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Abstract

Brain abnormalities and congenital malformations have been linked to the circulating strain of Zika virus (ZIKV) in Brazil
since 2016 during the microcephaly outbreak; however, the molecular mechanisms behind several of these alterations and
differential viral molecular targets have not been fully elucidated. Here we explore the proteomic alterations induced by
ZIKV by comparing the Brazilian (Br ZIKV) and the African (MR766) viral strains, in addition to comparing them to the
molecular responses to the Dengue virus type 2 (DENV). Neural stem cells (NSCs) derived from induced pluripotent stem
(iPSCs) were cultured both as monolayers and in suspension (resulting in neurospheres), which were then infected with ZIKV
(Br ZIKV or ZIKV MR766) or DENV to assess alterations within neural cells. Large-scale proteomic analyses allowed the
comparison not only between viral strains but also regarding the two- and three-dimensional cellular models of neural cells
derived from iPSCs, and the effects on their interaction. Altered pathways and biological processes were observed related
to cell death, cell cycle dysregulation, and neurogenesis. These results reinforce already published data and provide further
information regarding the biological alterations induced by ZIKV and DENV in neural cells.
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Introduction

The Zika virus (ZIKV) outbreak in 2015, which in Brazil
and other American countries peaked in 2016, was an inter-
national concern due to the increased number of cases of
congenital brain abnormalities such as microcephaly, known
as congenital Zika syndrome [1]. The World Health Organi-
zation (WHO) has declared an international public health
emergency in 2016 due to those effects on newborns, first
observed in Brazil [2-4]. After 2016, the number of ZIKV
infections has declined to under 30,000 cases reported and
the low-level circulation of the ZIKV was observed in 2018
[5, 6]. Although transmission of ZIKV has decreased in the
Americas, more than 3700 cases of congenital birth defects
associated with ZIKV infection have been described [7].

Microcephaly is a developmental malformation and
the virus is considered to be a causative agent [1, 8, 9];
it severely impairs neurodevelopment and its virus-inde-
pendent pathophysiology is mainly related to changes
in the proliferative processes of neural progenitor cells
(NPCs) and migratory processes during neurodevelopment
[10-13]. ZIKV has a distinctive ability, between flavivi-
ruses, to trespass the placental barrier, being able to infect
a fetus’ brain in development during pregnancy [9, 14, 15].
As a result, congenital Zika infection causes neurologi-
cal complications, such as delayed development, seizures,
and hearing and visual impairment [16]. Therefore, sev-
eral studies sought to understand the relationship between
ZIKV infection and the development of neurological
changes and brain malformations using animal models,
human neurospheres, and brain organoids [17-23].

Previous studies have used pluripotent stem cell models
to understand mechanistic effects of ZIKV on neurode-
velopment, which includes deregulation of cell cycle and
proliferation, oxidative damage, and neural cell death [17,
22-24]. In these models, pluripotent stem cells differenti-
ated into 2D or 3D neural systems to represent different
brain regions [18]. While 2D models of neural stem cells
provide insight into the direct infection of a monolayer
cell culture, 3D structural models, neurospheres, and brain
organoids constitute more complex structures, allowing
the study of tissue infection and essential cell communi-
cation and other mechanisms during neurodevelopment,
closer to that which is observed in vivo [18, 24, 25].
ZIKV-infected neurospheres revealed impaired growth and
disrupted pathways, affecting neurogenesis during brain
development [19, 24].

Two major strains of the Zika virus, the African and
the Asian, are distinguished by sequencing analysis.
Those isolates found circulating in Brazil were matched
to the Asian genotype [9]. Comparisons between African
and Asian ZIKYV strains have shown specific changes in
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infected neural progenitors. While the African ZIKV strain
induced gene alterations leading to impairments related
to the cell cycle and cell death [19, 26], the Asian ZIKV
strains, including those circulating in Brazil, are connected
to changes in oxidative stress, DNA replication and repair
mechanisms, chromosome instability, and interruption
of the neurogenic program, additionally affecting genes
related to IFN signaling [23, 24, 26]. Moreover, it has been
reported that the Brazilian isolate can induce a delayed
innate immune response, unlike the African and others
from the Asian strain [27].

Although the African ZIKV strain infection presented more
rapid viral replication in the mosquito C6/36 cell line [28], and
also resulted in higher mortality of chicken embryos [28], and in
addition to immunocompetent mouse embryos [29], it has been
shown to be less neuroinvasive [30] than infection with Asian
strain isolates; thus, the congenital microcephaly is more associ-
ated with the Asian ZIKV strains [31]. Therefore, it is important
to understand the mechanism underlying the ZIKYV strains, not
only for the development of treatment strategies but also for the
comprehension of drastic increase in congenital syndromes asso-
ciated with the Br ZIKV since the 2015 outbreak.

