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1. Introduction 
The ZIKV was first isolated in 1947 from a sentinel 

monkey in the Zika forest of Uganda [1], and the first hu-
man epidemic outbreak was reported in 2007 in the Yap 
islands.  However, a few years ago ZIKV was introduced 
in the Americas causing an alarming number of cases of 
microcephaly in newborns from mothers infected with the 
virus [2]. The ZIKV is responsible for microcephaly in ani-
mal models by eliminating neural progenitor cells [3, 4]. 
This phenomenon is directly related to chronic stress in the 
endoplasmic reticulum (ER) owing to the overburden of 
protein production during virus infection [5, 6]. ZIKV not 
only has a tropism for neural stem cells but also a tropism 
for glioma stem cells has been observed, which is why it is 
capable of preventing the appearance of secondary tumors 
derived from post-surviving glioblastoma stem cells [7]. 
The ZIKV E protein has been identified as responsible for 
these tropisms [8, 9]; therefore, it is of great importance to 
better understand its biological characteristics and cellular 
effects. 

The ZIKV belongs to the Flaviviridae family, genus 
Flavivirus, which consists of enveloped icosahedral vi-
ruses, with a diameter of approximately 50 nm, that contain 
a single positive 9- to 12-kb RNA strand genome [10]. The 
ZIKV is mainly transmitted to humans through the bite of 
infected Aedes aegypti mosquitoes [11].  However, other 
mosquito species within the Aedes genus (A. africanus, A. 
luteocephalus, A. furcifer, A. taylori, and A. albopictus) 
also have a high potential to spread the virus [12]. The 
viral infection in adults and children usually results in a 
mild, self-limited febrile illness [13].

In some cases, in addition to mosquito bites, women 
have been also infected with ZIKV through sexual contact 
with people affected with the disease, and infection during 
the first pregnancy trimester, has been associated with an 
increase in newborns with microcephaly [14, 15]. Micro-
cephaly is a neurological developmental disorder, with an 
evident reduction in the size of brain mass and intellec-
tual disability caused by little cell proliferation, induced 
by the death of progenitor cells and their neuronal progeny 
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[16]. Prenatal analyses of placenta and amniotic fluid from 
ZIKV-infected women and blood samples from their new-
borns with microcephaly were positive for ZIKV RNA. In 
addition to these data in humans, several of these characte-
ristics have also been replicated in animal models, indica-
ting transplacental transmission of ZIKV [17–19].

The ZIKV genome is translated into a single polypro-
tein of 3,423 amino acids, that after proteolytic proces-
sing by viral and host proteases, generates three structural 
proteins: capsid (C), membrane precursor (prM), and the 
envelope protein (E);  and seven non-structural proteins 
named NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5 
[20]. Structural proteins make up the virion, while non-
structural proteins participate in genome replication, pac-
kaging, and modulation of cell innate immunity [21, 22]. 

The ZIKV E is a glycoprotein of approximately 54 kDa, 
it is formed by three domains: the  EDI domain which is 
β-barrel shaped, located centrally in the protein monomer, 
and acts in conformational processes during infection 
[23], the EDII domain which is finger-shaped, and causes 
the stability of dimers and participates in membrane fu-
sion and endocytosis during infection through the fusion 
peptide, in addition to being the prM chaperone-binding 
domain [21, 24], and the EDIII domain, which has a form 
similar to that of an immunoglobulin, participates in the 
first contact between the virus and host cells [25, 26]. 

The ZIKV E protein is the virion cell-binding protein 
[24, 27], as it interacts with the αvβ5 integrin receptor 
on glioblastoma stem cells [28, 29]; however, it has been 
reported that the AXL receptor also participates in ZIKV 
early events during infection [30–32]. Therefore, directing 
therapeutic vectors that use ZIKV E protein as a specific 
ligand can provide a specific and efficient strategy to battle 
aggressive human tumors of the central nervous system 
[33]. This strategy has been used previously, adding dif-
ferent, other than the ZIKV E, viral envelope glycopro-
teins in a vector to provide a tropism for a specific cell or 
tissue [34–36]. 

ZIKV replication takes place in close association with 
the ER [37], and after processing, several viral proteins, 
including E, remain in the ER lumen.  Activation of the 
UPR in ZIKV and other flavivirus-infected cells has been 
reported, inhibiting the formation of stress granules [38, 
39]. In vertebrates, the presence of high levels of UPR, in 
apical progenitor cells produces the first neurons, known 
as direct neurogenesis. In later stages, mammals show a 
decrease in the UPR, allowing the formation of basal pro-
genitor cells that give rise to new neurons; this phenome-
non is referred to as indirect neurogenesis. The replication 
of the ZIKV maintains the UPR elevated by indirectly 
inhibiting the formation of neurons. This mechanism has 
been related to the death of neural stem cells in microce-
phaly [40]. 

