Together these results strongly suggest
that viperin may play a role in controlling natural JUNV infection.

2.4. Viperin overexpression has a strong antiviral action against JUNV

Importantly, and for the first time, our experiments showed that
endogenous viperin is upregulated upon JUNV infection. Viperin is
expressed in most cell types at very low basal levels, thus most of the
work characterizing its antiviral activity is done using viperin encoding
plasmids (Tan et al., 2012; Teng et al., 2012; McGillivary et al., 2013).
Hence, we decided to explore the effect of enhanced viperin action
upon JUNV multiplication by an overexpression approach. Viperin
transfected A549 cells were infected at a MOI of 0.1 PFU/cell. Also,
empty vector transfected cells were infected and included as viral
controls. Supernatants were harvested at 24 h p.i. to determine virus
yields and at the same time cells were fixed to analyze viral antigen
expression by immunofluorescence. Extracellular viral production was
remarkably reduced in viperin overexpressing cell cultures as reflected
by the 1.5 = 0.1 log decrease in JUNV yield (93%), measured by
standard plaque assay (Fig. 4A). Moreover, a significant reduction in
number of G1 expressing cells was observed. Interestingly, source of
this reduction corresponded to number of G1 positive cells per viral
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Fig. 4. Effect of viperin overexpression on JUNV multiplication. A549 (A-C) or Vero (D-F) cells were transfected with empty pcDNA 3.1 or pcDNA 3.1 viperin encoding vector and
infected with JUNV at MOI of 0.1 PFU/cell. At 24 h. p.i. viral yields were determined by a standard plaque assay (A and D). Reported values are mean + SD (n = 2). At 24 h p.i. cells were
fixed and total viral glycoproteins were stained using mouse monoclonal anti-G1 antibodies and Alexa 568-conjugated goat anti-mouse IgG (B and E). Cell nuclei were stained with DAPI.
Samples were visualized by epifluorescence microscopy. Magnification: 100X. Quantification of number and size of viral foci (C and F) corresponds to images in B and E. ns: non

significative. (*) significative values.

focus rather than number of viral foci, when comparing empty vector to
viperin overexpressing A549 cell cultures (Fig. 4B). Detailed inspection
under the microscope showed that while viral foci containing 91 in-
fected cells in average were seen in viral control, only 3 cells per viral
focus in average were detected in presence of overexpressed viperin
(Fig. 4C). These results suggested that although the first round of in-
fection was successfully achieved, impairment in viral propagation
could take place in viperin overexpressing cultures. To further test
antiviral function of viperin, IFN deficient Vero cells were transfected
with viperin encoding plasmid as in experiments described above and

220

both viral production and level of viral protein expression were quan-
tified. Fig. 4D-F shows that exogenous expression of viperin turned the
cultures less permissive to JUNV propagation confirming once again
viperin as a genuine antiviral candidate.

2.5. Viperin overexpression results in mislocalized viral glycoproteins

Experiments above showed that neither entry nor glycoprotein
synthesis were affected in overexpression conditions. However, in-
fectious virus release was significantly inhibited by viperin
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Fig. 5. Viperin overexpression results in mislocalized viral glycoproteins. Empty
vector or viperin encoding vector transfected A549 cells were infected with JUNV, in-
cubated with mouse monoclonal anti-G1 or anti-viperin antibodies and fixed. Non per-
meabilized (A) and permeabilized (B) cell cultures were stained with secondary anti-
bodies and visualized with a confocal microscope as indicated in Materials and methods.
Magnification: (A) 400 x; (B) 600 x.

overexpression (Fig. 4A). JUNV particle production and propagation
depends on proper insertion of glycoproteins into cellular membranes.
Thus, a reduced membrane glycoprotein expression might be a possible
explanation for this observation. To assess that, viperin overexpressing
cultures were infected and then fixed without further permeabilization
steps. Samples were revealed by immunofluorescence and analyzed by
confocal microscopy. As can be seen in Fig. 5A, in JUNV infected cells
viral G1 expression was in accordance with membrane pattern locali-
zation and defined ring-like structures are observed on those infected
cells, as expected. On the other hand, viperin overexpressing-infected
cells showed diminished G1 membrane localization and a surface dis-
continuous pattern. In addition, when samples were revealed with anti-
viperin antibodies, it was confirmed that viperin does not localize on
the cell surface. Another set of samples were analyzed including a
membrane permeabilization step. Fig. 5B showed that in JUNV infected
cells, G1 expression was continuous along cell membrane and depicted
long filaments. However, in accordance with Fig. 5A, this G1 pattern
was observed completely altered in viperin overexpressing-JUNV in-
fected cells (Fig. 5B). Finally, another important observation was that
viperin overexpression was detected as strong drop-like structures close
to and around the nucleus but also at cellular periphery. Surprisingly, in
those infected viperin-transfected cells the drop-like structure switched
to a punctate diffuse pattern (Fig. 5B).
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2.6. Interplay of viperin and LDs during JUNV infection