The more the temporal and geographical differences of
ZIKYV strains are studied, the more is understood about how
specific aspects of the infection process can be altered by mod-
ifying different metabolic pathways. Nonetheless, the molecu-
lar mechanisms behind such differences remain largely unex-
plored. Here we investigated the molecular responses to two
ZIKYV strains (Br and MR766) in iPS-derived neural stem cells
and neurospheres using label-free, mass spectrometry-based
proteomics, and compared them to another mosquito-borne fla-
vivirus, a strain of Dengue II serotype (DENV2 16,681). ZIKV
and DENV virus strains share several protein structures [32,
33], yet DENV has not been found able to cross the placen-
tal barrier, while is able to cause neurological complications
in adults [34]. Here, we observe altered patterns of expres-
sion when comparing both ZIKV strains and DENV, with
the modulation of pathways involved with cellular transport,
glucose metabolism, neurogenesis, and mRNA metabolism.
Thus, molecular differences between the infection processes of
these strains were focused on gathering data for the discovery
of potential biomarkers, as well as to help understand and treat
brain malformations triggered by ZIKV viral infection.

Methods
Ethics Statement
The experimental protocols and procedures were carried

out in partnership with the Rehen Lab at the D’Or Insti-
tute for Research and Education (IDOR) and the Institute
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of Biomedical Sciences ICB-UFRJ. The experimental pro-
cedures were approved by the Institutional Research Ethics
Committee of Hospital Copa D’Or (CEPCOPADOR) under
protocols #727.269 and #1.269.816. All experiments were
performed following relevant guidelines and regulations.

Culture of Neural Stem Cells and Neurospheres

Three different control iPS cell lines (CF1CL10, CF2CL2,
and GM23679A) were differentiated into neural stem cells
(NSCs) using PSC neural induction medium (Thermo Fisher
Scientific, USA), containing Neurobasal medium and PSC
supplement, according to the manufacturer’s protocol, and as
previously described in [24]. Briefly, NSCs were cultured in
monolayers on neural induction medium (Advanced DMEM/
F12 and Neurobasal medium (1:1), supplemented with PSC
supplement, Thermo Fisher Scientific, USA), and media was
changed every other day, and maintained at 37 °C in humidi-
fied air with 5% CO,.

Neurospheres were differentiated from NSCs cultured
until 80% confluence and split with Accutase (Merck-Mill-
ipore, Germany) [24]. Resuspended cells were then grown
under a 90-rpm rotation on Advanced DMEM/F12 and
Neurobasal medium (1:1), supplemented with 1 X N2 and
1 xB27 supplements (Thermo Fisher Scientific, USA) for
3 days after virus or MOCK infections, and maintained at
37 °C in humidified air with 5% CO,.

NSC Infection with ZIKV and DENV

DENYV (DENV2 16,681) and ZIKV (BrZIKV (KU497555)
and MR766) strains were propagated in C6/36 or Vero
(ATCC #CCL-81) cells, respectively. Briefly, cells were
either MOCK or virus-infected and cultured in the appro-
priate medium supplemented with 2% FBS. Conditioned
medium was collected, frozen in aliquots, and titred as previ-
ously described in [19, 24]. NSCs were then inoculated with
ZIKV (Br or MR766) or DENV?2 at a multiplicity of infec-
tion (MOI) of 0.025. After incubation for 2 h, the medium
was replaced with advanced DMEM/F12 and neurobasal
media (1:1), supplemented with PSC supplement in NSCs,
or suspended and cultured according to the neurosphere pro-
tocol. Cells were then maintained in culture for 3 days after
infection, the same for both monoculture and suspension cell
culture, enabling the formation of neurospheres.

Protein Extraction and Digestion

After viral infection and incubation, cells were washed with
ice-cold PBS, scraped, and collected into a tube. Then, cells
were centrifuged (200 X g for 5 min), and PBS was removed
and fresh RIPA lysis buffer (300 mM NaCl; 50 mM Tris, pH
7.4; 0.5% Triton X-100) containing cOMPLETE protease

inhibitor cocktail (Roche) was added. After lysis for approxi-
mately 30 min on ice, samples were kept frozen at — 80 °C.

Just prior to the quantification and digestion steps, cells
were thawed and centrifuged at 10,000 X g for 10 min to
separate debris. The proteins obtained during the extraction
were quantified by fluorescence in a Qubit® 3.0 Fluorom-
eter (Thermo Fisher Scientific), and 50 pg of protein from
each sample was submitted to SDS-PAGE polyacrylamide
gel digestion [35]. Briefly, SDS-gel slices containing protein
samples were reduced with 100 mM DTT (30 min at 60 °C)
and alkylated with 200 mM iodoacetamide for 30 min at
room temperature. Finally, samples were digested at a ratio
of 1:100 (trypsin:protein w/w) in Ambic buffer and optimal
temperatures (50 mM ammonium bicarbonate, at 37 °C) for
16 h. Extracted peptides were kept frozen (—20 to — 80 °C)
until mass spectrometry analyses were carried out.