The UPR is the ER stress response, which is charac-
terized as a mechanism for restoring homeostasis caused 
by an imbalance in cellular proteostasis (homeostasis of 
protein synthesis, structuring, transport, and degradation) 
[41]. This process is induced by factors, such as viral 
infections [42], sudden temperature changes, and oxi-
dizing environments [43]. The UPR has three functions: 
shutdown protein synthesis induced by the activation of 
PERK [44, 45], the over-expression of chaperones such 
as GRP78 for correct protein folding [46, 47], and mem-
brane protein synthesis via the activation of IRE1α and 

ATF6 to increase the size of the ER. If this is not sufficient 
to restore homeostasis, the degradation of misfolded pro-
teins is carried out through endoplasmic reticulum-asso-
ciated degradation (ERAD), or, finally, cell death occurs 
by apoptosis [48–50]. During ZIKV infections, the ZIKV 
E protein has been observed to interact with the chaperone 
GRP78, which plays a mediating role in the internalization 
of the virus and participates in viral replication [51, 52]. 
However, there is no evidence that the expression of the 
ZIKV E protein per se leads to the overexpression of this 
chaperone or UPR activation. Therefore, it is important 
to elucidate the role of the cellular pathways involved in 
ZIKV E protein synthesis and processing, to assess cellu-
lar homeostasis and to identify appropriate vectors to carry 
out these therapies. 

Due to the great interest in the use of ZIKV E protein 
to direct different therapies to target cells such as those 
derived from glioblastoma, we sought to characterize the 
cellular response in terms of stress or death, to the expres-
sion of this protein in HEK-293T cells; a line which is 
used in most therapeutic strategies and the production of 
recombinant proteins [53]. In addition, we also examined 
the UPR and apoptosis responses in human glioma cells 
expressing ZIKV E.

2. Materials and methods
2.1. Cell lines

The HEK293T cell line, derived from human embryo-
nic kidney (ATCC, cat# CRL-3216), and the U-87 MG, a 
human glioma cell line (ATCC, cat#  HTB-14) were main-
tained in Dulbecco's Modified Eagle’s Medium (DMEM, 
high glucose) (GIBCO, cat# 12800-017) supplemented 
with 10% fetal bovine serum (FBS) (Gibco, cat# 16000-
044), 1 mM L-glutamine (Sigma-Aldrich, cat# 35050061), 
and 100 U/mL penicillin/100μg streptomycin (Gibco, 
cat# 15140-122). Mosquito Aedes albopictus C6/36 cells 
(ATCC, cat# CRL-1660) were grown in Eagle’s minimum 
essential medium (EMEM), supplemented with 10% FBS 
and 100 U/mL penicillin-streptomycin. Mammalian and 
mosquito cell cultures were maintained at 37 °C, and 28 
°C respectively, in a 5% CO2 atmosphere.

2.2. Expression vector
The ZIKV (ZIKV/Homosapiens/MEX/2016/mex24) 

was propagated in C6/36 cells. Genomic viral RNA was 
purified from infected C6/36 cell supernatants using the 
QIAamp Viral RNA kit (QIAGEN, cat# 52906), following 
the supplier's protocol, in a Type II biosafety hood. The 
purified genome was then treated with DNase I (Invi-
trogen, cat# 18068015), viral cDNA was synthesized 
using random primers (50 μM) and Superscript III reverse 
transcriptase (Invitrogen, cat# 10777019) as previously 
described  [54].

The gene encoding the ZIKV E protein was ampli-
fied using endpoint PCR. A Kozak sequence with the 
methionine codon was introduced at the 5' region with 
the forward primer: 5’-TACCACCATGATCAGGTGCA-
TAGGAGTCAGC-3’. A stop codon and the XhoI reco-
gnition sequence were incorporated at the 3' region using 
the reverse primer: 5’-ACTCGAGCTAAGCAGAGACG-
GCTGTGGAT-3’. Briefly, for the PCR reaction, 0.6 μL of 
AccuPrime Pfx polymerase (Invitrogen, cat# 12344024), 
5 μL of the 10x Buffer, 5 μL of DMSO, 0.8 μL of each 
primer (10 μM), 2 μL of viral cDNA, and molecular biolo-
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to induce UPR and was administered for 24 h (3μg/mL) 
to cells. After protein quantification of the treated cell 
cultures, 50 μg of protein was loaded onto 12% and 15% 
polyacrylamide gels for the detection of the proteins of 
interest. After electrophoresis, proteins were transferred 
onto PVDF membranes (Bio-Rad, cat# 1620177) and 
blocked with 5% skim milk. The following primary anti-
bodies were used: anti-ZIKV E protein (1:1000, GeneTex, 
cat# GTX133314), anti-GRP78 (1:1000, R&D Systems, 
cat# MAB4846), anti-calreticulin (1:1000, Santa Cruz 
Biotechnology, cat# sc-373863), anti-caspase 3 (1:200, 
Cell Signaling Technology, cat# 9662), and anti-LC3B 
(1:1000, GeneTex, cat# GTX82986).  Membranes were 
incubated overnight at 4 °C and then with an anti-β-actin 
HRP conjugated (1:40000, Sigma Aldrich, cat# A3854) 
for 20 minutes. The next day, membranes were washed 
using Tris Buffered Saline with Tween (0.1%) 1X buffer 
(TBST) and incubated with the secondary antibodies: anti-
mouse HRP (1:2000, Invitrogen, cat# 62-6520), or anti-
rabbit HRP (1:2000, Invitrogen, cat# 65-6120) for one 
hour. The membranes were then washed and developed 
with Western Lightning Plus-ECL (PerkinElmer, Inc, 
cat# NEL104001EA), following the manufacturer’s ins-
tructions. The membranes were photo-documented using 
the FUSION SOLO S (Vilver) instrument, and densito-
metry analysis was performed using the ImageJ® Software 
(NIH). A buffer stripping containing, Tris-HCl 62.5 mM 
pH 6.8, mercaptoethanol 100mM, SDS 2% w/v, was used 
for stripping and detection of different proteins on the 
same membrane. 

