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Zika virus depletes neural stem cells and evades
selective autophagy by suppressing the Fanconi
anemia protein FANCC
Shashi Kant Tiwari1,†, Jason W Dang1,†, Nianwei Lin1, Yue Qin1,2, Shaobo Wang1 & Tariq M Rana1,*

Abstract

Zika virus (ZIKV) is an emerging flavivirus, which when passed
through vertical transmission from mother to developing fetus can
lead to developmental abnormalities, including microcephaly.
While there is mounting evidence that suggests a causal relation-
ship between ZIKV infection and microcephaly, the mechanisms by
which ZIKV induces these changes remain to be elucidated. Here,
we demonstrate that ZIKV infection of neural stems cells, both
in vitro and in vivo, induces macroautophagy to enhance viral
replication. At the same time, ZIKV downregulates a number of
essential selective autophagy genes, including the Fanconi anemia
(FA) pathway genes. Bioinformatics analyses indicate that the tran-
scription factor E2F4 promotes FANCC expression and is downreg-
ulated upon ZIKV infection. Gain and loss of function assays
indicate that FANCC is essential for selective autophagy and acts
as a negative regulator of ZIKV replication. Finally, we show that
Fancc KO mice have increased ZIKV infection and autophagy
protein levels in various brain regions. Taken together, ZIKV down-
regulates FANCC to modulate the host antiviral response and
simultaneously attenuate neuronal growth.
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Introduction

Zika virus (ZIKV) is an arbovirus belonging to the Flaviviridae

family, which includes dengue, West Nile (WNV), and yellow fever

viruses (Lazear & Diamond, 2016). As illustrated by the recent

outbreak, ZIKV infection is associated with severe fetal

abnormalities, including microcephaly, hydranencephaly, and

intrauterine fetal growth restriction (Brasil et al, 2016a,b; Noronha

et al, 2016; Sarno et al, 2016; Ventura et al, 2016). In adults, ZIKV

infection can cause a self-limiting febrile illness, arthralgia, rash,

and conjunctivitis; however, an estimated 80% of cases are asymp-

tomatic (Duffy et al, 2009; Hayes, 2009; Brasil et al, 2016a,b).

Genome-wide RNA-seq analysis of various cell types infected with

ZIKV revealed the reprogramming of gene expression and RNA

modification by the virus (Lichinchi et al, 2016; Tiwari et al, 2017).

Integration of the miRNA and mRNA expression data into regulatory

interaction networks showed that ZIKV infection of neuronal stem

cells regulated miRNA-mediated repression of genes involved in the

cell cycle, stem cell maintenance, and neurogenesis (Dang et al,

2019). The molecular mechanisms by which ZIKV causes micro-

cephaly are not fully understood.

Autophagy is a highly conserved cellular recycling process by

which intracellular material is encapsulated in double-membrane

vesicles, known as autophagosomes, and delivered to lysosomes for

degradation (Zhang et al, 2016). Selective forms of autophagy play

key roles in the host defense against invading pathogens, including

many viruses. Virophagy is a form of autophagy that protects against

viral infection by linking viral components to the growing autophago-

somes and thus complements the activity of “non-specific” macroau-

tophagy, which promotes the survival or death of infected cells by

activating innate immunity and inflammatory responses (Kudchod-

kar & Levine, 2009; Levine et al, 2011). Although the host cell bene-

fits from the antiviral activity of autophagy, some viruses are able to

hijack the host autophagy machinery to facilitate their own replica-

tion. For example, hepatitis C virus (HCV) and the flaviviruses

dengue and Japanese encephalitis (JEV) exploit autophagy for repli-

cation and survival (Lee et al, 2008; Dreux et al, 2009; Heaton &

Randall, 2010; Heaton et al, 2010; Mizui et al, 2010; McLean et al,

2011; Li et al, 2012). Recent reports have shown that ZIKV induces

autophagy in fetal NSCs to enhance viral replication through its

nonstructural proteins NS4A and NS4B, which inhibit AKT–mTOR

signaling. However, the mechanisms by which ZIKV exploits the

autophagic machinery to promote efficient replication remain incom-

pletely understood (Hamel et al, 2015; Liang et al, 2016).
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The FA pathway is also involved in the survival and long-term