Proteomics Analysis

Peptide loads (500 pg/pL) were injected into a nano-LC sys-
tem (ACQUITY UPLC; 2D-RP/RP) coupled to the mass
spectrometer (Synapt G2-Si, Waters Corporation), ionized
with a nano-electrospray ionization source in positive mode
(ESI+). Chromatographic separation was performed on an
HSS T3 Column (1.8 um, 75 um X 150 mm, Waters Corpo-
ration, USA), eluted with an acetonitrile gradient from 7 to
40% (v/v) for 95 min at a flow rate of 0.4 pL/min directly
into a Synapt G2-Si. Fragmentation spectra (MS/MS mode)
were obtained through data-independent acquisition (DIA),
with the optimization of collision energies of ionic precur-
sors across their drift-time (UDMSE, Waters Co.). This
method results in a more complex spectrum but favoring
the identification of proteins, with high efficiency in the
fragmentation of peptide precursor ions, regardless of peak
intensity [36]. The mass spectrometer operated in resolution
mode with an m/z resolving power of about 20,000 FWHM,
using ion mobility with a cross-section resolving power of
at least 40 Q/AQ. Injection was performed by nano-electro-
spray ionization in positive ion mode nano-ESI (+) and a
NanoLock Spray (Waters, UK) ionization source. The lock
mass channel was sampled every 30 s. The MS/MS spec-
trum of [Glul]-Fibrinopeptide B human (Glu-Fib) from the
NanoLock Spray source was used for calibration of the mass
spectrometer. Biological samples were run in triplicates.
The spectra were deconvolved using the Ion Account-
ing algorithm by Progenesis QI for Proteomics version 3.0
(Waters Co.). For the assignment of spectra, we used the
Homo sapiens database from Uniprot (revised, October
2019, 20,365 entries), and identified and quantified pro-
teins using the following parameters: 1% false discovery
rate (FDR), 2 fragments/peptide, 5 fragments/protein, and 1
peptide/protein. The 3 most intense peptides of each protein
were used for relative quantitation (Hi-3). Finally, peptides

@ Springer



5552

Molecular Neurobiology (2022) 59:5549-5563

with a mass error greater than 20 ppm were discarded,
along with any contaminating proteins common in shotgun
proteomics. Proteins were considered to be differentially
expressed when one-way analysis of variance (ANOVA)
returned a p-value < 0.05.

In Silico Analysis

Protein data were then submitted to bioinformatic analysis
using tools, databases, and predictions in systems biology
for in silico evaluation of protein interactions and altered
metabolic pathways, including Metascape [37]. Protein—pro-
tein interaction enrichment analysis was performed using
the Molecular Complex Detection (MCODE) algorithm
to identify network components and connections [38]. All
Metascape analyses were carried out with the update of
2020-09-16.

Other bioinformatic tools and databases include String
[39], Reactome Knowledgebase [40], CORUM [41], and the
KEGG and KO (KEGG ORTHOLOGY) Databases [42].

Immunofluorescence Staining

Neural stem cells (NSCs) and neurospheres were fixed in
4% paraformaldehyde solution (Sigma-Aldrich) for 20 min
and 1 h, respectively. Additionally, neurospheres were cry-
opreserved in 30% sucrose solution overnight, embedded
in O.C.T compound (Sakura Finetek, USA), and frozen
at— 80 °C, until the sectioning at 20-um slices with a Leica
CM1860 cryostat. After washing with buffer solution, NSC
and neurosphere sections were permeabilized with 0.3% Tri-
ton X-100 solution for 20 min, followed by incubation with
PBS-BSA 3% blocking solution for 1 h. All the primary
antibodies were incubated overnight at 4 °C. For charac-
terization, anti-Vimentin (1:500, Abcam, UK), anti-Pax-6
(1:200, Santa Cruz, USA), and anti-MAP-2 (1:100, Invitro-
gen, USA) for neurospheres and anti-Nestin (1:500, Neuro-
mics, USA), anti-Sox-2 (1:100, Merck-Millipore, Germany),
and anti-Pax-6 for NSC were used. For virus staining, anti-
double-stranded RNA (dsRNA) rJ2 (1:60, Merck-Millipore)
was used. Then, NSC and neurosphere sections were re-
blocked with PBS-BSA 3% solution for 20 min and incu-
bated with the secondary antibodies (goat anti-Mouse IgG
[H+L] Secondary Antibody, Alexa Fluor® 488 conjugate
[1:400, Invitrogen], and goat anti-Rabbit I[gG [H+L] Sec-
ondary Antibody, Alexa Fluor® 594 conjugate [1:400, Invit-
rogen]) for 1 h. After washing with buffer saline, nuclei were
counterstained with 300 nM 4',6-diamidino-2-phenylindole
(DAPI) for 10 min. The neurosphere slides and the NSC
glass coverslips were mounted with Aqua-Poly/Mount (Poly-
sciences, USA). Images were acquired on a Leica TCS-SP8
confocal microscope with the 63 X objective.
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Results and Discussion

