
Page 1/30

Interplay between Zika virus-induced autophagy and
neural stem cell fate determination
Bindu . 

National Brain Research Centre
Hriday Shanker Pandey 

National Brain Research Centre
Pankaj Seth  (  pseth.nbrc@gov.in )

National Brain Research Centre https://orcid.org/0000-0003-1021-7839

Research Article

Keywords: ZIKA, Microcephaly, Mitochondrial �ssion, Notch, ROS

Posted Date: April 20th, 2023

DOI: https://doi.org/10.21203/rs.3.rs-2817082/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Version of Record: A version of this preprint was published at Molecular Neurobiology on November 1st,
2023. See the published version at https://doi.org/10.1007/s12035-023-03704-1.

https://doi.org/10.21203/rs.3.rs-2817082/v1
mailto:pseth.nbrc@gov.in
https://orcid.org/0000-0003-1021-7839
https://doi.org/10.21203/rs.3.rs-2817082/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s12035-023-03704-1


Page 2/30

Abstract
The Zika virus (ZIKV) outbreaks and its co-relation with microcephaly have become a global health
concern. It is primarily transmitted by a mosquito, but can also be transmitted from an infected mother to
her fetus causing impairment in brain development, leading to microcephaly. However, the underlying
molecular mechanism of ZIKV-induced microcephaly is poorly understood. In this study, we explored the
role of ZIKV non-structural protein NS4A and NS4B in ZIKV pathogenesis in a well-characterized primary
culture of human fetal neural stem cells (fNSCs). We observed that the co-transfection of NS4A and
NS4B altered the neural stem cell fate by arresting proliferation and inducing premature neurogenesis.
NS4A-NS4B transfection in fNSCs increased autophagy and dysregulated notch signalling. Further, it also
altered the regulation of downstream genes controlling cell proliferation. Additionally, we reported that 3
methyl-adenine (3MA), a potent autophagy inhibitor, attenuated the deleterious effects of NS4A and
NS4B as evidenced by the rescue in Notch1 expression, enhanced proliferation, and reduced premature
neurogenesis. Our attempts to understand the mechanism of autophagy induction indicate the
involvement of mitochondrial �ssion and ROS. Collectively, our �ndings highlight the novel role of NS4A
and NS4B in mediating NSC fate alteration through autophagy-mediated notch degradation. The study
also helps to advance our understanding of ZIKV-induced neuropathogenesis and suggests autophagy
as a potential target for anti-ZIKV therapeutic intervention.

Introduction
Zika virus (ZIKV) is a mosquito-borne virus (arbovirus) initially discovered in Uganda but now has a
worldwide presence[1]. It belongs to the Flavivirus genus in the Flaviviridae family. Its 10.7 kb positive-
sense RNA genome encodes a single polyprotein which is cleaved to 3 structural protein capsid (C), pre-
membrane (prM), and envelope (E), and seven non-structural proteins consisting of NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5 [2]. It is primarily transmitted by the vector Aedes mosquitoes (Aedes aegypti,
Aedes luteocephalus, and Aedes albopictus) but non-vector transmittance like transplacental
transmittance from mother to baby is also reported [3]. In recent outbreaks, ZIKV is associated with
inducing microcephaly [4]. ZIKV also causes other neurological disorders like myelitis, encephalitis, and
Guillain- Barré syndrome apart from causing microcephaly [5–7]. Congenital Zika Syndrome (CZS) is
currently recognized as the most severe effect of ZIKV, which is characterized by microcephaly and other
neurological problems due to intrauterine infection [8]. As ZIKV is a global health risk, its associated
neurological problems necessitate a clear understanding of ZIKV-induced neuropathogenesis that may
help in designing therapeutic interventions.

Microcephaly is a neurodevelopmental disorder characterized by reduced brain size, intellectual disability,
motor disorder, vision or auditory problems, and language disabilities [9–11]. Findings from several
clinical and epidemiological investigations report a causal link between ZIKV and microcephaly [8].
Neural stem cells (NSCs) are key targets of ZIKV and the altered cell cycle regulation in these cells leading
to reduced proliferation and impaired neurogenesis is linked to microcephaly induction [1, 12]. The
impaired proliferation of NSCs was reported in ZIKV-infected culture models and organoids [13–15] and
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during brain development in ZIKV-infected mice [16–19]. Some reports show that the ZIKV infection leads
to abnormal centriole–spindle arrangements and chromosomal abnormalities [8]. Increased cell death
and autophagy are also observed in several infection models along with reduced cell proliferation and
impairment of neurogenesis [13–15, 20–23]. However, the mechanistic understanding of ZIKV effects on
NSC fate determination remains unclear.

Flaviviruses such as Dengue virus (DENV) and Hepatitis C virus (HCV) manipulate autophagy to enhance
their replication [24]. Interestingly, ZIKV protein NS4A and NS4B downregulate AKT-mTOR signaling to
induce autophagy [23]. Autophagy is a fundamental process having regulatory and protective roles. It
regulates several cell signaling pathways to control cell fate. It has also been reported that the notch
receptor and its cleaved form (NICD) is one of the targets of autophagy and gets degraded through it [24].
The notch signaling pathway is critical for maintaining homeostasis between NSC proliferation and
neurogenesis [25]. Surprisingly, the detailed mechanisms of how ZIKV proteins affect these fundamental
processes and impact NSC cell fate, remain poorly understood. These lacunae in the �eld necessitated
this study.