maintenance of neural stem/progenitor cells during brain develop-

ment (Frappart et al, 2007; Sii-Felice et al, 2008a,b). Accordingly,

loss-of-function mutations in any of the 19 genes of the FA pathway

lead to a wide array of clinical disorders, including congenital birth

defects such as microphthalmia, microcephaly, and cognitive

impairments (Faivre et al, 2000; Tischkowitz & Hodgson, 2003; Kalb

et al, 2007; Neveling et al, 2009; Bogliolo & Surralles, 2015). A

recent study uncovered a novel role for FA pathway proteins in regu-

lation of both virophagy and mitophagy, a mitochondria-selective

form of autophagy (Orvedahl et al, 2011; Sumpter et al, 2016). FA

proteins suppress intracellular reactive oxygen species levels,

control inflammasome activity, maintain mitochondrial respiratory

function, and protect cells from proinflammatory cytokine-induced

cell death (Haneline et al, 1998; Garbati et al, 2013; Pagano et al,

2013; Sumpter et al, 2016).

Given the major roles of autophagy in immune defense and NSC

biology and the finding that ZIKV exploits autophagy to enhance

viral replication, we hypothesized that ZIKV evades virophagy by

targeting FANCC. Here, we report that ZIKV infection of NSCs and

induction of autophagy elevates viral replication in vitro and in a

mouse model of ZIKV infection. ZIKV evades clearance by selec-

tively suppressing the transcription of virophagy-specific genes via

downregulation of the transcription factor E2F4, which may further

contribute to ZIKV-associated microcephaly.

Results

ZIKV Infection induces autophagy in neural stem cells

To assess autophagy induction after ZIKV infection of NSCs, we

monitored expression of autophagy-associated proteins by immuno-

blot analysis. During autophagy, cytosolic LC3-I is lipidated to form

LC3-II, which associates with autophagosome membranes and facil-

itates recruitment of cargo into the pathway; thus, an increase in

the LC3-II levels is indicative of autophagy induction. The relative

rate of autophagy (flux) was assessed by measuring levels of

SQSTM1/p62, a cargo receptor that is itself degraded during autop-

hagy. Infection of human NSCs (hNSCs) and primary mouse NSCs

(mNSCs) with ZIKV MR766 or with the patient-derived strain from

Paraiba, Brazil (Fig EV1A and B, respectively) caused a marked

increase in the LC3-II levels (Figs 1A–C and, EV1C and D). More-

over, a decrease in p62 was observed between 12 and 72 h post-

infection, indicating induction of autophagy by ZIKV (Figs 1A–C,

and EV1C and D). We also found an increase in the number of

discrete GFP-LC3-positive puncta, representing autophagosomes

24 h after ZIKV infection of hNSCs expressing GFP-LC3 (Fig 1D

and E), which is consistent with enhanced LC3-II level observed by

immunoblotting. Next to further confirm the induction of autop-

hagic flux by ZIKV infection, we transfected hNSC with an

improved tandem fluorescent-tagged mCherry-EGFP-LC3 reporter

plasmid (Kimura et al, 2007; Zhou et al, 2012). We found that

ZIKV infection enhanced the tandem autophagosome (EGFP) fusion

to lysosome or late endosome (mCherry) as compared to control

(Fig 1E). Overall these results showed an enhanced number of

discrete GFP-LC3-positive puncta in ZIKV-infected NSC cells

(Fig 1F). These findings demonstrate that ZIKV infection induces

an autophagic response in hNSCs and mNSCs as previously shown

in fetal human NSCs (Liang et al, 2016).

Since autophagy can be beneficial to the host (viral clearance)

or to the virus (enhanced replication), we next asked whether the

autophagic response induced by ZIKV infection limits, facilitates,

or has no effect on viral replication in NSCs. For this, cells were

treated with the autophagy activator rapamycin, which inhibits

the master autophagy regulator mTOR, or with three inhibitors of

autophagy; chloroquine, bafilomycin A1, and 3-methyladenine (3-

MA), which act at the lysosomal acidification, autolysosomal

fusion, and autophagosome formation steps, respectively. ZIKV

replication in hNSCs was increased by rapamycin and decreased

by treatment with all three autophagy inhibitors (Fig 1G). Further,

we also found an increase in the number of discrete GFP-LC3-

positive puncta and LC3-II protein level, similar to viral replica-

tion in rapamycin treated group while 3-MA led to significant

reduction in the GFP-LC3 puncta, representing autophagosomes

formation after ZIKV infection of hNSCs expressing GFP-LC3

▸Figure 1. Activation of autophagy by ZIKV infection of NSCs.