NSCs and neurospheres are two different steps in cell
organization and differentiation. Using human iPSC-
derived brain cells at different stages, we could explore
and compare different molecular aspects of ZIKVs and
DENV infection (Fig. 1). Previous report has shown the
ability of ZIKV and DENV to infect NSCs [19, 24]; thus,
the infection with Br ZIKV, ZIKV 766, and DENV were
first performed in NSCs in monolayers. After infection,
NSCs, which are one of the main targets of ZIKV [22], are
cultured for 3 days in a medium designed for the expan-
sion of NSCs in monolayers, keeping their progenitor
state of differentiation, with most cells expressing PAX6
and SOX2, typical markers of progenitor cells, in addi-
tion to nestin (Supplementary Fig. 1A). Whereas neuro-
spheres, on the other hand, are the 3D differentiation of
those infected NSCs which immediately after infection
were allowed to differentiate for a short period of time
(3 days in vitro) in a medium that promotes differentiation
of NSCs into neurons and glial cells. Due to differentiation
process and more complex cell-cell contact communica-
tion, neurospheres present some cells expressing MAP2,
a typical microtubule-associated protein found in neuronal
cells, and vimentin, an intermediate filament typically
found in glial cells, in addition to cells expressing PAX6
progenitors (Supplementary Fig. 1B).

All three viruses are able to infect cells (Fig. 1B) and
we observe that these infections are present in neurosphere
cells during the differentiation process. Therefore, after
3 days, the effects of infection of NSCs and neurospheres
with ZIKV and DENV were evaluated using proteomics
and resulted in a total of 792 differentially regulated pro-
teins (p value <0.05). The whole-cell proteomic analyses
of NSCs identified and quantified a total of 1265 proteins
(Supplementary Table 1), 149 of which were differentially
regulated (p value <0.05) in ZIKV MR766, 53 in Br ZIKV,
and 121 in DENYV, a combined modulation of 323 different
proteins, as shown in Fig. 2A. A comparative analysis of
those proteins revealed 10 proteins in common between Br
ZIKV and MR766, 7 between Br ZIKV and DENYV, and 28
between MR766 and DENV (Fig. 2A), and several biologi-
cal pathways are shared among the viruses. A Pearson cor-
relation of total protein changes in NSCs shows differences
of ZIKV strains in comparison to DENV. While Br ZIKV
has a higher correlation with ZIKV MR766 (range from
0.19 to 0.51) (Fig. 2B) than DENV (range from —0.01
to 0.2), ZIKV MR766 has a similar correlation between
Br ZIKV (range from 0.19 to 0.51, average of 0.38) and
DENV (range from 0.20 to 0.48, average of 0.34).

As neural stem cells differentiated into neurospheres,
we observed a shift in the effects of the viruses on neural
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Fig.1 Flavivirus infection of neural cells. A Proteomic analysis
workflow. The three different viral strains infected NSCs for 2 h.
Then, two different protocols were performed: the culture of NSCs
for 3 days and the protocol for NSCs cultivated in suspension, as
neurospheres, for 3 days. The cells were harvested and the samples

cell proteomes. In neurospheres, we identified and quan-
tified a total of 1068 proteins (Supplementary Table 2),
127 of which were differentially regulated (p value < 0.05)
in ZIKV MR766, 182 in Br ZIKV, and 160 in DENV.
Analysis of proteins common among different strains
revealed that Br ZIKV had 25 proteins in common with
ZIKV MR766 and 34 with DENV, while DENV and ZIKV
MR766 had 25 other proteins in common, with a total
of 469 differentially regulated proteins in comparison to
MOCK-infected cells (Fig. 2C). Despite having few pro-
teins in common, several pathways are shared. In contrast
to NSCs, the correlation in neurospheres between both
ZIKV strains was higher (range from 0.43 to 0.71) than
those with DENYV, which ranged from 0.12 to 0.39 for Br
ZIKV and from —0.02 to 0.21 for ZIKV MR766 (Fig. 2D).
Given that neurospheres represent more complex cellu-
lar organization than NSCs, the proteomic differences
observed may reflect the complexity of the models that
can be affected by these viruses.

The proteomic data thus revealed that ZIKV strains,
though similar in some regards, have a distinct signature

ZIKV 766

were prepared for proteomic analysis, followed by in silico analysis.
B Representative images of neurospheres infected with Br ZIKV,
ZIKV 766, and DENV and immunostained for double-stranded RNA
(dsRNA) to detect viral particles in cells. Scale bar=50 pm

that can change in response to neurodevelopmental cell
conditions. Recently, others have explored the proteomic
signature differences among ZIKVs and DENYV in serum
samples, considering recent and past infections, aimed at
distinguishing those signatures [43], finding several con-
nections to brain proteins. Here, the similarities and dif-
ferences observed among the strains — comparing the two
ZIKV strains as well as ZIKV vs. DENV — will be further
explored in the following sections.