2.6. Immunofluorescence
To determine the presence of intracellular cellular and 

viral proteins, cells were fixed and permeabilized, while 
non-permeabilized cells were used for the detection of 
cell membrane proteins. Subsequently, cells were washed 
between each step with phosphate-buffered saline (PBS), 
and 1% Bovine Serum Albumin IgG-Free (BSA) (Jackson 
ImmunoResearch, cat# 001-000-162) blocking solution 
was added for 1 h at room temperature. After blocking, 
primary antibodies against the proteins of interest were 
added overnight at 4 °C. For the detection of cytoplasmic 
and ER proteins, 4% paraformaldehyde and 0.2% Triton 
X-100 were used to fix and permeabilize the cells. Later, 
cells were incubated with the following primary antibo-
dies: anti-14-3-3 (1:100, Abcam, cat# ab14121-250) and 
anti-ZIKV E protein (1:300, GeneTex, cat# GTX133314) 
for cytoplasmic detection, or anti-GRP78 Alexa 488 conju-
gated (1:200, Thermo Fisher Scientific, cat# AF488 C38), 
and anti-calreticulin (1:200, Santa Cruz Biotechnology, 
cat# sc-373863) for ER detection. For β-actin and ZIKV 
E protein co-detection, methanol-acetone was used to fix, 
and 0.2% Triton X-100 was used to permeabilize the cells. 
Cells were then incubated with the following primary anti-
bodies: anti-β-actin (1:100, Invitrogen, #MA5-15739) and 
anti-ZIKV E protein (1:300, GeneTex, cat# GTX133314).

For the detection of cell membrane proteins, 4% para-
formaldehyde was used as a fixative and no permeabili-
zation step was performed. The cells were then incuba-
ted with primary antibodies against anti-β-catenin (1:100, 
Invitrogen, cat# 138400) and anti-ZIKV E protein (1:300, 
GeneTex, cat# GTX133314).

The next day, cells were washed with PBS, and secon-
dary antibodies were subsequently added, depending on 

gy-grade water to reach a total volume of 50 μL were used. 
The thermal cycler conditions consisted of an initial step at 
94° C for 5 min, followed by 40 cycles of three steps at 94° 
C for 30 s, 58°C for 30 s, and 68° C for 60 s, with a final 
step at 68° C for 5 min.

The resulting 1,531 bp amplicon was cloned into the 
pCR4 vector using TOPO-Blunt technology (Invitrogen, 
cat# 450031) following the supplier's instructions. Sub-
sequently, the E-Protein (E-ZIKA) transgene was subclo-
ned into the pcDNA 3.0 plasmid through restriction with 
EcoRI (NEB, cat# R0101S) and XhoI (NEB, cat# R0146S), 
followed by ligation with T4 ligase (ThermoFisher, cat# 
15224017). The final product was sequenced using the 
Sanger method, and the resulting sequence confirmed 
100% identity to the ZIKV E gene of the ZIKV isolate 
ZIKV/Homosapiens/MEX/2016/mex24 (GenBank: 
MF801402). The cloned ZIKV E protein has a 99.85% 
nucleotide identity, and 100% amino acid identity with 
the ZIKV E protein of the Brazilian strain (Paraiba 2015; 
GenBank: KY558989.1), a strain directly related to cases 
of microcephaly in Brazil [55, 56]. An empty pcDNA 3.0 
plasmid was used as a transfection control (EMPTY). 

Bacteria of the STBL3 strains were transformed with 
the E-ZIKA plasmid that was cloned into the pcDNA 3.0 
vector and grown in 200 mL Luria-Bertani broth me-
dium, the procedure was similar to the EMPTY vector. 
The cultures were incubated overnight at 37 °C and 150 
rpm. To obtain purified DNA plasmids, the Pure LinkTM 
HiPure Plasmid Filter Maxiprep Kit (Invitrogen, cat# 
K210017) was used according to the manufacturer's ins-
tructions. Subsequently, the purified DNA was quantified 
using a NanoDrop One Microvolume UV-Vis Spectro-
photometer (Thermo Fisher Scientific Inc, cat: ND-ONE) 
following the manufacturer's instructions. The DNA was 
stored at −20 °C until further use.