In our study, we employed well-characterized primary cultures of human fetal brain-derived neural stem
cells (fNSCs) to study if overexpression of NS4A and NS4B, the two important non-structural proteins of
ZIKV, in human NSCs, alter their properties of proliferation and differentiation, and also to gain novel
insights into the molecular mechanisms of ZIKV induced neuropathogenesis. We studied the markers of
the autophagy pathways and carried out experiments using autophagy-targeted drugs to check if NSC
proliferation and reduced neurogenesis could be reversed in fNSCs.

Results
Zika virus non-structural proteins NS4A and NS4B co-transfection reduces fetal neural stem cells
proliferation and induces premature neurogenesis

Human fNSCs were isolated from the subventricular region of the aborted human fetus. More than 95%
of these cells expressed Nestin and SOX2, well-known markers of NSCs, as evident from
immunocytochemistry (Fig.S1). When grown in suspension culture, fNSCs proliferate and generate
neurospheres. Hence, the size of the neurospheres represents the cell proliferating capability. Among the
several ZIKV proteins, non-structural proteins 4A and 4B have been reported to have a signi�cant effect
on cell proliferation [26].

We con�rmed these �ndings by transfecting the fetal neural stem cells (fNSCs) with ZIKA virus NS4A and
NS4B expression vectors for 24 hours. We found that co-transfection of NS4A and NS4B signi�cantly
hampered cell proliferation as neurosphere size was found to be signi�cantly reduced when compared to
the vector control (Fig. 1a-b). In the vector control group, around 13% of the neurospheres formed were of
small size (≤ 50 µm), and 45% were of large size (≥ 100 µm), whereas the percentage of small-size
neurospheres and large-size neurospheres was around 24% and 29% respectively for the co-transfection
group. Medium-size neurospheres (50–100 µm) were almost equal in both groups (Fig. 1b).
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We also assayed cell proliferation by assessing the expression of the cell proliferation marker (Ki-67)
using immunostaining. We observed that Ki-67 positive cells were reduced after NS4A and NS4B co-
transfection (37% in vector control vs 16% in the NS4A + NS4B group) which supported the �ndings of our
neurosphere assays (Fig. 1c-d).

Further, we checked the effect of these viral expression vectors on fNSC survival using TUNEL assay and
found no signi�cant change in TUNEL positive cell population in the co-transfection condition compared
to the vector control (Fig. 1e-f). This suggests that Zika virus NS4A and NS4B expression vectors
synergistically reduce fNSC proliferation without affecting their survival.

Since we observed reduced neural stem cell proliferation and no signi�cant change in cell death, we
further hypothesized that these cells might be undergoing premature differentiation resulting in the
reduction of the pool of NSCs. Therefore, we evaluated neurogenesis in non-differentiating culture
conditions by analyzing the transcriptional expression of NSC commitment markers (TBR2) and
neurogenesis markers (DCX, PTN, ROBO). We found increased expression levels of ROBO, DCX, and TBR2
in the NS4A + NS4B co-transfection condition compared to the vector control, however no signi�cant
change in PTN was reported (Fig. 2a). We further analyzed the protein expression level of early
neurogenesis markers such as DCX and TUJ1 by performing immunocytochemistry. We found around a
1.5-fold increase in DCX + cells and TUJ1 + cells in NS4A + NS4B transfected groups as compared to the
vector control (Fig. 2b-e). We did not observe any signi�cant change in (GFAP astrocyte marker) after the
transfection. (Fig. S2). These results suggest that ZIKV NS4A and NS4B induce premature neurogenesis
in fNSCs, but not gliogenesis.

Zikv Vectors Ns4a And Ns4b Induce Autophagy In Fnscs
The autophagy pathway is manipulated by different viruses such as Dengue virus, Poliovirus, and
Hepatitis C virus for enhancing viral replication [27]. Zika virus is also found to alter the autophagy
pathway in multiple cell types [26]. As autophagy is a key regulator of cellular homeostasis, we
investigated the level of autophagy in our system.

We assessed autophagy key events following ZIKV NS4A and NS4B co-transfection by analyzing the
transcriptional expression of several genes, such as ATG7, ATG13 ATG16L1, LAMP1, and LAMP2,
involved at different steps of the autophagy pathway. We found a signi�cant increase in transcript levels
of Atg13, Atg7, Atg16L1, and Lamp1 (Fig. 3A), involved in autophagy induction, autophagosome
formation, and autophagosome maturation. This provided convincing evidence that NS4A and NS4B
induced autophagy in human fNSCs, which may then alter the fate of neural stem cells.

LC3BII, which facilitates cargo recruitment, and p62, which are cargo receptors are frequently used as
markers for evaluating autophagy [28]. We found a 1.8-fold increase in the level of LC3BII and found a
marked reduction (around 40%) in the p62 level in the immunoblot assay after co-transfection of NS4A-
NS4B (Fig. 3b-c). These results further demonstrated signi�cant enhancement in the autophagy pathway
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after transfection of ZIKV vectors mimicking ZIKV infection of NSCs. Therefore, autophagy appears to be
a key mechanistic mediator for impaired fNSC proliferation and premature neurogenesis in ZIKV-induced
neuropathogenesis.