ZIKV Hijacks Multiple Pathways of Cellular
Maintenance in NSCs and Neurospheres

When exploring how different ZIKV strains can target neural
cells and what some of their phenotypic consequences might
be [21, 27, 44], several of the molecular dysregulations were
varied among different models, strains, and cell types. Pre-
vious indications that Br ZIKV effects could deplete neural
stem cells [24] left unanswered questions regarding when
the molecular effects of infections leading to major pheno-
typic changes first appear: in neural progenitor cells, or when
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21
21KV 766

Fig.2 Comparison of regulated proteins found in neural stem cells
(NSC) and neurospheres infected by ZIKV (Br and MR766 strains)
and DENV. A Overlap of proteins differentially regulated in NSCs,
represented by chord diagram lines in purple (ZIKV MR766 and
DENYV), green (Br ZIKV and DENV), pink (Br ZIKV and MR766),
and black for commonly found in all three viral strains. Light gray
lines on the background are relative to the overlap of pathways and
GO terms enriched by regulated proteins in NSCs. B Pearson correla-

those cells start to differentiate. Therefore, we looked deeper
into the modulation occurring in neural cells by exploring
affected proteins and pathways.

We identified a series of pathways enriched in both
NSCs and neurospheres which revealed that a major target
effect of ZIKV MR766 and Br ZIKV is a common viral
effect to hijack the cellular machinery to perform viral
transcription and replication. Beginning at the NSC stage,
the cellular metabolism of RNA, nuclear transport, RNA
degradation, protein folding, translation, protein process-
ing in the endoplasmic reticulum (ER), and destabilizing
microtubule-based movement are pathways constituting the
main targets of ZIKVs (Fig. 3A). These effects are essential
for cell proliferation and growth and dysregulation culmi-
nates in cell cycle arrest of progenitor cells [21, 22, 24].
During the neurosphere differentiation process, defects in
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BrZIKV

ZIKV 766

DENV

B Br ZIKV

1.0

-05

-1.0

D Br ZIKV

ZIKV 766 DENV
R T V)
1 035 | 0.19 | 0.29
2

Y. Brzkv 2 029 | 021 | 031
-
%

3 0.18 | 0.12

1 0.21 | 0.10 | -0.02

ZIKV 766 2 010 | 0.12 | 0.16

3 0.14 | 0.09 | 0.14

11035 | 029 021 | 010 | 0.14

DENV 2| 019 | 021 | 0.18 | 0.10 | 0.12 | 0.09

3(029 | 031 | 0.12 | -0.02 | 0.16 | 0.14

tion of the effects of ZIKV strains and DENV on NSCs. C Overlap of
proteins differentially regulated in neurospheres, represented by chord
diagram lines in purple (ZIKV MR766 and DENV), green (Br ZIKV
and DENV), pink (Br ZIKV and MR766), and black for commonly
found in all three virus strains. Light gray lines on the background are
relative to the overlap of pathways and GO terms enriched by regu-
lated proteins in neurospheres. D Pearson correlation of the effects of
ZIKYV strains and DENV on neurospheres

cellular maintenance are enhanced, leading to a major cel-
lular response to stress, including mitochondrial permeabili-
zation, apoptosis, and DNA change and repair, among other
pathways (Fig. 3B).

Although ZIKV and DENYV infections shared several
pathways, there were few differentially regulated proteins
common to all three strains tested. In NSCs, the only pro-
tein in common was cytoplasmic dynein 2, heavy chain 1
(DYNC2H1) (Fig. 3C), a cellular motor protein with ATP
binding activity that plays an important role in cell transport
and division. DYNC2H]1 showed consistent, downregulated
expression in all viral strains compared to MOCK-infected
cells. DYNC2HI1 variants have been associated with a lethal
perinatal skeletal disorder [45] and a congenital malforma-
tion known as hypothalamic hamartoma [46]. Hence, those
studies are in line with the association between DYNC2H1
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Fig.3 Comparison of pathways and proteins associated with NSCs
and neurospheres infected by ZIKV (Br and MR766 strains) and
DENYV. Heatmap hierarchical clustering of enriched ontology terms
and pathways altered due to differentially regulated proteins in A

and fetal malformations as a possible role in brain abnor-
malities induced by the Flaviviridae viruses, such as con-
genital malformations, including microcephaly, caused by
ZIKV [9, 17], and neurological alterations linked to DENV
(reviewed in [47]).