There is a known relationship between viperin and LDs (Hinson and
Cresswell, 2009a). In addition to cytosolic LDs that are present in most
other cell types, hepatocytes contain at least two more types of LDs in
the lumen of the ER where viperin is localized. Therefore, we included
HepG2 cells to study the interplay between viperin and LD during JUNV
infection. First, in order to confirm IFN pathway activation upon JUNV
HepG2 cell line infection, we measured RIG-I and viperin mRNA levels.
At 24 and 48 h p.i. both mRNAs were found upregulated (Fig. 6A).
Then, non-infected and JUNV-infected HepG2 cells were fixed and
these lipid cellular structures were identified and enumerated by peri-
lipin 2 (Plin 2) staining. Representative images are shown in Fig. 6B.
Values from this analysis indicated that number of LDs is significantly
decreased upon JUNV infection when comparing to non-infected -JUNV
negative- cells (Fig. 6C).

Decreased LDs content in JUNV-infected cells lead us to the hy-
pothesis that these cellular structures are important for proper viral
multiplication. To test this hypothesis, we used the compound C75
which reduces the amount of LDs in cells (Ronnett et al., 2005) and
inhibits pre-adipocyte differentiation (Loftus et al., 2000; Kuhajda
et al., 2005). First, we investigated viability of HepG2 cells after in-
cubation with different C75 concentrations. As can be seen in Fig. 7A,
after incubation of cell cultures with up to 23 uM C75 non-important
cytotoxic effects were detected by two different methods. Noticeably,
the concentration of 23 uM reduced LD staining by 47.5% (Fig. 7B).
Then, to discard any possible direct effect of C75 on virion infectivity,
the virus suspension was incubated with different compound con-
centrations and remaining infectivity was determined by plaque assay.
Pre-incubation of the virus suspension with C75 did not produce any
inhibition in virus yield (Fig. 7C). Lastly, HepG2 cells were infected
then treated with C75 and extracellular virus production was quantified
by plaque assays at 48 h p.i. In Fig. 7D it is shown that viral production
was significantly diminished when LDs morphogenesis was blocked.
This virus yield inhibition occurred in a dose dependent manner with a
maximum inhibition of 2 + 0.1 logs relative to viral control yields.

At present, the role of LD on JUNV infection remains unexplored.
Consequently, we investigated whether JUNV proteins localized near
these structures. In order to inspect that possibility, JUNV-HepG2 in-
fected cells were immunostained with mouse monoclonal specific an-
tibodies to detect major viral proteins (G1 and N) and probed with
BODIPY for LD identification. As is shown in Fig. 8A, no significant
correlation was seen with LDs while studying G1 localization. However,
confocal microscopy images showed several co-localization spots be-
tween N and LD (Fig. 8B).

2.7. JUNV-viperin interaction studies

In order to have an overall picture of viperin and all viral proteins
localization, immunofluorescence assays were performed using a
polyclonal antiserum against whole JUNV antigens. Noticeably, con-
focal double staining microscopy images showed immuno-colocaliza-
tion of viperin and JUNV proteins (Fig. 9A). Several reports indicate
that viperin inhibits viruses by localizing to LDs. Results in Fig. 8B
showed that N might localize at these subcellular structures, thus this
protein could be a primary candidate for interacting with viperin. Then,
immunoprecipitation assays were performed with JUNV infected sam-
ples at 24 and 48 h p.i. Antibodies recognizing N protein were in-
cubated with infected cell lysates followed by protein A-agarose pre-
cipitation and extensive washes the samples were probed with anti-
viperin antibodies. Fig. 9B showed that anti-N immunoprecipitation
was able to pull-down endogenous viperin in the infected cell lysates.
Control cultures showed no reactivity as expected.

In order to further analyze this N-viperin interaction, A549 cells
were co-transfected with N and viperin encoding plasmids. At 24 h post
transfection (p.t.), cells cultures were fixed and stained with specific
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Fig. 6. LD characterization in JUNV infected HepG2 cells. (A)
HepG2 cells were infected at MOI of 0.1 PFU/cell and expression
of RIG-I and viperin genes was determined at 24 h and 48 h p.i.
(B) Control uninfected and JUNV infected HepG2 cultures were
fixed and probed for LDs detection and viral G1 viral antigen.
Representative images of cultures probed with Plin2 (green
channel) and G1 (red channel). (C) LDs quantification of JUNV
(+) cells over negative cells. Brightfield and merge of all channels
are also shown. Magnification 600X. ns: non significative. (*)
significative values.
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antibodies to assess co-localization of these proteins. As can be seen in
Fig. 9C (merge panel), yellow spots corresponded to overlap proteins
patterns. Further detailed analysis of confocal images demonstrated co-
localization of N and viperin signal, with a Pearson coefficient of 0.65
(Fig. 9C). Next, HEK 293 cells were co-transfected with Flag-tagged
viperin and HA-tagged N protein encoding plasmids. Cell lysates were
subjected to anti-Flag or anti-HA immunoprecipitation and im-
munoprecipitated proteins were analyzed by immunobloting using anti-
tag antibodies. As can be seen in Fig. 9D, regardless of antibodies used
to pull down protein complexes, both tagged proteins were detected in
the immunoprecipitated samples, supporting that N and viperin are
interacting.