Zikv Ns4a And Ns4b Impair Notch Signalling
It has also been reported that the notch receptor and its cleaved form (NICD) is one of the targets of
autophagy and gets degraded through it [24]. Therefore, we assessed the status of the notch signaling
pathway as it might be involved in this context. We found a 33% decrease in Notch1 protein expression
after NS4A-NS4B expression compared to the vector control (Fig. 4a), representing the downregulation of
the notch signaling. Autophagy also regulates Wnt signaling by degrading the Wnt receptor Dvl2 and
importantly Wnt signaling is also associated with cell proliferation [29]. Hence, we also measured the
expression of Dvl2 in NS4A-NS4B transfected human NSCs, but we did not observe any signi�cant
change in Dvl2 protein expression after transfection (Fig. 4b). Therefore, we focused the rest of the study
on the characterization of the notch signaling regulation under the effect of ZIKV NS4A + NS4B.

Notch signaling alters neural stem cell proliferation by regulating the genes that induce proliferation, such
as basic helix loop helix (BHLH) family genes (Hes1, Hes5, Hey1, and Hey2) which further suppresses
NSCs differentiation by inhibiting pro-neurogenic genes (Neurogenin1, Neurogenin 2)[30]. We assessed
the expression of these genes by performing quantitative PCR in the control and NS4A + NS4B
transfected groups. We observed downregulation in Hes1, Hes5, and Hey2 and upregulation in
Neurogenin 1 and Neurogenin 2 transcript levels (Fig. 4c). This suggests the cells are undergoing
premature neurogenesis instead of proliferation and changing their fate towards neurogenesis following
co-transfection with ZIKV NS4A and NS4B expression vectors.

Autophagy Inhibition Restores The Zikv (Ns4a + ns4b)- Induced
Molecular Imbalance
We found a signi�cant molecular imbalance of neural stem cells after ZIKV NS4A-NS4B co-transfection
and induction of autophagy. To further strengthen the observed effects in neural stem cells, we evaluated
the effects of autophagy inhibitor 3-methyladenine (3-MA) on the NSCs expressing NS4A and NS4B. The
3-MA inhibits autophagy by blocking autophagosome formation via the inhibition of selective class III
phosphatidylinositol 3-kinases [31]. We transfected the cells for 12h with an empty vector or a
combination of NS4A and NS4B followed by 12 hours of 3-MA (3.5µM) treatment. This resulted in
decreased LC3BII protein levels (Fig. 5a-b), indicating inhibition of autophagy induction in fNSCs after
ZIKV transfection. We further analyzed the effect of 3-MA on Notch signaling in fNSCs after ZIKV
transfection and observed that the NS4A-NS4B-induced decreased Notch1 protein (NICD) expression was
rescued to a level comparable to the control group (Fig. 5a, c). These results indicate that inhibiting
autophagy after NS4A-NS4B transfection restores the molecular signature of neural stem cells to the
normal level. This also suggests inhibiting autophagy after NS4A-NS4B transfection might rescue the
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impaired cell proliferation and premature neurogenesis phenotype of neural stem cells and offers a
possible therapeutic window.

Autophagy Inhibition Restores Neural Stem Cell Proliferation And
Inhibits Premature Neurogenesis
Further, we wanted to study the effects of autophagy inhibition on ZIKV (NS4A + NS4B)-induced
phenotype viz NSC proliferation arrest and premature neurogenesis. We treated the NSCs with autophagy
inhibitor 3-MA (3.5 µM) for 12h after 12h of co-transfection with NS4A and NS4B and performed
immunocytochemistry analysis for the Ki-67 cell proliferation marker. We found a signi�cant increase in
the Ki-67 positive cell population after 3-MA treatment in NS4A + NS4B transfected group compared to
the untreated NS4A + NS4B transfected group (Fig. 6a-b). This suggests that 3-MA treatment enhances
the proliferation in the transfected group. These results con�rm that autophagy inhibition can rescue
NSCs proliferation. We also performed immunocytochemistry for DCX to assess if there is a recovery in
premature neurogenesis after 3-MA drug treatment and observed that 3-MA treatment decreased the
expression of DCX to the control level in NS4A and NS4B co-transfection group (Fig. 6c-d). These results
strongly suggest that regulated inhibition of autophagy might prevent ZIKV-associated
neurodevelopmental abnormality.

Zikv Ns4a - Ns4b Co-transfection Altered Mitochondrial Dynamics
Mitochondrial dynamics regulate autophagy as well as neural stem cell fate by regulating redox balance
[32] [33]. To understand the mechanisms driving the enhancement of the autophagy pathway, we
investigated if mitochondrial dynamics is playing any role in autophagy induction.

To assess this, we co-transfected the NSCs with ZIKV NS4A and NS4B plasmids for 24h, isolated the
protein and RNA, and performed quantitative PCR and immunoblotting for mitochondrial fusion (Mfn1,
Mfn2, Opa1) and mitochondrial �ssion genes (Drp1). Although we found no signi�cant change in Mfn1,
Mfn2, and only 7% change in Opa1, the transcript level of Drp1 was signi�cantly increased (Fig. 7a).
Similar results were observed when we performed immunoblotting with MFN2 and DRP1-speci�c
antibodies. No signi�cant change in MFN2 was reported, but DRP1 protein expression was signi�cantly
increased (45%) (Fig. 7b-e). These results indicate that ZIKV NS4A and NS4B enhance mitochondrial
�ssion without altering mitochondrial fusion.

Mitochondria are the primary site of reactive oxygen species (ROS) production, and enhanced
mitochondrial �ssion has been positively correlated with increased ROS production, on the other hand,
ROS has been found to enhance the autophagy pathway by inhibiting the mTOR pathway [32].
Antioxidant treatment prevents autophagy, suggesting that redox imbalance has a crucial role in driving
the process of autophagy [32]. So next, the level of ROS production was measured in the co-transfected
cells and we found around a 30% increase in ROS production following NS4A and NS4B co-transfection
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(Fig. 7f). These results clearly suggest that altered mitochondrial dynamics along with the associated
unbalanced ROS production, may contribute to enhanced autophagy.