A Western blot of autophagy proteins LC3 and p62 at various time points after infection of human NSCs with strains MR766 or Paraiba.
B, C Quantitative representation of LC3-II and p62 protein levels during ZIKV infection at indicated time points. Mean � SEM, n = 3 biological replicates.
D GFP-LC3 puncta of mock- and ZIKV-infected hNSCs. Scale bar = 100 lm.
E Tandem EGFP-LC3 and mCherry punctae co-localization in control and ZIKV-infected hNSC. Scale bar = 100 lm, boxed magnified images with scale bar = 50 lm.
F Number of GFP-LC3 puncta in MR766 and Paraiba-infected hNSCs, n = > 50 cells. Box plots show the mean and the smallest; largest values in whiskers represent

the 10th and 90th percentiles in 50 randomly selected cells per group; and solid horizontal line indicates median. ***P < 0.001 by Student’s t test.
G RT–qPCR of ZIKV RNA in hNSCs incubated with vehicle or 100 nM rapamycin, 20 lM chloroquine, 10 nM bafilomycin A1, or 5 mM 3-methyladenine for 24 h.

Mean � SEM of three biological replicates. *P < 0.05, ***P < 0.001 by Student’s t test.
H GFP-LC3 puncta in ZIKV with or without rapamycin and 3-MA treated hNSC cells. Cells were treated with or without rapamycin (100 nM) or 3-methyladenine

(5 lM). Box plots show the mean and the smallest; largest values in whiskers represent the 10th and 90th percentiles in 50 randomly selected cells per group; and
solid horizontal line indicates median. *P < 0.05, **P < 0.01, ***P < 0.001 by Student’s t test.

I RT–qPCR of ZIKV RNA in infected hNSCs transfected with siRNAs targeting LC3, BECN or ATG9A 48 h post-infection. Mean � SEM of three biological replicates.
*P < 0.05 by Student’s t test.

J Venn diagram of genes significantly downregulated in HeLa cells treated for 4 h with perifosine (50 lM), rapamycin (50 nM), and resveratrol (100 lM), compared
with ZIKV-infected hNSCs (ZIKV data from Tang et al, 2016).

K Sankey diagram of pathways associated with genes commonly enriched in ZIKV-infected hNSCs and perifosine-, resveratrol-, and rapamycin-treated HeLa cells. The
width of each band is proportional to the number of genes in the group/pathway.

L Transmission electron microscopy of hNSCs infected by ZIKV MR766 and Paraiba strains. Mitochondria (MT), endoplasmic reticulum (ER), Golgi bodies (GB),
ribosomes (RS), phagophores (PH), and lipid droplet (LD). Scale bars, first row, 1 lm (left), 500 nm (control right); 200 nm (right).
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(Figs 1H and EV1E–H). Further, we evaluated effects of these

pharmacological agents on binding and entry of ZIKV. We

observed that these drugs did not significantly interfere with viral

binding and entry steps at selected concentrations, with only mild

reduction on entry by Baf and CQ (Fig EV1I). These results are

consistent with earlier studies showing that inhibition of autop-

hagy influenced vertical transmission of ZIKV in mice (Cao et al,

2017). In addition, RNAi-mediated knockdown of core autophagic

machinery LC3, BECLIN1, and ATG9A decreased ZIKV replication

(Figs 1I and, EV1J and K). Collectively, these data indicate

that ZIKV utilizes the autophagic machinery of NSCs to enhance

viral replication.

Autophagy modulates the NSC transcriptomic response to ZIKV

To determine how induction of autophagy might be beneficial for

ZIKV replication, we compared the transcriptomes of HeLa cells

treated separately with three distinct autophagy inducers. HeLa is

a human epithelial cell line frequently used to study autophagy,

including virophagy and mitophagy. To increase the robustness of

the analysis of differentially expressed genes, we treated cells with

rapamycin, resveratrol, and perifosine, which activate autophagy

through different mechanisms (Fig EV1L). Rapamycin directly inhi-

bits mTOR, resveratrol inhibits mTOR through competitive inhibi-

tion of ATP binding, and perifosine inhibits the mTOR activator

AKT. Total RNA from the treated cells was then analyzed by

RNA-seq to identify differentially expressed genes. A total of

3,720, 2,862, and 3,832 genes were differentially expressed in peri-

fosine-, rapamycin-, and resveratrol-treated HeLa cells, respec-

tively, compared with untreated cells, of which, 2,153 were

common to the three treatments.