These results led us to address the specific residue interaction sites
by bioinformatic modelling analysis. We investigated N and viperin
interaction by using protein-protein docking tools in a comparative
manner. We obtained N-viperin protein complex structure and the re-
sulting model showed that C-terminal domain of JUNV N protein would
interact with viperin (Fig. 10A). In particular, the first group of pre-
dicted interactions was between a4 and 35 residues of N and a4 re-
sidues of viperin (aa 186-215); the second group was between a5 and
a6 residues of N and a3 residues of viperin (aa 164-170), depicted as
discontinuous lines in zoomed Fig. 10A. These predicted interactions
supporting results showed in Fig. 9 were confirmed with the aid of
viperin protein mutant domains depicted in Fig. 10B. Co-im-
munoprecipitation analyzes using a viperin-specific antibody showed
that all used mutants still interacted with N but TN50 mutant
(Fig. 10C). This indicates that the presence of N-terminus of viperin is a
necessary requirement for the protein-protein complex formation.
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Jointly, these data showing viperin-N interaction suggested that
JUNV N functionality may be hampered by this restriction factor. Since
arenavirus replication-transcription complexes (RTC) are nucleated by
the N, viperin might be interacting with this viral ribonucleoprotein in
order to counteract its function on genome viral transcription/replica-
tion. To explore this hypothesis, we specifically measured RNA tran-
scription process using appropriate primers (Garcia et al., 2009). Viral
mRNA level after 8 h p.i. was quantified in presence or absence of
overexpressed viperin. As it can be seen in Fig. 10D, viral mRNA levels
were significantly inhibited in viperin transfected- JUNV infected cell
cultures.

Altogether, these results showed that viperin is antivirally active
against JUNV and that it interacts with JUNV N protein as tested in co-
immunoprecipitation, co-transfection and in silico assays. This interac-
tion might be affecting the essential role of N in RNA transcription/
replication, possibly at a LD subcellular level.

3. Discussion

Study of host-viral interactions has recently uncovered a number of
restriction factors and has been extremely enlightening for the field of
intrinsic immunity as well as for molecular biology (Kluge et al., 2015).
Viral modulation of proteins involved in the IFN response is a key event
that could help to explain mammarenavirus pathogenicity. Here we
report for the first time that viperin is an important antiviral factor
against JUNV infection.

In the present work, we showed that JUNV is able to replicate in IFN
competent cell lines (Fig. 1), although the production of the viral RNA
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Fig. 7. Effect of C75 on JUNV multiplication. (A) HepG2 cells were incubated for 48 h with different concentrations of C75 and then cell viability was determined by MTT and crystal
violet assays. (B) Untreated (CC) and 23 uM C75 treated HepG2 cells were fixed and probed with BODIPY. LD abundance was quantified as explained in Materials and methods.
Magnification: 600X. (C) JUNV suspensions were incubated with increasing concentrations of C75 and remaining JUNV infectivity was determined by plaque assay. (D) JUNV infected
cultures were incubated in presence or absence of C75 and virus yields were determined at 48 h p.i.
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Fig. 8. Subcellular localization of viperin and viral proteins. HepG2 cultures were
infected with JUNV and at 48 h p.i. cells were fixed, probed with BODIPY and stained
with mouse monoclonal antibodies to reveal (A) JUNV G1 protein or (B) JUNV N protein.
Magnification: 600 X .

significantly induced the IFN-I pathway via a mechanism requiring RIG-
I (Fig. 2). On the other hand, we showed that JUNV replication is
hampered by IFN treatment. These findings seem to indicate that there
is in fact an interplay between the virus and the cell immune response.