Discussion
Re-emergence of the zika virus is a global health concern as it is associated with a congenital
developmental disorder like microcephaly [34]. Recent efforts to understand the impact of ZIKV infection
on human brain development have revealed some key aspects of pathogenesis. Several in vitro and in
vivo studies show that ZIKV preferentially infects neural stem cells/ progenitor cells and affects cell cycle
regulation, differentiation, apoptosis, autophagy, and immune response [35]. ZIKV infection impairs fetal
brain growth by arresting neuronal stem cell proliferation and inducing premature differentiation and
such events lead to depletion in the neuronal progenitor cell pool [36]. Transcriptomics and in silico
analysis also suggest several dysregulations in cellular and molecular processes in neural progenitor
cells under the effect of ZIKV [35].

Neural stem cells are the primary targets of ZIKV, as reported by studies [15]. The mechanism behind the
Zika virus hampering NSC proliferation is still not very clear hence hindering the development of Zika
virus-targeted anti-viral therapy, especially for microcephaly. To decipher this, we used fNSCs as a model
system to study the mechanism that may contribute to the neurodevelopmental disorders following
exposure to ZIKV infections. As the ZIKV induced microcephaly is a developmental disorder, fNSC model
is an apt model. We found that ZIKV NS4A and NS4B proteins hamper NSCs proliferation by altering
autophagy-mediated notch degradation.

We �rst observed that co-transfection of ZIKV protein NS4A and NS4B hampered NSCs proliferation as
was evident by neurosphere assay and Ki-67 labelling, this was in agreement with our earlier studies with
ZIKV E- protein [20] as well as with previous reports by other groups [26]. The balance between neural
stem cell maintenance and commitment is critical for normal brain development [37]. Genetic defects in
neurogenesis and migration often result in developmental neurological disorders, including microcephaly.
ZIKV directs the cells toward premature neurogenesis as observed by enhanced neurogenesis markers
like DCX, and Tuj1, but not astrocytic marker GFAP. Premature neurogenesis is a hallmark of
microcephaly [38]. Hence our �ndings strengthen the observation that ZIKV impairs neural
stem/progenitor cell proliferation and fate determination.

Autophagy is a degradation system to degrade defective proteins or viruses or recycle amino acids.
Although autophagy is a defence pathway of a cell to �ght against pathogens, several �aviviruses utilize
this pathway for their bene�t. Recently its role in viral replication and neural stem cell proliferation has
been studied [27] [39]. So, we hypothesized autophagy could be involved in the ZIKV-induced decrease in
NSCs proliferation and carried out a detailed investigation of the autophagy pathway.

The autophagy process involves cascade of events regulated by several molecules. For instance, ATG13
is involved in autophagy induction, whereas ATG7 and ATG16L1 are involved in (LC3I-LC3II conversion) or
autophagosome formation [39]. Lysosome-associated membrane protein-1 (LAMP-1) and LAMP-2 are
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important protein components of the lysosomal membrane. They are involved in autophagosome
maturation [40]. We observed that co-transfection of ZIKV NS4A and NS4B enhanced autophagy as
shown by enhanced mRNA expression of the autophagy genes involved at different levels of autophagy.
However, LAMP2 remained unaffected under the effect of viral expression vectors. During autophagy,
cytosolic LC3BI is lipidated to form LC3BII, which associates with autophagosome membranes and
facilitates the recruitment of cargo into the pathway; thus, an increase in the LC3B II level is indicative of
autophagy induction. The levels of SQSTM1/p62, a cargo receptor that is degraded during autophagy
represent the autophagy rate. Hence, we validated our results by assessing the protein levels of LC3BII
and p62 as well.

Autophagy determines neural stem cell fate by regulating key signalling pathways like the wnt, and notch.
It targets these receptors and degrades them when a cell needs to switch its fate from proliferation to
differentiation[29] [24]. Zika virus NS4A and NS4B also enhance the autophagy pathway for replication
as reported by us and others [26]. However, the detailed mechanisms of these observations were not
explored yet, which necessitated this study to investigate the link between autophagy and NSC
proliferation under the effect of ZIKV expression vectors NS4A and NS4B.