2.3. Cell transfections
To optimize the expression of the protein of interest, a 

DNA transfection curve was constructed, using 4.5 × 105 

HEK-293T cells seeded in 6-well plates with 0.5, 1, 2, 3, 
4, and 5 μg of the E-ZIKA plasmid. In U-87 MG cells, 2, 
3, and 4 μg of the E-ZIKA plasmid at 48 hours (h) or 3 
and 4 μg for 72 h were used. Subsequently, 2 μg of DNA 
was used for all the experiments. Non-transfected cells 
were used as the negative control (NEG or NEGATIVE). 
Transfections were performed using Lipofectamine 3000 
(Invitrogen, cat# L3000-015) with a Lipofectamine/DNA 
ratio of 2:1 according to the manufacturer's instructions. 
After 48 h of incubation, cells were processed for analysis. 

2.4. Protein extraction
After 48-72 h of incubation, cells were lysed with 60 μL 

of lysis buffer (50mM Tris-Cl pH 8.0, 1mM EDTA, 0.5% 
NP40, 0.5% Triton 150mM NaCl), supplemented with 
Complete Protease Inhibitor (Roche, cat# 11697498001). 
The Pierce BCA Protein Assay Kit (Thermo Fisher Scien-
tific Inc, cat# 23223) was used for the quantification of 
proteins from the cell extracts in the spectrophotometer 
iMark Microplate Reader (Bio-Rad). Samples were stored 
at − 20 °C until use.

2.5. Immunoblotting assays
For western blot analysis, Brefeldin A (BFA) (Sig-

ma-Aldrich, cat# B7651) was used as a positive control 
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the combination of antibodies and their origin. ALEXA 
FITC 488 (Invitrogen, cat# A11001) and ALEXA TRITC 
594 (Invitrogen, cat# A21203) were used for anti-mouse 
detection. ALEXA FITC 488 (Invitrogen, cat# A11008) 
and ALEXA 555 (Invitrogen, cat# A21428) were used 
for anti-rabbit detection, and cells were incubated for 
one hour at room temperature.  Subsequently, cells were 
washed and mounted with Vectashield with DAPI (Vector 
laboratories, cat# H-1200) on slides for subsequent analy-
sis using a Leica TCS SP8 laser confocal microscope with 
a Leica HC PL APO CS2 63x/1.40 oil objective with a 
pinhole size of 1 AU, smart offset of 0.2%, and pixel dwell 
time of 600 ns. The images were processed using ImageJ® 
software (NIH) and analyzed using the Pearson correlation 
coefficient and line scan methods, which measure the rela-
tive fluorescence using the linear trace of an arrow through 
the distance in the different channels.

2.7. Trypan blue assay
After treatment, cells were washed with PBS, and tryp-

sinized. Subsequently, 10 μL of the cell sample was added 
and resuspended in 90 µL of trypan blue, mixed gently, 
and 10 μL of the suspension was poured into a Neubauer 
chamber (MarienFeld, cat# 0610030) in duplicate. Unstai-
ned cells represent live cells, and dead stained cells were 
expressed as a percentage of the total cell number.  

2.8. Statistical analysis
Statistical analyses were performed with the GraphPad 

Prism Version 8.0.2 software (263) and IBM SPSS ver-
sion 25. All samples were tested for normality (Shapiro-
Wilk test, p ≤ 0.05); additionally, those samples used for 
the ANOVA-test, passed the test of equality of variances 
(Levene´s test, p ≥ 0.05). Later the one-way ANOVA test, 
two-way ANOVA test, unpaired t-test, and Tukey's post-
hoc analysis (for parametric samples), were performed.  
For non-parametric analysis, the Kruskal-Wallis and the 
Dunn´s post-hoc analysis multiple comparisons tests were 
employed.  p values ≤ 0.05 were considered statistically 
significant. All experiments were independently perfor-
med in triplicate.

3. Results
3.1. The ZIKV E protein is efficiently expressed in 
transfected cells

A DNA concentration curve was generated in HEK-
293T cells to determine the optimal concentration to trans-
fect the E-ZIKA plasmid vector. The results showed a high 
expression of the ZIKV E protein using 2, 3, or 4 μg of 

plasmid, as determined by western blot analysis (Fig.1 
a). To optimize the expression of ZIKV E protein in U-87 
MG cells, they were transfected with 2, 3, and 4 μg of 
DNA, and incubated for a period of 48 h; in addition, 3 
and 4 μg were also used with an incubation time of 72 h. 
2 μg of DNA was used for immunofluorescence and the 
subsequent experiments in both cell lines (Fig. 1b and S1 
Fig.).

3.2. Expression of the ZIKV E protein does not cause 
cell death

After observing that the ZIKV E protein was expressed 
in transfected cells, we performed a cell viability assay 
to detect whether the expression of the ZIKV E protein 
induced the death of HEK-293T cells. Cells were collected 
at different times after transfection with 2 µg of plasmid 
or treatment with BFA (a fungal metabolite that in mam-
malian cells blocks vesicular transport of the ER-Golgi 
system [57], stimulating cellular stress and activating the 
UPR [58]) and stained with trypan blue. The data show 
that only cells treated with BFA presented a significant de-
crease in cell viability after treatment, compared with the 
cells transfected with the ZIKV E protein-encoding plas-
mid. Indeed, no differences in cell viability were observed 
among the cells transfected with the ZIKV E protein plas-
mid, the EMPTY plasmid, cells treated with LIPOFECTA-
MINE alone, or cells without treatment (NEG) at any time 
post-transfection, (Fig. 2). Therefore, these results indicate 
that the expression of ZIKV E protein does not cause cell 
death.