It is of our interest to determine the subcellular localization, in-
trinsic factors and specific time points for these viral-cell interactions
which could be interfered for the benefit of the cell survival. In this line,
physiologically relevant real time PCR assays and confocal microscopy
studies were performed showing that endogenous viperin expression
was specifically activated upon viral multiplication (Fig. 3). Then, we
determined that viperin overexpression strongly reduced extracellular
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JUNV production in both, A549 and Vero IFN deficient cell cultures.
Microscopy images showed that viperin overexpressing cultures were
permissive to infection; however, a significant reduction in size of viral
foci was observed. These results excluded the possibility that viperin is
blocking virus entry, indicating another viral replication stage is being
affected (Fig. 4), similar results have also been shown for the antiviral
activity of viperin against tick-borne encephalitis virus (Upadhyay
et al., 2014).

While investigating the mechanism by which viperin significantly
reduces viral particle production, we detected alterations in cellular
membrane G1 localization, which suggested an impairment of final
morphogenesis or budding (Fig. 5). Although further studies are re-
quired, the overall viral glycoprotein mislocalization seen in viperin
overexpressing cells would account for the JUNV antiviral viperin ac-
tivity. These findings are in agreement with the negative modulation of
particle release observed for human immunodeficiency (HIV) and In-
fluenza viruses in viperin-overexpressing conditions. Reports have de-
monstrated that viperin is responsible for lipid rafts disturbance and, as
a consequence, membrane localization of viral glycoproteins is im-
paired (Wang et al., 2007; Nasr et al., 2012). Since JUNV makes use of
lipid rafts to bud from cells (Cordo et al., 2013), these lipid structures
could be another possible link between viperin and its antiviral activity
against JUNV.

On the other hand, altered lipogenesis has emerged as a common
phenotype for pathological conditions like viral infections (Samsa et al.,
2009; Seo and Cresswell, 2013). However, mechanisms that regulate
LDs formation and how their function impacts in cellular biology re-
main unknown. Structurally and besides their rich lipid content, LDs
contain several functionally diverse types of proteins, including al-
ready-described pro and antiviral relevant factors (Bozza et al., 1997;
Yu et al., 2000; Fujimoto et al., 2001; Chen et al., 2002; Brasaemle
et al., 2004; Liu et al., 2004; Wan et al.,, 2007; Pol et al., 2014).
Therefore, lipid bodies might have potential implications for mechan-
isms of cell proliferation and differentiation, affecting viral replication.
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Fig. 9. Interaction of viperin and JUNV N proteins. (A) Infected HepG2 cells were stained with mouse monoclonal anti-viperin antibodies and rabbit polyclonal anti-JUNV antibodies,
and further secondary antibodies incubation as detailed in Materials and methods. (B) A549 cells cultures were infected with JUNV at MOI of 0.1 PFU/cell. At 24 or 48 h p.i. monolayers
were processed for immunoprecipitation anti-N (NAO5AG12) antibodies. Immunocomplexes were subjected to WB analysis to detect viperin presence with polyclonal antibodies. As a
control non infected cells (CC) collected with lysis buffer containing and processed as infected samples. (C) Co-localization of viperin- JUNV N protein. Representative image of co-
transfected A549 cells stained with anti-viperin (green channel) and anti-N (red channel) antibodies. Merge panel shows co-localization overlap spots with a Pearson coefficient = 0.65.
(D) HEK293T cells were transfected with plasmids encoding FLAG-tagged viperin and HA-tagged Junin N protein in different combinations as indicated (+). At 24 h p.t., cell extracts
were subjected to anti-HA or anti-Flag immunoprecipitation. Whole cell lysate (input) and immunoprecipitated proteins were analyzed by immunobloting using antibodies as indicated.
Tubulin served as a loading control. Representative images are shown from three independent experiments.

Recent studies have shown that mosquito derived cells accumulate and
increase LD formation upon dengue infection (Barletta et al., 2016).
These results together with those reported in human macrophages
(Samsa et al., 2009), support the idea that these structures are im-
portant for virus multiplication. Interestingly, in this work we observed
a decrease in LDs number in JUNV infected cells compare to non-in-
fected cells (Fig. 6B and C). On the other hand, inhibiting lipid meta-
bolism significantly reduced extracellular virus production (Fig. 7D).
These observations demonstrate for the first time the importance of
these lipid subcellular structures for proper JUNV replication. It was
important to examine these particular lipid structures since viperin
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protein is reported to localize at this subcellular level. In addition, it
was observed for the first time that N protein also localizes at LDs
(Fig. 8B). This prompted us to investigate the possible N-viperin in-
teraction through immunoprecipitation and confocal microscopy ap-
proaches. The protein-protein interaction was confirmed in both, cell
infected and cell transfected samples (Fig. 9). Also, bioinformatic ex-
perimental approach was used to reveal protein interacting sites. Ac-
cording to predicted models from docking studies, the C-terminal of N
protein would be involved in the interaction with a3 and a4 residues on
viperin. Previous studies Zhang et al. (2013) determined that C-term-
inal domain of JUNV N (residues 341-564) might possess other
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Residues involved in interaction site are shown as red ribbon. Reverse view of the complex showing other interacting residues. Detailed projection of interacting residues of viperin-JUNV
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docking softwares. (B) Viperin mutants scheme. (C) HEK293T cells were transfected with plasmids encoding FLAG-tagged viperin mutants and HA-tagged Junin N protein in different
combinations as indicated (+). At 24 h p.t., cell extracts were subjected to anti-Flag immunoprecipitation. Whole cell lysate (input) and immunoprecipitated proteins were analyzed by
immunobloting using antibodies as indicated. Tubulin served as a loading control. Representative images are shown from three independent experiments. (D) Nucleoprotein functionality
upon viperin expression. Both control and viperin transfected A549 cultures were infected at MOI of 0.1 PFU/cell. To determine viperin mRNA and viral transcription levels, monolayers
were processed for real time PCR at 8 h p.i. Bars represent fold changes of mRNA relative expression in each condition compared to uninfected cell cultures.