Notch signalling regulates several cellular processes like stem cell maintenance, proliferation, fate
determination, and apoptosis [41]. Its activated form (NICD) translocates to the nucleus and activates the
transcription of target genes such as Hairy-Enhancer of Split (HES) and HES-related proteins (HERP) [41].
These genes repress the transcription of pro-neural genes (e.g. Neurogenin 1, Neurogenin 2) and thereby
maintain the NPC proliferation and repress neuronal differentiation. Mutation in HES genes leads to
premature differentiation into neurons [42]. Knockdown of notch1 in the embryonic brain leads to a
reduction in neural stem cells as well as enhances glial and neuronal differentiation [43]. We analysed the
status of the Notch and Wnt signalling in NSCs under the effect of ZIKV expression vectors NS4A and
NS4B and observed that the notch signalling was signi�cantly downregulated, as evident from the
reduced NICD protein levels. The Notch signalling pathway is an important determinant of NSC fate and
has multiple roles in the regulation of NSC differentiation [25]. The phenotype of premature neuronal
differentiation is also observed in both Notch1-de�cient and RBP-J-de�cient mice [43]. To further
strengthen the observation that Notch signalling is dysregulated in the ZIKV context, we assessed the
expression of HES family genes (Notch targets) that control the commitment of neural stem cells. HES1
and HES5 are known to inhibit neuronal differentiation. These genes may mediate Notch-induced
inhibition of cellular development [44]. In Hes1-de�cient mice, neurons differentiate prematurely, resulting
in severe defects of neural tube formation like anencephaly and abnormalities of the eye [45]. Similarly, in
Hes5-de�cient mice neurons prematurely differentiate [46]. We found reduced expression of Hes1 and
Hes5 in NSCs after ZIKV NS4A and NS4B co-transfection, which supports the observation of reduced cell
proliferation. However, Hey1 transcript levels remain unaffected. We also observed enhanced transcript
levels of neurogenin genes in the co-transfection group. Neurogenins are bHLH transcription factors that
promote neurogenesis [47], hence the increased level of neurogenin supports the �nding of premature
neurogenesis after ZIKV transfection.
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To further con�rm that the altered NSC fate and notch signalling is mediated by the autophagy pathway,
we performed rescue experiments by treating the transfected cells with 3-methyladenine, a well-
established autophagy inhibitor. The 3-MA treatment was able to rescue the NS4A + NS4B associated
phenotype viz cell proliferation arrest and premature neurogenesis. In future, additional experiments
utilizing a loss-of-function approach or siRNA-mediated knockdown of autophagy genes like Beclin-1 can
also be performed to further strengthen these �ndings.

To dissect out the mechanism driving autophagy-mediated alterations in NSC functions under the effect
of ZIKV NS4A and NS4B vectors, we focused on mitochondrial processes such as �ssion and fusion.
Mitochondria is the primary source of ROS and ROS in turn directly or indirectly controls autophagy
pathways [32]. Further, ROS mediated signalling regulates Neural stem cell proliferation [33]. ROS
imbalance and mitochondrial defects have also been observed in iPSC-derived astrocytes following ZIKV
transfection, ultimately leading to DNA damage and cell death and ROS scavengers protect these
astrocytes by reducing DNA damage. [48]

Our �ndings suggest that the upregulated mitochondrial phenomena such as mitochondrial �ssion and
ROS production following Zika virus NS4A and NS4B co-transfection, could lead to enhanced autophagy.
Literature also suggests that the dysregulated AKT signalling leads to enhanced autophagy after ZIKV
infection [26]. AKT signalling is a key event that also regulates mitochondrial dynamics and functionality
[49]. Therefore, our �nding falls in the same arena and suggests a parallel mechanism of autophagy
induction. However more detailed investigation is needed to conclusively link the two �ndings.

This study concludes that Zika virus NS4A and NS4B alter the neural stem cell fate by arresting their
proliferation and diverting them toward premature neurogenesis. These effects are mediated by
autophagy that targets the notch pathway and alters the expression of the HES family of genes
responsible for regulating proliferation. Downregulating autophagy by 3-MA methyl-adenine attenuates
the deleterious effects of NS4A and NS4B by downregulating autophagy and hence enhancing notch
expression which then rescues NSCs premature differentiation and maintains NSCs proliferation. In
summary, this study reports the role of autophagy in mediating neural stem cell fate determination
following ZIKV NS4A and NS4B transfection (Fig. 8), implicating autophagy as a possible line of
treatment for Zika virus-induced microcephaly.

Material And Methods

Neural stem cell culture
10–15 weeks old aborted human fetus was collected after informed consent from the mother and the
brain tissue was processed to isolate Neural stem cells (NSCs) from the telencephalic region by following
the strict guidelines of institutional Human ethics and stem cell research committee of NBRC, India in
compliance with recommendations of the Indian Council of Medical Research (ICMR) and Department of
Biotechnology (DBT), India. Isolated NSCs were cultured on poly-D-lysine (Sigma Aldrich, Missouri, USA)
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coated �asks using neurobasal media supplemented with N2 supplement (Invitrogen, San Diego, CA,
USA), Neural survival factor (Lonza, Charles City, IA, USA), glutamine (Sigma, St. Louis, MO, USA), bovine
serum albumin (Sigma–Aldrich, St. Louis, MO), 25ng/mL bFGF (Sigma Aldrich, USA), 20ng/mL EGF
(Sigma-Aldrich, USA), gentamycin (Sigma, St. Louis, MO, USA) and penicillin and streptomycin solution
(Invitrogen, San Diego, CA, USA). These cells were further characterized by immunocytochemistry and
western blotting using NSC markers such as (Nestin, and SOX2) and astrocyte and neuronal
differentiation markers (GFAP and MAP2 respectively). 99% of cells were found to be positive for Nestin
and SOX2 and negative for GFAP and MAP2. Their proliferation e�ciency was also con�rmed by
performing a neurosphere assay and isolated NPCs were found to form good neurospheres.

Transfection
NSCs were seeded at 70–80% con�uency and transfected using lipofectamine 3000 (Invitrogen, USA) in
opti-MEM (Cat. #31985-070, Invitrogen, CA) media with pCAGIG-IRES-GFF expression vector expressing
full-length Zika virus protein NS4A and NS4B using manufacturer’s protocol. These plasmids were kindly
gifted by Dr. Shyamala Mani (IISc, Bangalore, India). Transfected cells were processed/harvested after 24
or 48h as per experimental requisite. The transfection e�ciency of all plasmids in NSCs was found to be
comparable (Fig. S3).