Regarding the neurospheres, seven proteins were dif-
ferentially regulated in both ZIKVs and DENV infec-
tions (Fig. 3C), all of which showed a similar regulation
in response to the viruses. Downregulated proteins were
involved in ATP synthesis, cell signaling, and proliferation,
including eukaryotic initiation factor 4A-II (EIF4A2), ribo-
somal protein L30 (RPL30), mostly when related to RNA
metabolism, and 14-3-3 protein beta/alpha (YWHAB), ATP
synthase peripheral stalk-membrane subunit B (ATP5PB),
Reticulocalbin-1 (RCN1), and serine/threonine-protein
phosphatase 2A (PPP2R2D). These proteins are associated
with the Hippo signaling pathway, which promotes the inac-
tivation of YAP/TAZ transcription factors modulating the
expression of genes related to cell growth, proliferation, and
apoptosis [48]. Previous studies have already linked ZIKV

NSCs and B neurospheres. C Differential expression data of com-
monly deregulated proteins among the ZIKV MR766, Br ZIKV, and
DENYV infections in NSCs and neurospheres; data is represented by
Log fold change average + SD of three biological replicates

infection to the Hippo signaling [49], specifically regard-
ing the control of cell proliferation, responses to stress, dif-
ferentiation, and renewal of stem cells in development and
the apoptosis signaling pathway [50]. In contrast, the only
protein found to be upregulated in all strains was glycyl-
peptide N-tetradecanoyltransferase 1 (NMT1; also known
as N-myristoyltransferase 1), as shown in Fig. 3C. NMT1
is a protein that performs N-terminal protein modifications
[51, 52] and is thought to be associated with mechanisms
affecting viral replication of flaviviruses, as its inhibition
impaired DENV replication [53].

Although modulation of viral replication cellular machin-
ery was present in ZIKVs and DENYV, the direction of mod-
ulation diverged among the viruses. Our results revealed
increased levels of FANCA (FA Complementation Group
A) in ZIKV MR766-infected NSCs (Fig. 3C), indicating
a possible association between this strain and DNA dam-
age, as FANCA activation is associated with the blockade
of replication due to DNA damage [54]. In Br ZIKV, how-
ever, this protein was downregulated. Downregulation of FA
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Complementation Group proteins have been associated with
ZIKYV infection, as a mechanism involved with viral replica-
tion and selective autophagy [55].

In NSCs, the neuronal migration protein doublecortin,
encoded by the gene DCX, was identified as downregulated
in both ZIKV strains. This microtubule-associated protein
is a key player in neuronal differentiation and migration
[56] and its downregulation in ZIKV MR766 and Br ZIKV
supports the evidence that both strains impact neurogenesis
[22]. DCX has been previously linked to ZIKV infection
and was also reported downregulated in transcriptomic and
proteomic analyses of NPCs [57], while upregulated in the
in a stem cell-derived neuronal differentiation model [58].
In neurosphere, similarly modeling early neuronal differen-
tiation, DCX was not significantly modified in our dataset
(Supplementary Table 2). This shows that ZIKV infection is
able to disrupt and reorganize signaling regulation through-
out the infected cell since the early progenitors, influencing
their outcome. The interactome of ZIKV to host proteins
have revealed several cellular proteins involved in neurode-
velopment [58, 59]. And ZIKV-NS4B alone, for instance,
have shown to be responsible to downregulate proteins
involved in neurodifferentiation, such as microtubule-asso-
ciated proteins 2 and 4 [58].

The main divergent protein between the two ZIKV strains
in neurospheres is already known to be essential for viral
replication and intracellular transport of viruses. WASHC2C
(WASH Complex Subunit 2C) (Fig. 3C) is associated with
the endolysosomal system, lysosomal degradation, and
receptor recycling [60, 61] and was strongly downregulated
in both ZIKV strains. WASH-depleted cells have been shown
to display a collapsed endolysosomal system [62]. Modifica-
tions in the aforementioned pathways suggest impaired cel-
lular trafficking, affecting viral replication [61]. Potentially
aiming to escape from these host-cell mechanisms, ZIKV-
induced downregulation of WAHS2C might be associated
with assured viral replication. These changes in turn deplete
progenitors and disrupt the neuronal differentiation program
due to interference in important pathways in NSCs and neu-
rospheres by ZIKV infection.

Divergent Modulation of Pathways by ZIKV Strains

ZIKV and DENYV have shown distinct alterations on NSCs
and neurospheres. ZIKV MR766 and DENV revealed a com-
mon modulated pattern of downregulated pathways in NSCs,
whereas Br ZIKV revealed upregulated pathways (Fig. 4A).
This pattern, however, was not observed in neurospheres,
where Br ZIKV was found to downregulate several path-
ways similarly to ZIKV MR766 and DENYV in this 3D model
(Fig. 4B).

Despite being common to the three viruses, proteins
involved in mRNA processes were, on average, upregulated
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in Br ZIKV infection of NSCs (Fig. 4A), though DENV
and ZIKV MR766 had major downregulation of proteins in
this pathway. Another interesting aspect is the regulation of
mRNA splicing, which was found upregulated in both ZIKV
strains in NSCs and downregulated in DENV. However, in
neurospheres, mRNA splicing was found upregulated in
DENV (Fig. 4A), indicating potential differences due to
the distinct complexity of the models evaluated. The viral
NS5 protein was found to be responsible to modulate the
mRNA splicing machinery, as DENV-NSS directly interacts
with U5 snRNP particle, CD2BP2 and DDX23 [63], while
ZIKV-NSS5 has been shown to interact with components of
the Cajal body, required for spliceosomal snRNP matura-
tion, in addition to other transcriptional and RNA processing
proteins [59].