important functions besides the exonuclease activity. Moreover, it has
been indicated that amino acid residues between positions 394 and 502
(C-terminal of N) could be involved in zinc binding (Tortorici et al.,
2001). On the other hand, viperin a3 belongs to the conserved central
domain characteristic of S-adenosylmethionine (SAM) enzyme family
(Shaveta et al., 2010) that has been implicated in HIV and Bunyamwera
virus antiviral activity (Nasr et al., 2012; Carlton-Smith and Elliott,
2012). In this work, we could confirm using viperin mutants that at
least the first 50 residues of viperin are required for the interaction
(Fig. 10C). It is well known that the N-terminal targets viperin to lipid
droplets (Hinson and Cresswell, 2009a), ER (Hinson and Cresswell,
2009b) and mitochondria (Seo et al., 2011), so N-viperin interaction
might take place at these subcellular levels. Here, it was observed that
N localizes to LD (Fig. 8B). Further studies need to be performed to gain
more insight about other N subcellular localizations. Finally, further
experiments are needed to determine the involvement of other viperin
protein domains like C-terminal in the antiviral activity as it is crucial
to flavivirus antiviral activity and interaction with other host cellular
proteins (Helbig et al., 2013; Wang et al., 2012; Upadhyay et al., 2014,
2017; Van der Hoek et al., 2017). The arenaviral N is the most abun-
dantly expressed viral protein in infected cells. N forms a

ribonucleoprotein complex with the viral polymerase for the viral
mRNAs transcription and synthesizes viral genomic RNAs during viral
replication (Pinschewer et al., 2003). Interestingly, it was observed a
significant inhibition in RNA transcription in viperin overexpressing-
JUNV infected cell cultures, and cells depleted of viperin with siRNA
showed higher viral transcripts (Fig. 10D). Our results suggest that
JUNV RTC might be recruited to these lipid structures (Figs. 6B and 8B)
and might use them as platforms for viral transcription, where viperin
might interact with N in order to counteract this essential function. In
addition, the findings that LDs downregulation has a negative impact
on JUNV multiplication demonstrated for the first time that these
structures are essential for arenavirus life cycle and might represent a
novel antiviral target.

4. Conclusions

Restriction factors are considered the first line of defense against
viruses. These antiviral proteins are synthesized at early times post
infection, in host cellular environment to counteract viral replication.
Altogether, our results report for the first time that viperin is an im-
portant restriction factor against JUNV infection with the final outcome
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of limiting viral spread. Detailed mechanisms of action remain to be
determined but several hints presented here suggest that viperin might
act by two separately routes. Viral morphogenesis might be affected
indirectly by negative modulation of lipid raft microdomains.
Moreover, N ribonucleoprotein could be a direct target in trying to
control viral replication as we found a significant inhibition in viral
RNA transcription in viperin transfected-JUNV infected cells.
Nevertheless, it cannot be discarded that other viral proteins could be
also targeted by viperin protein. Further characterization should be
done on the antiviral effect of viperin against JUNV and putative vi-
perin-JUNV protein interactions remain to be studied.

The paradigm in which individual host cells could do nothing to
prevent infection or interfere with downstream virus replication has
changed a decade ago. The breakthrough discovery of cell-intrinsic
restriction factors opened a new and interesting field in which the
vulnerable points of the viral multiplication cycle could be attacked.
Importantly, our results demonstrate that infected cells up-regulate
viperin in trying to restrict JUNV replication. Although this naturally-
occurring factor and others not yet characterized do not fully accom-
plish that goal, it is of great relevance to take them into account for the
present understanding of the interplay between virus and host and for
future antiviral therapy designs as well.