Rna And Protein Isolation
Transfected cells were harvested and processed for RNA and Protein isolation by phenol-chloroform
extraction principle using TRizol reagent (Ambion, Texas, USA, Cat# 15596018). Brie�y, the upper
aqueous phase was used to isolate RNA, and the lower PINK organic phase was used to isolate Protein.
The RNA pellet was resuspended in Nuclease-free water and concentration was assessed in Nanodrop.
The protein pellet was resuspended in SDS lysis buffer that consists of 0.5M Tris pH 7.5, EDTA 0.5 M,
NaCl 3 M, NaF 1 M, Na VO  0.5 M, SDS 20% and NaB 100mM and protease inhibitor cocktail (Roche,
Mannheim, Germany).

Western Blot
Protein estimation was done using Bicinchonic acid (Sigma) and CuSO4. Protein samples were resolved
on 12% SDS PAGE and transferred onto a Nitrocellulose membrane (MDI, Ambala, India). Blocking was
done using 5% skimmed milk (in TBST) after which blots were incubated overnight with the following
primary antibodies, LC3B (D11) XP R Rabbit mab CST 3868 (1:1000), mouse SQTM1/p62 ab56416
(1:2000), Rabbit Notch1 ab52627 (1:2000), mouse anti-GAPDH (Santacruz biotech, USA Cat# sc-32233,
1:2000). After 3 washing with TBST the blots were incubated with appropriate secondary antibody
conjugated with HRP (Vector Labs, USA, 1:4000) for 1-2h at room temperature followed by 5 washing (5
min each) with 1X TBST. The blots were developed using Chemiluminescent Reagent (Millipore, USA) and
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imaged using ChemiGenius Bio-imaging System (Syngene, Cambridge, UK). Image J software (NIH, USA,
RRID: SCR_003070) was used for the densitometry analysis of protein bands.

Quantitative Real-time Pcr
cDNA was synthesized from isolated RNA by using High-capacity cDNA Reverse Transcriptase Kit
(Applied Biosystems, California, USA, Cat# 4368814) by following manufacturer protocol and
Quantitative Real-time PCR (qPCR) was performed in ViiA-7 cycler (ABI, USA, RRID: SCR_019582)) using
Power SYBR Green master mix (Applied Biosystems, USA, Cat# 4367659), and manually designed gene-
speci�c primers. The list of primers is in the supplementary table (1). The qPCR cycling conditions used
were 95°C for 10 min (1 cycle), 95°C for 20 s, 60°C for 30 s, and 72°C for 40 s (40 cycles).

speci�city of primers was con�rmed by detecting a single peak in the melt curve analysis.

The data was analyzed using the 2^-CT method

Neurosphere Assay
NPCs were seeded in a poly-D-lysine (PDL) coated �ask and co-transfected with plasmids encoding ZIKV
NS4A and NS4B and vector control for 24 hours using Lipofectamine 3000. After that, cells were
trypsinized and again seeded in a non-poly-D-lysine �ask. Flask was kept upright in a CO2 incubator.
Images were captured after 48 hours.

At least 5 random images were captured, and neurosphere (n > 300) size was measured by using Image J
software (NIH, USA, RRID: SCR_003070), and based on size, they were categorized into three groups,
small (size ≤ 50 µm), medium (size 50–100 µm) and large size > 100 µm). percentage of neurospheres in
each group was calculated.

Immunocytochemistry
NPCs were seeded in PDL-coated Permanox 8 well chamber slides (Nunc, Kamstrupvej, Denmark) at a
density of around 20,000 cells/well. These cells were transfected with ZIKV plasmid encoding NS4A and
NS4B for 24 hours. The cells were �xed with 4% paraformaldehyde for 20 mins followed by 3 washes
with 1XPBS. The �xed cells were incubated overnight with indicated antibodies. After 14–16 h the cells
were washed thrice with 1xPBS and incubated for 1h with secondary antibodies tagged with �uorophore
594 or 488. After 1h, 5 washes with 1xPBS were done and cells were �xed with the Hardset mounting
media with DAPI (Vector Labs, USA, Cat# H-1500). Three to �ve random images were captured in an
AxioImager Z1 microscope (Zeiss, Germany) and analyzed by using Image J software (NIH, USA, RRID:
SCR_003070)

Following antibodies were used for Immunocytochemistry
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anti-DCX (Abcam, Cambridge, UK, 1:1000), mouse anti- Ki 67 (Millipore, Billerica, USA, 1:1000, Cat#
MAB4190, RRID:AB_95092), anti-Nestin (1:1000, Millipore) SOX2 (1:1000, (D6D9)XP Rabbit mAb cell
signalling technology (3579S), anti-TUJ-1 (1:2000, Promega, Madison, WI, USA; 1:2000), anti- GFAP
(Dako, 1:1000, Cat# Z0334, RRID:AB_10013382)

Cell Death Assay
NPCs were seeded in 8 chambered PDL coated slides (20000 cells/well) and were co-transfected with
NS4A and NS4B expression vectors for 24 hours and cells were �xed with 4% Paraformaldehyde for 20
min followed by 3 washes with 1XPBS. Cells were blocked and permeabilized with 4% BSA + 0.01%
Triton-X 100 for 1 hour. Terminal deoxynucleotidyl transferase biotin-dUTP nick end labelling (TUNEL)
assay was performed Using in situ cell death detection kit TMR-Red (Roche, Switzerland Cat#
12156792910) as per manufacturer’s protocol to stain cells undergoing death. Slides were mounted
using Hardset mounting media with DAPI (Vector Labs, USA, Cat# H-1500). AxioImager Z1 microscope
(Zeiss, Germany) was used to take random 5 random images per group. Images were analyzed in Image
J software (NIH, USA, RRID: SCR_003070)

Ros Detection
Intracellular ROS was measured after transfection with NS4A and NS4B using Cellular ROS Assay Kit
(Deep Red ab186029). Brie�y, cells were seeded in 24 well plates and transfected for 24 hours. After 24
hours the media was changed with fresh media containing ROS deep red dye and incubated for 30 min in
an incubator at 37°C, after 30 min the cells were washed with PBS. changes in �uorescence intensity
(Ex/m = 650/675 nm) were measured using Tecan in�nite PRO 200.