In addition to the previously mentioned dynein subunit
DYNC2HI, in regards to cellular transport-related path-
ways, we also highlight biological processes of retrograde
vesicle-mediated transport, Golgi to ER transport and Golgi
organization, which might signal altered protein conforma-
tion from the ER and have been observed in the ZIKV strains
in NSCs and neurospheres. Moreover, NSCs and neuro-
spheres showed downregulation of Ras-related protein Rab-
6A (RAB6A) and RAB6B (Supplementary Tables 1 and 2),
which are involved with cellular transport and secretory and
endocytic pathways [64], and RAB6B also plays a role in
retrograde transport in neuronal cells [65]. RAB GTPases
have been linked with viral replication mechanisms, espe-
cially within the late stages of viral replication [66].

NSCs showed an upregulation of Ras-related protein
Rap-1B (RAP1B), which exhibits GTPase activity [67] and
is involved in biological processes such as the interleukin-
12-mediated signaling pathway, neutrophil degranulation,
and negative regulation of synaptic vesicle exocytosis.
Furthermore, RAP1B variants have been associated with
congenital malformations [68]. This might indicate a poten-
tial association involving ZIKV-induced altered expres-
sion of Ras GTPase and the development of congenital
malformations.

Also regarding cellular transport alterations in NSCs,
AKAP9 was found upregulated in ZIKV MR766 and
downregulated in Br ZIKV (Supplementary Table 1),
suggesting the existence of different mechanisms involv-
ing cellular transport between both viral strains. AKAP9
is a protein from the family of A-kinase anchor proteins
(AKAPs), which are known for binding to the regulatory
subunit of protein kinase A (PKA), arresting the holoen-
zyme to determined locations within the cell, including
the centrosome and the Golgi apparatus [69, 70]. These
results are in line with the fact that ZIKV and other flavi-
viruses are known to replicate in the ER [71]; however, the
specifics regarding viral assembly within the ER remain
elusive [72]. On the other hand, the centrosome assembly
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disturbances, in addition to other proteins, have been
known to contribute to significant developmental defects
in genetic microcephaly [25, 73], or caused by ZIKV [44].
Altering division plane in progenitor cells, core centro-
somal proteins, such as CEP128, are upregulated in Br
ZIKV-infected neurospheres (Supplementary Table 2). In
addition, several centrosomal proteins were found to spe-
cifically interact with the NS3 ZIKV helicase, disturbing
proliferation [59].

In ZIKV MR766-infected NSCs, differentially regulated
proteins highlighted the following biological processes:
translation initiation, viral transcription, nuclear-transcribed
mRNA catabolic process, SRP-dependent cotranslational
protein targeting membrane, and nonsense-mediated mRNA
decay (NMD). We also identified pathways involving ribo-
some and RNA transport as shown in Fig. SA. Moreover,
downregulated proteins were mostly involved in L.13a-medi-
ated translational silencing of Ceruloplasmin expression,
GTP hydrolysis, and joining of the 60S ribosomal subunit
(Supplementary Fig. 2), evidencing potential alterations
regarding translation and associated processes.

-0.1 0
Median fold change
Median fold change

Concerning the pathways related to Br ZIKV in infected
NSCs, we observed deregulation of mRNA metabolic
processes, RNA stability processes, and mRNA splicing
(Fig. 5B), all with the majority of proteins in each pathway
found to be upregulated (Supplementary Fig. 2A). In both
NSCs and neurospheres infected with Br ZIKV, mRNA sta-
bility and binding were enriched pathways, and the protein
AUF1 (hnRNP DO0). Moreover, we also observed pathways
related to metabolic alterations including biosynthesis of
amino acids and glucose metabolism, as observed in Fig. 5B.
Altered glucose metabolism has been previously associated
with ZIKV infection in relation to important aspects involv-
ing viral replication [74, 75]. L-lactate dehydrogenase-like
protein LDHALGA, for instance, was found upregulated in
ZIKV MR766-infected NSCs, indicating increased pyru-
vate metabolism, though it was downregulated in Br ZIKV-
infected NSCs, evidencing potential metabolic differences
caused by ZIKV strains.