3.3. Expression of the ZIKV E protein does not induce 
an ER stress response

Since the ZIKV E protein interacts with GRP78 during 
viral infections and UPR response is triggered in infected 
cells [40, 51, 52], we next examined whether the expres-
sion of the ZIKV E protein alone, without the context of 
a viral infection, was capable of inducing this type of res-
ponse. To do this, the levels of GRP78 were analyzed in 
transfected cells expressing the ZIKV E protein, using BFA 
as a positive control. Cells underwent different treatments 
and the levels of GRP78 as a marker of the UPR, and ca-
lreticulin (CRT) as an ER resident control protein, [59–61] 
were determined by western blot analysis. All data were 
normalized to β-actin as a loading control (Fig. 3a). The 
results indicated that the expression of the ZIKV E protein 

Fig. 2. Analysis of cell viability over time using trypan blue. a) 
BFA versus E-ZIKA, and EMPTY to 24 h (**p ≤ 0.01). b) BFA versus 
LIPOFECTAMINE to 24 h (***p ≤ 0.005). c) BFA versus NEG to 24 
h and E-ZIKA, EMPTY, LIPOFECTAMINE, and NEG to 48 and 72 h 
(****p ≤ 0.001). Shapiro-Wilk test for normality, two-way ANOVA, 
and Tukey's post-hoc were performed.

Fig. 1. Characterization of the expression ZIKV E protein in 
transfected cells. a) Western blot analysis of ZIKV E protein with dif-
ferent concentrations of DNA and untreated cells as a negative control 
(NEG). b) Immunofluorescence against ZIKV E protein (red) repre-
sents transfection with 2 µg of plasmid; DAPI (blue). Non-transfected 
cells (NEG) were used as control. Scale bar 15 μm
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alone did not induce GRP78 or CRT overexpression, while 
a clear increase in the expression of GRP78 was observed 
only in BFA treated cells (Fig. 3b). No significant changes 
in the expression of CRT were observed with any treat-
ment (Fig. 3c).

Once it was confirmed that the UPR was not activated, 
we decided to analyze whether the ZIKV E protein activa-
ted cell death by caspase 3. These results show that there 
was no release of the 17 kDa cleaved caspase 3 (the active 
form) in cells expressing ZIKV E protein. These results 
suggest that ZIKV E protein does not activate the apopto-
tic cell death pathway (Fig. 3d). Finally, LC3-II was deter-
mined and used as an indicator of autophagy. The results 
showed significant activation of autophagy only in cells 
treated with BFA in comparison with untreated cells  [62, 
63].  However, no significant autophagy activation was 
observed in cells transfected with plasmids ZIKA E or 
EMPTY, or treated with LIPOFECTAMINE (LP) alone. 
These results indicate that the expression of the ZIKV E 
protein alone does not result in activation of the UPR res-
ponse, or the apoptosis or autophagy pathways (Fig. 3a, e). 
Of note, similar results indicated no UPR was induced in 
the U-87 MG glioma cells expressing recombinant ZIKV 
E, even though these cells readily responded when treated 
with BFA (S2 Fig.).

3.4. ZIKV E protein targets the ER
After observing that the expression of the ZIKV E 

protein did not affect cellular homeostasis, we decided to 
analyze the subcellular localization of this protein. To this 
end, co-detection of ZIKV E protein with the ER-resident 
chaperone CRT was performed by immunofluorescence in 
cells undergoing the different treatments (Fig. 4a). Pear-
son's correlation coefficient analysis indicated a strong co-
localization of ZIKV E and CRT (Fig. 4b). To complement 

these results, line scan analysis was performed. These data 
corroborate the subcellular localization of the ZIKV E pro-
tein in the ER, showing that the relative fluorescence units 
(RFU) of ZIKV E expression throughout the cell overlap 
with CRT (Fig. 4c). Only the CRT signal was observed in 
non-transfected cells used as control (Fig. 4d).

We subsequently analyzed whether there was co-loca-
lization of the ZIKV E protein with GRP78, given that no 
changes in GRP78 expression were observed by western 
blot analysis (Fig. 5a). The Pearson's correlation coeffi-
cient analysis showed a significant difference between E-
ZIKA transfected and non-transfected cells (Fig. 5b). Line 
scan analysis was also performed to corroborate these 
data. The results showed an expression pattern for ZIKV 
E protein similar to that of GRP78. Only the signal for 
GRP78 was observed in non-transfected cells, used as ne-
gative controls (Fig. 5c, d).  These data suggest that like in 
infected cells, the recombinant ZIKV E protein is located 
in the ER, and feasibly interacts with GRP78.