Drug Treatment
Cells were co-transfected with ZIKV NS4A and NS4B expression vector using Lipofectamine 3000 in Opti-
MEM media, after 12h of transfection 3 methyladenine (3.5uM) drug was added. Milli-Q was used as
drug control. The cells were harvested after 24 h and processed for other assays.

Statistical analysis
All the experiments were performed/repeated three to �ve times independently as speci�ed in the legends.
Results were represented as mean ± SD. Student’s t-test was performed for experiments having only one
variable whereas one-way ANOVA was performed for multiple groups to determine the signi�cance of the
means. P values < 0.05 were considered statistically signi�cant. * Represents p < 0.05, **p < 0.005, and
***p < 0.0005.
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Figure 1

Zika virus (ZIKV) protein NS4A-NS4B reduces human fetal neural stem cell (fNSC) proliferation without
altering survival. (a)Neural stem cells were isolated from the SV region of the aborted fetus following
ethical guidelines. These cells express well-established markers SOX2 and DCX. fNSCs were co-
transfected with NS4A and NS4B for 24 h and proliferation was assessed by performing neurosphere
formation assay and ki67 immunolabeling. Neurospheres were analyzed 48 h after the 24h of NS4A and
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NS4B co-transfection. Representative bright �eld images showing compromised neurospheres after ZIKV
transfection. Scale -50 µm. (b) Bar graph showing neurosphere size distribution in vector control and
NS4A-NS4B transfected group. (c) Immunocytochemistry images showing proliferation marker ki67 (red)
and DAPI (blue) for the nucleusafter 24h h of transfection with vector control and NS4A-NS4B
combination. scale 20 µm. (d) Bar graph representing the percentage of ki67 positive cells over DAPI. (e)
Immunocytochemistry images showing TUNEL positive cells (red) and DAPI (blue) for nucleus after
transfection with indicated groups control vector or combination of NS4A and NS4B for 24 h to check cell
survival. scale 50 µm. (f) Bar graph representing the percentage of TUNEL-positive cells over DAPI. The
values represent the mean ± standard deviation. V- empty vector, NS4A +NS4B – Co-transfection of
vectors containing ZIKV non-structural protein 4A and 4B). N=3-5 (Independent replicates). Statistics, for
B, *p < 0.05, Chi-square test and for D, F, *p < 0.05, unpaired t-test.; ns, not signi�cant.
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Figure 2

ZIKA virus protein NS4A-NS4B protein induces premature neurogenesis of fNSCs. (a) Human fNSCS were
co-transfected with NS4A and NS4B for 24 h and neurogenesis was evaluated in non-differentiating
culture condition. Bar graph representing relative mRNA expression of neurogenic genes or pro-neural
genes DCX, Robo, PTN, and neural progenitor commitment gene Tbr2 normalized with Gapdh at 24h post-
transfection with control Vector or vector containing NS4A - NS4B. (b) Representative images showing
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Immunocytochemistry labeling of early neurogenesis marker DCX (red) and nucleus (DAPI). Scale 50 µm.
(c) Quanti�cation of DCX positive cells over DAPI for vector control and Co-transfection group. (d)
Immunocytochemistry images after transfection with NS4A and NS4B showing immature neurogenesis
marker TUJ1 (Red) and DAPI (blue) staining nucleus. Scale 50 µm. (e) Bar graph representing fold
change in TUJ1 positive cells over DAPI. The values represent the mean ± standard deviation. V- empty
vector, NS4A+NS4B- Co-transfection of vectors containing ZIKV non-structural protein 4A and 4B. N=3-5
(Independent replicates). Statistics, for A, C, E *p < 0.05, **p < 0.01, ***p < 0.001; unpaired t-test.; ns, not
signi�cant.
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Figure 3

ZIKV NS4A-NS4B co-transfection induces autophagy in fNSCs. (a) fNSCs were co-transfected with ZIKV
NS4A and NS4B plasmids and after 24 h mRNA expression of autophagic genes was evaluated. Bar
graph showing relative mRNA expression of autophagy genes (atg7, atg16L1, atg13) and Lysosomal
markers (Lamp1 and Lamp2), Gapdh was used as the normalization control. (b) Immunoblots showing
increased LC3BII (autophagosome formation reporter) level after co-transfection with NS4A-NS4B
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compared to vector control. Left panel showing representative blots and the right panel showing a bar
graph of the densitometry analysis of blots. (c) Immunoblots showing decreased p62 (autophagy rate
reporter) level after co-transfection with NS4A-NS4B compared to vector control. Left panel showing
representative blots and the Right panel showing a bar graph of the densitometry analysis of blots. V-
empty vector, NS4A +NS4B – Co-transfection of the vector containing ZIKV non-structural protein 4A and
4B. N=3-5 (Independent replicates). Statistics, for A, B, C *p < 0.05, **p < 0.01, unpaired t-test.; ns- not
signi�cant.
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Figure 4