Between NSCs and neurospheres, there are shared path-
ways involved with neurodevelopment, such as regulation of
expression of SLITs and ROBO receptors (Fig. 4). In NSCs,
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Fig.5 Protein—protein interaction network from the differentially reg-
ulated proteins in NSCs infected by ZIKV. A Clustered interactions
of proteins modulated by ZIKV MR766 in comparison to MOCK. In
orange, SRP-dependent cotranslational protein targeting the mem-
brane (Log;,(P)—16.3) and ribosome activity (Log,(P)—12.9).
In blue, cytoplasmic translational initiation (Log,,(P)—6.3) and
RNA transport (Log;,(P)—6.0). In gray, RNA splicing, via trans-
esterification reactions with bulged adenosine as a nucleophile
(Log,¢(P)—11.2), mRNA splicing, via spliceosome (Log;,(P) —11.2).

SLITs and ROBO signaling, along with connection with the
transcription regulation mediated by RUNX3, presented the
majority of proteins identified to be upregulated in NSCs,
showing an activated state in Br ZIKV, while downregulated
in neurospheres (Fig. 4). SLITs and ROBO signaling play
a role in axonal guidance, cell migration, and proliferation
[76, 77], and RUNX3 acts in nervous system development,
including the development of sensory neurons [78, 79]. The
activation state indicates an initial function in neurogenesis,
which is not sustained when cells enter the differentiation
path. Progenitors are a main target for ZIKV, impairing their
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tered interactions of proteins modulated by Br ZIKV in comparison
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synthesis of amino acids (Log;,(P)—9.1) and glucose metabolism
(Log;¢(P)—6.2); in gray, mRNA splicing (Log,,(P)—6.6). Green
nodes represent downregulated proteins and red nodes upregulated
proteins. Node circumference size is determined by p-value

proliferation [21, 80]. It was previously observed that ZIKV
tropism is modulated by the state of differentiation of pro-
genitor cells and that the infection affects important path-
ways involved in neurogenesis [81]. Our results highlight
this divergence when the infection of NSCs and neurosphere
proteomes were compared, due to the intrinsic differences
of the models studied, which indicates that the ZIKV infec-
tion alters processes related to neurogenesis and neural cell
differentiation, such as the ROBO signaling.

Neurosphere infection by ZIKV MR766 affected sev-
eral cytoskeleton and ribosomal proteins in addition to
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voltage-dependent channels which participate in a pleth-
ora of pathways related to cell cycle regulation, as well
as signaling involving activation of NMDA receptors
(NMDAr), metabolism of proteins, selective autophagy, cel-
lular response to stress, and nervous system development
(Fig. 6A and Supplementary Table 2). Most proteins are
downregulated, and disturbances or even small modulation
in assemble and activation of NMDAr may be associated
with neuronal damage induced by ZIKYV, as its blockade
has been shown to prevent neuronal death induced by ZIKV
infection [82]. Br ZIKV infection, however, showed cell
cycle regulation to be enriched by the role of GTSEI in
G2/M progression after G2 checkpoint (Fig. 6B) in a balance
with the regulation of apoptosis. In neurospheres, ZIKV
infection had effects on the metabolism of RNA, and differ-
entially regulated proteins related to proteasomes — which
presented opposite patterns of expression when comparing
ZIKV MR766 with Br ZIKV (Supplementary Fig. 1B) —
are a major cellular response to stress. Proteins of the ubiq-
uitin—proteasome systems have been reported to interact
with the NS3 helicase from ZIKV [59]. These biological
pathways can lead to effects on proteins controlling growth
and proliferation, such as selenophosphate synthetase 1
(SEPHS1), found downregulated in both strains of ZIKV-
infected neurospheres (Fig. 3C and Supplementary Table 2).
SEPHSI is essential for cellular proliferation and differentia-
tion, and its knockout in Drosophila results in reduced brain
size [83]. This evidence strengthens the association between
ZIKV and congenital malformations.

Conclusion

Understanding ZIKV strains and their divergent and simi-
lar mechanisms is important not only for the development
of treatment strategies but also for the comprehension of
congenital syndromes associated with the Br ZIKV since
the outbreak of 2015. We compared ZIKV infection in two
different models, a two-dimensional (2D) NSC culture and a
3D neurosphere culture. Although longer and more complex
3D models are available, our study was able to compare how
a similar infection would develop considering those mod-
els. Long-term infection of viral strains leads to major cell
stress and cell death effects in neural cells [19, 24]. Thus,
we aimed at understanding what are the first pathways dis-
turbed after a 3-day infection to associate to possible effects
on development. This allowed us to gather information
regarding differentially regulated proteins and biochemi-
cal pathways shared between ZIKV strains and DENV. Br
ZIKV show increase in DNA damage and consequent cell
cycle arrest in G2 checkpoint, disruption in mRNA transla-
tion, and proteasome organization, leading to cell signaling
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stress and microtubule disarray, pointing to a decrease in
neuronal program differentiation. The proteomic comparison
after ZIKV (Br ZIKV and MR766) and DENYV infection in
a two-dimensional (2D) NSC culture and a 3D neurosphere
culture revealed a proteomic fingerprint of ZIKV infection
depending on the developmental state of neural cells, point-
ing to dysregulation of pathways leading to an impairment
of the nervous system development.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s12035-022-02922-3.
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