The 2,153 autophagy-associated geneset was compared with

previously published transcriptomic data from hNSCs infected with

ZIKV (Tang et al, 2016) to identify the potential contribution of

autophagy genes to the ZIKV host response. Of the 820 genes signifi-

cantly downregulated in hNSCs by ZIKV infection, 147 were differen-

tially expressed by treatment with at least one inducer of autophagy,

and 83 were common to all three (Fig 1J and Table EV1).

GO analysis of the 147 genes modulated by ZIKV and at least one

autophagy inducer showed enrichment of genes involved in cell

cycle, mitosis, and DNA replication (Fig EV1M), while analysis of

the cellular component category showed enrichment of genes asso-

ciated with endoplasmic reticulum (ER) to Golgi transport, vesicle

transport, and nucleosomes (Fig EV1N). Gene set enrichment analy-

sis (GSEA) identified shared hallmark gene sets, including E2F tran-

scription factor targets, G2M checkpoint, mitotic spindle, P53

pathways, fatty acid metabolism, glycolysis, cellular metabolism,

and MTORC1 signaling (Fig 1K) (Mootha et al, 2003; Subramanian

et al, 2005). Finally, String analysis showed that the 147 common

genes were enriched in highly networked modules relating to regu-

lation of microtubule cytoskeletal organization, cell cycle, response

to cellular stress, and DNA repair (Fig EV1O). Taken together, these

data suggest that the induction of autophagy by ZIKV may downreg-

ulate several key pathways relevant to the microcephaly phenotype,

including DNA repair, axon guidance, cellular metabolism, fatty

acid metabolism, and cell cycle dysregulation.

To confirm the transcriptomic analyses and investigate ultra-

structural changes in the cellular response to ZIKV infection, we

performed transmission electron microscopy (TEM) of hNSCs and

mNSCs at 36 h after ZIKV infection. In both hNSCs (Fig 1L) and

mNSCs (Fig EV1P and Q), ZIKV infection induced an accretion of

large vacuolar structures (lysosomes) and the formation of convo-

luted membranous structures that likely aid in the viral replication

process, as previously indicated in pseudorabies virus (Xu et al,

2018), dengue and other flaviviruses infections (Lee et al, 2008;

Heaton & Randall, 2010; Cao et al, 2017). C-shaped phagophore

formation, envelopment of organelles, and irregular mitochondrial

morphology in the ZIKV-infected NSCs are consistent with increased

levels of autophagy and reprogramming of cellular metabolism.

These findings highlight the rearrangement of the host cellular

architecture for efficient ZIKV replication in NSCs. We also observed

large assemblies of ZIKV particles near the ER (Fig 1L, lower panel),

which is known to provide a platform for replication of other fla-

viviruses (Gillespie et al, 2010).

Next, we examined the role of autophagy in ZIKV infection and

effects on replication in vivo. We used a murine model of ZIKV

pathogenesis in which mice are pre-injected with an anti-Ifnar1

monoclonal antibody, which suppresses the endogenous antiviral

response by blocking IFNa/b signaling (Cugola et al, 2016; Lazear

et al, 2016; Zhao et al, 2016). Wild-type C57BL/6J mice were

injected with anti-Ifnar1, infected with ZIKV, and then administered

vehicle, rapamycin, or chloroquine. Animals were sacrificed 6 days

later, and brain sections were immunostained for ZIKV envelope

protein (ZIKVE) and the NSC marker protein Sox2. Notably, ZIKVE

and Sox2 were clearly co-localized in the neurogenic regions of the

subventricular zone (SVZ; Fig 2A and B) and dentate gyrus of the

hippocampus (Fig 2C and D) in ZIKV-infected mice. Moreover,

ZIKVE staining was increased when autophagy was enhanced by

rapamycin as confirmed by increase in Sox2+ and ZIKVE+ co-

labeled cells and, conversely, these co-labeled cells reduced by

chloroquine treatment (Fig 2B and D) in both hippocampus and

SVZ of mice brain. Further, we analyzed ZIKV RNA expression in

brain after drug treatment and found that rapamycin enhanced

while CQ reduced ZIKV RNA expression as compared to ZIKV

▸Figure 2. Autophagy enhances viral replication in vivo.