3.5. The ZIKV E protein is found in the cytoplasm 
To better characterize the intracellular location of the 

recombinant ZIKV E protein, its presence in the cyto-
plasm was also analyzed. To do this, immunofluorescence 
was performed in cells transfected with the plasmid, and 
co-detection of ZIKV E protein (red) and 14-3-3 (green), 
a regulatory protein that binds to different signaling pro-
teins, present mainly in the cytoplasm was performed [64]. 
These analyses were carried out in the basal sections of 
the cell, as this is where we found the cytoplasm to be the 
most extended. A Pearson's correlation coefficient of 0.356 
was obtained, suggesting that some fraction of the recom-
binant ZIKV E protein may reach the cytoplasm and co-lo-
calize with 14-3-3 proteins (Fig. 6a, b). Line scan analysis 

Fig. 4. Subcellular localization of ZIKV E protein in the ER. a) Im-
munofluorescence for the co-detection of ZIKV E protein (green) and 
the CRT chaperone (red) under different cellular conditions. Nuclei 
were stained blue (DAPI). b) Pearson correlation coefficient for ZIKV 
E protein colocalization versus CRT. Shapiro-Wilk test for normality 
and Unpaired t-tests were used. **p ≤ 0.01. c) Line scan analysis of 
the subcellular location of the ZIKV E protein and CRT. d) Line scan 
analysis of negative control. The plotted line indicates the longitudi-
nal diameter of the cell in the magnified image (white arrow). The 
RFUs from each of the individual channels were measured using the 
ImageJ® software (NIH). Immunofluorescence was performed using 
confocal microscopy, and a projection of the medial part of the cells 
was performed as indicated in the images. Scale bar 15 μm.

Fig. 3. Detection of UPR biomarkers. a) Representative western 
blot analysis of the biomarkers of interest. b) Relative expression of 
GRP78 protein is dependent on the treatment of interest. BFA showed 
a significant difference compared with the other treatments. c) Re-
lative CRT expression under different treatments of interest. CRT 
showed no significant differences concerning treatment. d) Relative 
expression of pro-caspase 3 (because there was no cleavage of cas-
pase 3 in any of the treatments of interest). There was no significant 
difference in the accumulation of inactive caspase (pro-caspase 3). e) 
Relative expression of LC3-II. The cells treated with BFA showed a 
significant difference compared to the untreated cells (NEGATIVE). 
β-actin expression was used as a reference. Shapiro-Wilk test for nor-
mality, One-way ANOVA (and non-parametric or mixed), Dunn´s 
multiple comparisons test for LC3-II and Tukey's post hoc analysis 
for GRP78, pro-caspase 3 and CRT were performed. *p ≤ 0.05, **p ≤ 
0.01. Results of at least 3 independent experiments are shown. Den-
sitometry analysis was performed using the ImageJ® Software (NIH), 
and normalized concerning β-actin.
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corroborated these results, showing higher RFUs in the 
cytoplasm for both proteins. Non -transfected cells used 
as control showed only a 14-3-3 signal (Fig. 6c, d). During 
ZIKV infection, the ZIKV E protein is mainly found inside 
the lumen of the ER, and presumably none in the cyto-
plasm [20–22]; however, it seems that a small fraction of 
the recombinant ZIKV E protein reaches the cytoplasm.

To confirm the cytoplasmic presence of the recombinant 
ZIKV E protein, immunofluorescence for ZIKV E protein 
(red) and β-actin (green), also a cytoplasm protein was 
performed [65] (Fig. 7a). Similar to 14-3-3, the ZIKV E 
protein showed a moderate Pearson correlation coefficient 
of 0.413 with β-actin, with a significant difference compa-
red to no-transfected cells, which only showed signal for 
actin (Fig. 7b). Line scan analysis revealed a relationship 
between the RFUs of each protein in the cytoplasm (Fig. 
7c, d). These data corroborate the presence of the recom-
binant ZIKV E protein in the cytosol of transfected cells.

3.6. The ZIKV E protein is expressed on the cell plasma 
membrane

Once we observed that ZIKV E protein was found 
in the ER lumen and the cytoplasm of transfected cells, 
we performed immunofluorescence assays to determine 
whether it could be transported to the cell membrane. For 
this purpose, the co-detection of ZIKV E protein with 
β-catenin, a fundamental protein in the dynamics of the 
cytoskeleton and cell membrane [66] was carried out using 
non-permeabilized cells. Pearson's correlation coefficient 
was used to detect the level of co-localization on the cell 
membrane. Interestingly, in the transfected non-permeabi-
lized cells, a strong co-localization of the ZIKV E protein 
and β-catenin was observed (Fig. 8a), with a significant 
difference about the non-transfected cells (Fig. 8b). The 
results were corroborated by line scan analysis, which de-

monstrated an RFU for both proteins in the plasma mem-
brane (Fig. 8c, d).  These experiments thus demonstrate 
that the recombinant ZIKV E protein is transported to the 
plasma membrane.

Fig. 5. Co-localization of ZIKV E protein and GRP78. a) Immuno-
fluorescence for the co-detection of ZIKV E protein (red) and GRP78 
(green) under different cellular conditions. Nuclei were stained with 
blue (DAPI). b) Pearson's correlation coefficient for the colocaliza-
tion of ZIKV E versus GRP78. Unpaired t-tests were used. *p ≤ 0.05. 
c) Line scan analysis of subcellular localization of ZIKV E versus 
GRP78. d) Line scan analysis of negative control. The plotted line 
indicates the longitudinal diameter of the cell in the magnified image 
(white arrow). The RFUs from each of the individual channels were 
measured using the ImageJ® software (NIH). Immunofluorescence 
was performed using confocal microscopy, and a projection of the 
medial part of the cells was performed as indicated in the images. 
Scale bar 15 μm.