5. Materials and methods
5.1. Cells and viruses

A549 (human lung adenocarcinoma; ATCC CL-185), HepG2 (human
hepatoma; ATCC CRL-10741) and Vero (African green monkey kidney;
ATCC CCL 81) cell lines were grown in Eagle's minimum essential
medium (MEM) (GIBCO) supplemented with 10%, 20% and 5% of fetal
bovine serum respectively and 50 ug/ml gentamycin. HEK293T cells
were grown in D-MEM. All cell lines were authenticated and tested for
contamination. Virus stocks of JUNV (attenuated strain IV4454) were
prepared and titrated by a standard plaque assay in Vero cells.

5.2. IFN treatment and viperin induction

A549 or Vero cells were treated for 8 h with 10,000 IU/ml of IFN-a
(Bioferon, Argentina), infected with JUNV at a MOI of 0.1 PFU/cell, or
alternatively pretreated for 8 h with 10,000 IU/ml of IFN-a and then
infected with JUNV at a MOI of 0.1 PFU/cell. At different times post
treatment or infection; cells were fixed or lysed and processed for im-
munofluorescence or real time PCR assay, respectively. Cell viability in
the presence of different concentrations of IFN-a was determined by
methylthiazolyldiphenyl-tetrazolium bromide (MTT; Sigma-Aldrich)
method (Berridge et al., 2005).

5.3. Real time RT-PCR assay

Total RNA was extracted using TRIZOL (Invitrogen Life
Technologies) according to manufacturer's instructions. Then, cDNA
was generated by use of murine reverse transcriptase M-MLV (Promega)
and random primers (Biodynamics, Argentina). This cDNA was ampli-
fied by real time PCR using SYBRGreen complete mix detection
(Biodynamics, Argentina). Real time PCR was carried out with an initial
incubation at 95 °C during 2 min, followed by 35 cycles of 30 s at 95 °C,
1 min at 58 °C, and 1 min at 72 °C and a final step of 10 min at 72 °C.
Amplification plots were analyzed with Biorad software and the com-
parative threshold cycle method was used to determine gene expression
relative to (-actin cellular gene. Primer sequences are detailed in
Giovannoni et al. (2015). Results are expressed as the mean = SD of 2
independent experiments.
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5.4. Plasmid and siRNAs transfections

Viperin encoding plasmid (pcDNA3.1-VIP) was kindly provided by
Dr. Peter Cresswell (Yale University, New Haven, CT, USA). Viperin
mutant encoding plasmids were described in (Wang et al., 2012;
Upadhyay et al., 2014). The N-terminally FLAG-tagged N100 viperin
(1-100 aa) was constructed based on the eukaryotic expression vector
pl.18 (kindly provided by Jim Robertson, National Institute for Biolo-
gical Standards and Control, Hertfordshire, United Kingdom), using
standard PCR cloning methods. KOD Hot Start polymerase (Novagen),
restriction enzymes and T4 DNA ligase (Fermentas) were used ac-
cording to the manufacturers’ recommendations. The plasmid was se-
quenced to ensure correctness, and oligonucleotide primer sequences
are available upon request.

JUNV-N encoding plasmid (pcDNA3.1-N) was previously generated
in our lab (Artuso et al., 2009). Plasmid (1 pg/ml) was transfected into
A549 cells using Lipofectamine 2000 (Invitrogen Life Technologies).
For viperin silencing assay 100 nM of commercial siRNAs (sc-94261
RSAD2 siRNA (h), Santa Cruz Biotechnology) were transfected into
A549 cells. Sequence of RNA used as control was 5-GACCACAATTCT
CGATATACAUU-3". Cells were infected with JUNV at a MOI of 0.1
PFU/cell at 24 h p.t. At 24 h p.i., extracellular medium was harvested to
quantify virus production and cells were processed for immuno-
fluorescence or real time PCR assays.