A–D Immunostaining and quantification of neural progenitor marker SOX2 (red) and ZIKV envelope flavivirus group antigen (ZIKVE, green) in the SVZ (A, B) and
hippocampus (C, D) of uninfected or ZIKV Paraiba-infected wild-type mice treated with vehicle, rapamycin, or chloroquine at 6 days post-infection. n = 10
sections/group, mean � SEM, *P < 0.05, **P < 0.001. Nuclei were stained with DAPI (blue). Right-most column shows enlargements of the boxed regions. CC,
cortical cortex; GCL, granular cell layer; LV, lateral ventricle; SGZ, subgranular zone; STR, striatum; SVZ, subventricular zone.

E RT-qPCR for ZIKV RNA expression in brain, mean � SEM, n = 3 biological replicates, *P < 0.05, **P < 0.001 by Student’s t test.
F, G Western blot for autophagy protein LC3-II, p62, and quantification normalized with GAPDH, mean � SEM, n = 3 biological replicates, *P < 0.05, and **P < 0.001

by Student’s t test.
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control group (Fig 2E). Finally, we evaluated LC3-II and p62

changes in vivo by ZIKV infection in the presence and absence of

rapamycin and CQ. LC3-II levels were increased by ZIKV infection

by rapamycin, and p62 was decreased. Interestingly, CQ with ZIKV

infection reduced the LC3-II level with a marked increase in p62

level (Fig 2F and G). Altogether, these results demonstrate that

ZIKV infection enhances autophagy in vivo.

ZIKV evades virophagy by downregulating Fanconi anemia
pathway genes

In addition to serving as a non-selective cellular degradation path-

way, specialized forms of autophagy clear specific molecules and

organelles, such as lipids (lipophagy), protein aggregates (ag-

grephagy), organelles (mitophagy, peroxiphagy), and pathogens

(virophagy). We next asked whether or how ZIKV infection might

affect selective forms of autophagy, in particular, virophagy. An

image-based siRNA screen has previously identified 195 genes

important for virophagy in HeLa cells, 141 of which were essential

(Orvedahl et al, 2011). Comparative analyses of these 195 genes

and those downregulated by ZIKV revealed that 23 of the 195

virophagy-related genes are significantly downregulated in hNSCs

by ZIKV infection (Fig 3A and Table EV2) (Tang et al, 2016).

These findings suggest that ZIKV evades the selective antiviral

autophagy response by downregulating virophagy genes. ZIKV-

infected NSCs also showed a time-dependent accumulation of

TOMM20, an outer mitochondrial membrane protein (Fig EV2A),

indicating that infection reduces mitophagy. This observation is

consistent with the TEM results (Fig 1K) and shows that ZIKV

dysregulates metabolic processes.

Among the 23 virophagy-related genes significantly downregu-

lated upon ZIKV infection are a number of FA pathway genes with

known roles in DNA damage repair. Recent work has identified

unexpected and essential roles for FANCC and other FA genes,

including FANCL, in both virophagy and mitophagy (Sumpter

et al, 2016; Tang et al, 2016) Moreover, FANCC is crucial to

proper central nervous system development, and mutations in

FANCC are associated with congenital abnormalities such as

microcephaly and microphthalmia. These observations suggest a

possible link between FANCC downregulation and ZIKV-induced

microcephaly (Auerbach, 2009), and this is supported by the

observation that FANCC, FANCD2, FANCL, BRIP1, and BRCA1

mRNA levels were downregulated 48 h after ZIKV infection in

hNSCs (Fig 3B).

FANCC has been shown to directly interact with both Sindbis

and herpes simplex virus type 1 capsid proteins located on

autolysosomes in infected HeLa cells (Sumpter et al, 2016). To

determine whether FANCC traffics to autophagosomes in ZIKV-

infected HeLa cells, we probed mitochondria fractions from ZIKV-

infected and/or FANCC-overexpressing HeLa. FANCC association

with the mitochondrial fraction was observed by immunoblot,

thereby suggesting a role of FANCC in autophagy (Fig EV2B)

(Sumpter et al, 2016). In addition, FANCC co-localized with

autophagosome as evidenced by immunofluorescence co-labeling

with LC3-II (Fig EV2C). Moreover, FANCC overexpression or

knockdown decreased ZIKV expression by two orders of magni-

tude or increased it ~10-fold, respectively (Figs 3C and D and

EV2D–G). Similarly, flow cytometry analysis and immunofluores-

cence staining of ZIKVE in hNSCs and HeLa cells corroborated the

inverse correlation between FANCC expression and ZIKV replica-

tion (Figs 3E–I and EV2H). Taken together, these data demonstrate

that ZIKV downregulates selective autophagy genes, including FA

pathway genes.