Fig. 6. Subcellular localization of ZIKV E protein in the cyto-
plasm with 14-3-3 protein. a) Immunofluorescence analysis for the 
co-detection of ZIKV E protein (red) and the 14-3-3 protein (green); 
nuclei are shown in blue (DAPI). b) Pearson's correlation coefficient 
between transfected and non-transfected cells. Shapiro-Wilk test for 
normality and Unpaired t-tests were used. *p ≤ 0.05. c) Line scan 
analysis of the subcellular localization of ZIKV E protein versus 14-
3-3 protein. d) Line scan analysis of negative control. The plotted line 
indicates the longitudinal diameter of the cell in the magnified image 
(white arrow). The RFUs from each of the individual channels were 
measured using the ImageJ® software (NIH). Immunofluorescence 
was performed using confocal microscopy, and a projection of the 
basal part of the cells was performed as indicated in the images. Scale 
bar 15 µm.

Fig. 7. Subcellular localization of ZIKV E protein in the cyto-
plasm with β-actin protein. a) Immunofluorescence analysis for 
the co-detection of ZIKV E protein (red) and β-actin protein (green), 
nuclei are shown in blue (DAPI). b) Pearson's correlation coefficient 
between transfected and non-transfected cells. Unpaired t-tests were 
used. *p ≤ 0.05. c) Line scan analysis of the subcellular localization 
of ZIKV E protein versus β-actin. d) Line scan analysis of negative 
control. The plotted line indicates the longitudinal diameter of the cell 
in the magnified image (white arrow). The RFUs from each of the in-
dividual channels were measured using the ImageJ® software (NIH). 
Immunofluorescence was performed using confocal microscopy, and 
a projection of the basal part of the cells was performed as indicated 
in the images. Scale bar 15 µm.
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4. Discussion
The tropism of the ZIKV to neural stem cells is due to 

the ZIKV E protein [8]. The virus also presents tropism 
for glioblastoma stem cells [67] which possess specific 
receptors such as integrin αvβ5 that allow virion attach-
ment and entry causing cell death [28, 68]. During ZIKV 
infection in these cells, a single-stranded RNA encoding a 
polyprotein that contains three structural proteins, the cap-
sid protein (outside the ER), while prM and E, as well as 
non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, 
NS4B and NS5), are directed to the ER by the signal pep-
tide, which is located downstream of the capsid sequence 
[21]. ER targeting allows the formation and assembly of 
viral particles after genome synthesis in replication loops 
[69, 70]. 

Due to the importance of the ZIKV E protein in cellular 
tropism, and its potential use in cell targeting of neural 
cells, we decided to explore the potential role of the ZIKV 
E protein per se in cellular physiology once it is expressed 
in the cell without the context of other viral proteins. The 
HEK-293T cell line was used because it is easily transfec-
ted (Fig. 1), and it is also widely used for the manufacture 
of gene and cell therapy products [71–74]; moreover, it 
shows some neuronal characteristics  [75, 76].  Further-
more, since the ZIKV has a tropism for neural stem cells 
and glioma cells, we confirmed that ZIKV E protein does 
not induce the UPR in U-87 MG human glioma cells (S2 
Fig.), thus suggesting that regardless of the cell type the 
protein by itself, does not instigate the UPR, nor apoptosis, 
as assessed by caspase 3 activity. 

We first analyzed HEK-293T cell viability demonstra-
ting that the ZIKV E protein does not induce the death 
of transfected cells (Fig. 2). These results coincide with a 
previous report, showing that the expression of the ZIKV 
E protein, in the absence of other viral proteins, did not 
induce cell death [38]. Thus no decreases in cell viability 
were found after the expression of the ZIKV E, whereas 

during viral infection, the expression of the complete viral 
genome triggers the death of neural cells leading to micro-
cephaly [18, 40, 77]. 

Our results, after analyzing by western blot whe-
ther ZIKV E protein can activate biomarkers of cellular 
homeostasis, such as the UPR, and rescue pathways such 
as autophagy and apoptotic cell death, show that the ZIKV 
E protein does not activate the UPR, because there is no 
increase in the expression of GRP78 and CRT, compa-
red to controls (Fig. 3a, b, c and S2 Fig.).  Moreover, we 
observed that ZIKV E protein does not induce apoptosis 
(Fig. 3d and S2 Fig.). Flaviviruses can induce NS4A-de-
pendent autophagy [78], however, we did not observe that 
the expression of the ZIKV E protein by itself induced 
autophagy (Fig. 3e and S2 Fig.). Interestingly, our results 
indicate that the ZIKV E protein without a signal sequence 
can be directed to the cell membrane passing through the 
ER. Thus our data show that the ZIKV E protein does not 
require the amino-terminal signal sequence [21] because, 
despite its absence, it can target the ER, as demonstrated 
by its co-localization with CRT, a resident chaperone of 
this organelle (Fig. 4a, b, c). Other studies have shown that 
certain proteins can be inserted into the ER, post-transla-
tionally, by a hydrophobic sequence near the carboxyl-ter-
minal tail [79, 80], similar to that of the ZIKV E protein 
[81]. 