5.5. Indirect immunofluorescence (IF) assay

For cytoplasmic IF, cells were grown on coverslips and fixed by
incubation in 4% paraformaldehyde for 15 min at room temperature,
washed three times with PBS and finally permeabilized by incubation in
0.1% Triton X-100 in PBS for 15 min at room temperature. Fixed cells
were rinsed three times with PBS before incubation in blocking buffer
(3% BSA, 0.15% Triton X-100 in PBS) for 1 h at 37 °C. For viperin de-
tection, indirect staining was carried out by incubating with 1/50 di-
lution of rabbit polyclonal (sc-102099 RSAD2, Santa Cruz
Biotechnology) or 1/100 dilution of mouse monoclonal anti-viperin
antibodies (MaPVip, kindly provided by Dr. Peter Cresswell) for 1 h at
37 °C, followed by a second incubation with 1/100 dilution of Alexa
488 conjugated goat anti- rabbit or mouse IgG antibodies, respectively.
LD associated protein perilipin 2 (Plin2) detection was performed by
using guinea pig antibodies (20R-APOO2, Fitzgerald; kindly provided
by Dr. Andrea Gamarnik) at 1/100 dilution, overnight (ON) at 4 °C.
Then, anti-guinea pig-FITC was used at 1/300 dilution for 1 h at 37 °C.
For viral proteins, indirect staining was carried out by incubating with
1/300 dilution of mouse monoclonal anti-G1 (GBO3BEO8) or anti-N
(NAO5AG12) antibodies (Sanchez et al., 1989) and 1/100 dilution of
Alexa 568-conjugated goat anti-mouse IgG antibodies. Alternatively, 1/
50 dilution of rabbit polyclonal anti-JUNV antibodies generated in our
laboratory was used. After a final washing with PBS, cells were stained
with 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI) and
mounted. For specific membrane IF, cells were first washed with ice-
cold PBS and then incubated with mouse monoclonal anti-G1 anti-
bodies or anti-viperin antibodies at 37 °C for 60 min. After washing
with cold PBS, cells were fixed for 15 min in 4% paraformaldehyde at
37 °C and further incubated with Alexa 568 or 488 conjugated anti-
bodies, respectively. Mounted cells were visualized and images were
acquired using an Olympus IX71 microscope or a confocal Olympus
Fluoview FV300.

5.6. Quantification of G1 positive cells and viral foci

Total cells were counted on 3 different images from 3 different fields
randomly chosen. Quantifications of DAPI stained nucleus were per-
formed through setting the right threshold followed by automatic par-
ticle analysis in Fiji. Cells going under division (segmented nucleus or
visible chromosomes) were discarded. G1 viral antigen expressing cells
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were considered positive under two criteria: 1) rounded morphology of
the cell (infected cells become rounded as a result of the cytopathic
effect) and 2) perinuclear expression pattern of G1. Manual counting
was made through the cell counter plugin of Fiji. Percentage of G1
positive cells was expressed as the ratio between G1 positive cells and
total cells in each field and then the average percentage was determined
and presented. Viral foci were delimited considering groups of G1 po-
sitive cells surrounded by G1 negative cells. Viral foci were counted on
3 different images from 3 different fields chosen randomly and the
average foci size was determined by the number of cells that formed
them. An unpaired student t- test was performed between infected-
transfected cells with empty vector and viperin encoding vector.

5.7. Lipid droplet staining and counting

For LD staining HepG2 cells were fixed and then incubated with
1 uM of BODIPY 493/503 (Molecular Probes) for 10 min, which allows
fluorescent detection of LDs. Photographs were taken using an Olympus
IX71 epifluorescence microscope. For samples stained with Plin2 anti-
bodies, IF protocol was carried as in section 4.5. Photographs were
taken using a confocal Olympus Fluoview FV300 confocal microscope.

LDs probed with BODIPY, were automatically quantified using Fiji
program by differentiation of background from the particles of interest.
A binary mask was made setting a default threshold of 73-255
minimum and maximum intensities respectively that allowed selecting
LDs. This binary image was subtracted from the original one and re-
sulting image showed LDs without background. This image was thre-
sholded again for a better and more specific selection of particles with
values of 89-255 minimum and maximum. Then, values of size be-
tween 0.002-infinity and circularity between 0.7 and 1.00 were set. For
Plin2 stained LDs a maximum intensity projection of each stack was
created for the red, green and brightfield channels. For counting, a
division between two populations of cells was made: those positive and
negative for JUNV N staining were considered infected and not in-
fected, respectively. Finally, the number of LD was determined for each
cell following the steps detailed for BODIPY stained samples, with
thresholds determined accordingly.

5.8. C75 Inhibitor assays

Cell viability in the presence of C75 (Sigma-Aldrich) was de-
termined by MTT method as described before in section 4.2 and by
crystal violet dye method (Feoktistova et al., 2016). To evaluate the
effect of C75 on LDcontent, HepG2 cultures were incubated with 23 pM
of C75, fixed, stained and quantified by BODIPY staining as detailed in
section 4.7. For inactivation assay, equal volumes of viral suspension
containing 1x 10°PFU/ml and various concentrations of C75 were
mixed and incubated at 37 °C for 90 min. Then, dilutions of the dif-
ferent mixtures were made and titrated in Vero cells by standard plaque
assay. As a control, viral suspension was incubated under the same
conditions with a similar volume of dimethyl sulfoxide. To evaluate C75
effect upon JUNV replication, cells were infected, treated with different
C75 concentrations and at 48 h p.i. supernatants were harvested and
quantified by plaque assay. Percentage of the remaining infectivity
relative to viral control was determined. For all experiments, ANOVA of
one factor was performed, followed by a Tukey test.