ZIKV NS4A - NS4B protein downregulates the notch pathway in fNSCs. fNSCs were co-transfected with
NS4A and NS4B for 24 h and subjected to immunoblot and quantitative PCR analysis. (a) Immunoblots
showing decreased NICD (Notch1) level after co-transfection with NS4A-NS4B compared to vector
control. Left panel showing representative blots and the right panel showing a bar graph of the
densitometry analysis of blots. GAPDH was used as the normalization control. (b) Representing images
of immunoblotting with DVL2 (wnt receptor) speci�c antibody (left panel) and its quanti�cation (right
panel). GAPDH was used as the normalization control. (c) Bar graph showing relative mRNA expression
of NOTCH1 target genes Hes1, Hes5, Hey1, Hey2, Neurogenin1, and Neurogenin 2 after co-transfection.
Gapdh was used as the Normalization control. V- empty vector, NS4A +NS4B – Co-transfection of the
vector containing ZIKV non-structural protein 4A and 4B). N=3-5 (Independent replicates). Statistics, for A,
B, C *p < 0.05, ***p < 0.001, unpaired t-test.; ns, not signi�cant.
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Figure 5

Downregulation of the Autophagy pathway enhances notch1 protein expression in NS4A NS4B
transfected group. fNSCs were co-transfected with ZIKV NS4A and NS4B for 12 h followed by autophagy
inhibitor 3 methyladenine (3.5 µM) treatment for 12h. After 24 h post-transfection, the cells were
harvested for immunoblot analysis. (a) Representing images of immunoblots showing LC3BII and NICD
levels after drug treatment post-transfection. GAPDH was used as the normalization control. (b) The bar
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graph showing densitometry quanti�cation represents reduced LC3BII levels after 3-MA treatments
following ZIKV protein transfection. (c) The bar graph showing densitometry quanti�cation represents
increased NICD levels after 3-MA treatment following ZIKV protein transfection. 3-MA- 3 methyladenine,
V- empty vector, and NS4A +NS4B – Co-transfection of the vector containing ZIKV non-structural protein
4A and 4B.N=3-5 (Independent replicates). Statistics, for B, C, *p < 0.05, **p < 0.01, ***p < 0.001 ANOVA
with Tukey’s multiple comparison test.; ns, not signi�cant.
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Figure 6

Downregulation of Autophagy induces NSC Proliferation and reduces premature neurogenesis in ZIKV
NA4A- NS4B co-transfected fNSCs. fNSCs were co-transfected with ZIKV NS4A and NS4B for 12 h
followed by autophagy inhibitor 3-MA (3.5 µM) treatment for 12h. After 24 h post-transfection, the cells
were subjected to Immunocytochemistry analysis. (a) Immunocytochemistry images showing
proliferation marker ki67 (red) and DAPI (blue) for the nucleus. Scale 50 µm. (b) Bar graph showing
increased ki67 positive cells after 3-MA treatment following ZIKV protein transfection. (c) Representative
images showing Immunocytochemistry labeling of early neurogenesis marker DCX (red) and nucleus
(DAPI). Scale 50 µm. (d) Bar graph showing reduced DCX positive cells after 3-MA treatment following
ZIKV protein transfection. 3-MA- 3 methyladenine, V- empty vector, and NS4A +NS4B – Co-transfection of
the vector containing ZIKV non-structural protein 4A and 4B. N=3-5 (Independent replicates). Statistics,
for B, D, *p < 0.05, **p < 0.01, ***p < 0.001 ANOVA with Tukey’s multiple comparison test; ns, not
signi�cant.
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Figure 7

Altered mitochondrial dynamics following ZIKV NS4A - NS4B co-transfection. fNSCs were co-transfected
with NS4A and NS4B, and after 24 hours the cells were analyzed for evaluating mitochondrial dynamics
and ROS production. (a) Bar graph showing relative mRNA expression of mitochondrial fusion (Mfn1,
Mfn2, Opa1) and mitochondrial �ssion gene (Drp1) genes normalized with Gapdh after 24h post-
transfection with vector control or vector encoding NS4A and NS4B.(b) Representing images of
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immunoblots showing MFN2 levels after co-transfection and its quanti�cation (c). (d) Representing
images of immunoblots showing DRP1 levels after co-transfection and its quanti�cation (e). Beta-actin
was used as the normalization control. (f) Bar graph showing increased ROS production after NS4A-
NS4B co-transfection compared to vector control. V- empty vector, and NS4A +NS4B – Co-transfection of
the vector containing ZIKV non-structural protein 4A and 4B. N=3-5 (Independent replicates). Statistics,
for A, C, F, *p < 0.05, **p < 0.01, ***p < 0.001; unpaired t-test.; ns, not signi�cant.

Figure 8

Schematics representing the role of zika virus protein NS4A and NS4B in altered neural stem cell fate.(a)
In normal basal autophagy and ROS condition, the notch receptor gets activated and NICD translocate to
the nucleus where it activates hes/ hey family of genes which maintains the proliferation of NSCs and
inhibit premature differentiation by repressing proneural genes (neurog1, neurog2).(b)ZIKV protein NS4A
and NS4B probably induce mitochondrial �ssion leading to enhanced ROS production which induces
autophagy leading to NICD degradation. So, expression of hes/hey family of genes decrease leading to
reduced proliferation and expression of proneural genes resulting in premature differentiation of neural
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stem cells into the neuron and hence reducing the pool of neural stem cells.Schematics is created using
Biorender.
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