Furthermore, ZIKV induces the activation of the UPR 
to enhance viral replication, increasing the activity of UPR 
genes such as p-PKR, p-eIF2α, and IRE1/XBP1s and ar-
rests protein synthesis by a mechanism dependent on non-
structural genes such as NS3 and NS4A [38]. In dengue vi-
rus (DENV) infections, E, NS1, NS2A, NS2B, and NS4B 
proteins induce the activation of XBP1, relieving ER stress 
through the ERAD pathway, but also inhibit mediators of 
apoptosis, allowing survival and cellular and viral replica-
tion [82]. However, there are no reports that demonstrate 
that the ZIKV E protein induces any of these effects. It has 
been reported that ZIKV E protein interacts with GRP78 
[51, 52], nevertheless, there are contradictory reports re-
garding the alteration in the expression of GRP78 in cells 
infected with ZIKV, since some reports indicated overex-
pression [51], while other its downregulation [83]. Interes-
tingly, there are, to the best of our knowledge, no reports 
of the effect on GRP78 expression induced by the ZIKV E 
protein. Therefore, in this work, we show that the ZIKV E 
protein does not affect the levels of GRP78 (Fig. 3b, 5a). 
However, we observed that there is co-localization of the 
ZIKV E and GRP78 in the ER, which is consistent with 
interaction studies in the literature (Fig. 5b, c). GRP78 
overexpression induces the inhibition of protein synthesis. 
Yet, our results indirectly coincide with the study by Hou 
and collaborators where they observed that the expression 
of ZIKV E protein by itself did not inhibit protein synthe-
sis [38].

Since during ZIKV infection, the ZIKV E protein is 
directed to the ER by the signal sequence of the polypro-
tein [21, 84], we asked whether the ZIKV E protein per se 
could be found in the cytoplasm, and our results showed 
low levels of co-localization with the 14-3-3 protein and 
β-actin. However, Pearson´s correlation analysis indicated 
that the levels of expression of the ZIKV E protein are 
lower in cytoplasm when compared with the ER, sugges-
ting that once the protein is synthesized it is quickly direc-
ted to the ER (Figs. 6 and 7).

Fig. 8. Subcellular localization of ZIKV E protein in the cell mem-
brane. a) Immunofluorescence analysis for the co-detection of ZIKV 
E protein (green) and β-catenin protein (red); nuclei are shown in blue 
(DAPI). b) Pearson's correlation coefficient between transfected and 
non-transfected cells. Shapiro-Wilk test for normality and Unpaired 
t-tests were used. **p ≤ 0.01. c) Line scan analysis of the subcellular 
localization of ZIKV E protein versus β-catenin protein. d) Line scan 
analysis of negative control. The plotted line indicates the longitudi-
nal diameter of the cell in the magnified image (white arrow). The 
RFUs from each of the individual channels were measured using the 
ImageJ® software (NIH). Scale bar 15 μm.
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After observing that the ZIKV E protein is in the cyto-
plasm and that it is directed to the ER, we analyzed whe-
ther it was found in the cell membrane. In the non-permea-
bilized cells, a signal for β-catenin was not expected, since 
this protein is located in the inner side of the membrane, 
and expected to exclusively detect the ZIKV E protein. 
However, both proteins were detected in this condition in 
the immunofluorescence assays. Previously it has been 
shown that the use of aldehydes as fixatives can semi-
permeabilize the cell membrane [85]; therefore, the anti-
body may partially cross the cell membrane [86].  These 
results demonstrate the localization of the ZIKV E in the 
plasma membrane (Fig. 8); however, more studies will be 
needed to determine the precise localization of ZIKV E 
protein due to its transmembrane domain. Elucidation of 
the traffic route used for the ZIKV E protein to reach the 
plasma membrane requires further studies, but most likely 
involves the constitutive secretion pathway via the Golgi 
complex, as has been observed for mature virions during 
infection [20–22]. 

5. Conclusion
The present results demonstrate that the ZIKV E pro-

tein reaches the cell membrane, passing through the ER, 
without causing activation of the UPR or cell death, ma-
king the expression of ZIKV E protein alone a promising 
tool to guide therapeutic vectors to gliomas. However, the 
expression of this viral protein on the vector surface may 
nonetheless represent an obstacle to the use of recombi-
nant ZIKV E protein as a glioma stem cell-targeting mo-
lecule, because of the possible presence of memory cells 
or antibodies against the virus, induced by past ZIKV 
infections [87]. Understanding the pathway by which the 
ZIKV E protein is processed in the HEK-293T and other 
cell lines that serve as a platform for the production of 
pseudotyped viral particles or cell therapy, could allow us 
to develop new and safer biotechnological approaches for 
the treatment of gliomas [29, 88, 89], and other types of 
diseases [90]. Or the production of different vectors, for 
gene therapy, or even to generate safer and more effective 
recombinant proteins (54) and vaccines [89, 91, 92].
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