5.9. JUNV-viperin interaction assays

5.9.1. Immunoprecipitation assay

A549 cells cultures were infected with JUNV at MOI of 0.1 PFU/cell.
At 24 or 48 h p.i. monolayers were washed with PBS and collected
using lysis buffer (TBS containing 1% CHAPS, 0,4 mM PMSF, 3,5 pg/ml
pepstatin). After three steps of freeze and unfreeze, cells were cen-
trifuged and supernatants were incubated with anti-N (NA0O5AG12)
antibodies, following incubation with agarose- protein A, for 30 min at
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37 °C under continuous shaking and 90 min at 4 °C. After centrifuga-
tion, pellet was washed three times with lysis buffer. Inmunocomplexes
were resuspended in SDS-PAGE with (3-mercaptoethanol and incubated
at 100 °C for 5 min. Supernatants were collected for WB assays (12%
polyacrilamide gel) to detect viperin presence with polyclonal anti-
bodies. As a control non infected cells were processed as infected
samples. Immunoprecipitation of FLAG or HA-tagged proteins was
performed as previously described (Wang et al., 2012; Upadhyay et al.,
2014) using the following antibodies: mouse anti-FLAG epitope
(200472, Stratagene) and rabbit anti-FLAG epitope (F7425, Sigma),
were used at 1/5000 dilution; mouse anti-HA epitope (ab18181,
Abcam) and rabbit anti-HA epitope (ab9110, Abcam) were used at 1/
4000 dilution; rabbit anti- tubulin (ab6046, Abcam) was used at 1/
4000 dilution. Horseradish peroxidase-conjugated secondary antibody
was obtained from Pierce and antigen detection was performed using
Supersignal West Pico or Femto kit (Pierce).

5.9.2. Co-localization studies

A549 cell cultures were co-transfected with pcDNA3.1-VIP and
pcDNA3.1-N plasmids according to section 4.4. At 24 h p.t., cultures
were fixed for IFI and stained with the corresponding antibodies.
Immunolocalization of viperin and N was analyzed by confocal
Olympus Fluoview FV300 microscope in cells co-expressing the pro-
teins. Pearson coefficient was calculated to determine co-localization
(Manders et al., 1993).

5.9.3. Computational studies

The structure of JUNV N protein was retrieved from Protein Data
Bank (PDB, ID: 4K7E) (Zhang et al., 2013). It is the crystal structure of
the C-terminal domain (residues 341-564) with 2.2 A resolution.
Missing residues were added by Chimera software (Pettersen et al.,
2004). The crystal structure with 1.7 A resolution of viperin protein was
also retrieved from PDB (ID:5VSM) (Fenwick et al., 2017). Viperin was
docked into N protein utilizing two different protein-protein docking
softwares, ClusPro (Comeau et al., 2004) and ZDock (Pierce et al.,
2014), in a comparative manner. These programs produced different
complex models and the most common viperin—-N interaction model
was selected.

5.9.4. Viral transcription assay

A549 cell cultures were transfected with pcDNA3.1-VIP encoding
plasmid and at 24 h p.t cells were infected at a MOI of 0.1 PFU/cell. At
24 h p.i., total RNA was extracted, cDNA was generated and specific
viral RNA transcripts and viperin mRNAs were amplified by real time
PCR using appropriate primers. For viral transcripts: sense 5-GGCAT
CCTTCAGAACAT-3’ and antisense 5-CGCACAGTGGATCCTAGGC-3’
primers were used to generate a 186 bp amplification fragment com-
prising the 3’ end of the S RNA containing N coding sequences. For
viperin amplification, sense 5-CGTGGAAGAGGACATGACGGAAC-3’
and antisense 5-CCGCTCTACCAAATCCAGCTTC-3’ were used.
Amplification plots were analyzed with Biorad software and the com-
parative threshold cycle method was used to determine gene expression
relative to control cultures B-actin gene.

5.10. Statistical analysis

All data were analyzed by InfoStat, a free software available to
download from http://www.infostat.com.ar. Data shown are result of
independent experiments and error bars from graphics represent SD. All
data were tested for normal distribution using the Shapiro-Wilks test
before applying further statistical analysis. Comparisons of 2 data sets
were performed by an unpaired t-student test while comparison be-
tween 3 or more data sets was performed by an analysis of variance
(ANOVA) for a single factor. A p value < 0.05 was the criteria met for
considering significant differences (marked as asterisks in the graphics)
and when obtained in ANOVA, a Tukey post-hoc comparison test was
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performed in order to know between which groups the differences
were.

5.11. Graphics and image processing

All graphics were made in GraphPad Prism 6.00 software, image
processing and analysis was made using Fiji software. Both are free
software (http://graphpad.com/demos/ and http://fiji.sc/Downloads).
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