To determine how ZIKV infection regulates FANCC expression,

we cloned and overexpressed FLAG-tagged ZIKV nonstructural

proteins NS1, NS2B, NS3, NS4A, NS4B, and NS5 in 293FT

cells (Fig 3J). Immunoblotting analysis of p62 and LC3I/LC3II

indicated that, while overexpression of all NS proteins caused a

slight induction of autophagy, NS4A and NS4B induced the autop-

hagic response, which is consistent with previous observations

(Liang et al, 2016). FANCC protein expression was downregulated

most significantly by NS4A and NS5, while the mitophagy

marker TOMM20 was increased by NS4A. These data suggest that

NS4A induces macroautophagy to enhance efficient viral replica-

tion while downregulating the essential selective autophagy

protein FANCC.

▸Figure 3. ZIKV dysregulates the Fanconi anemia pathway to suppress virophagy.

A Venn diagram showing overlap between virophagy-related genes in HeLa cells (Orvedahl et al, 2011) and ZIKV-infected hNSCs (Tang et al, 2016).
B RT–qPCR analysis of FA pathway genes at 48 h after ZIKV infection of hNSCs. Mean � SEM of biological triplicates. *P < 0.05, **P < 0.01 by Student’s t test.
C, D RT–qPCR analysis of ZIKV mRNA 48 h after ZIKV infection of HeLa cells overexpressing FANCC (C) or FANCC-specific siRNA (D). Mean � SEM of biological

triplicates. **P < 0.01 by Student’s t test.
E Flow cytometry analysis of ZIKVE expression in mock-infected (red), ZIKV-infected (blue), ZIKV-infected siFANCC-transfected (orange), and ZIKV-infected siE2F4-

transfected (green) hNSCs at 48 h post-infection.
F ZIKV NS1 and FANCC immunostaining 48 h after ZIKV infection of hNSCs. Scale bar = 100 lm.
G ZIKV NS1 expression 48 h after ZIKV infection of hNSCs expressing control siRNA (NTC) or siFANCC-targeting siRNA. Scale bar = 100 lm.
H, I ZIKV NS1 expression 48 h after ZIKV infection of hNSCs expressing control (NTC) or siE2F4-targeting siRNA. Mean � SEM of six imaging fields of biological

triplicates, **P < 0.01 by Student’s t test, Scale bar = 100 lm.
J Immunoblot of macroautophagy (p62, LC3I/LC3II) and selective autophagy (FANCC, TOMM20) proteins 24 h after overexpression of FLAG-tagged ZIKV NS1, NS2B,

NS3, NS4A, NS4B, and NS5 in 293FT cells.
K Analysis of E2F4 ChIP-seq datasets (Encode) showing direct chromatin-binding interaction between E2F4 and FA pathway genes in HeLa (GEO: GSM935365,

Farnham lab), K562 (GEO: GSM935600, Farnham lab), and MCF10A (GEO: GSM: 935400, Struhl lab) cell lines. H3K9ac and H3K4me3 datasets identify promoter
regions. The genomic region is displayed in log scale with the scale range identified in each panel (0–30). The summed interaction (Sum) across all three cell types
is represented as a heatmap.

L, M Heatmaps of RT–qPCR analysis of FA pathway genes (K) or essential selective autophagy genes (L) in hNSCs 48 h after transfection with control (NTC) or E2F4-
targeting siRNAs or after infection with ZIKV MR766 and Paraiba strains. Color patterns in heatmap indicate as red showing the highest expression and blue
showing the lowest expression of genes.
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Transcription factor E2F4 regulates essential selective
autophagy genes

Interestingly, ZIKV infection consistently downregulated FA genes

in NSCs (Fig 3B) but not in HeLa cells, despite robust infection,

suggesting that ZIKV-mediated regulation of selective autophagic

genes may be cell-type specific. To test this, we analyzed FANCC

expression in several other ZIKV-infected human cells, including

microglia, monocyte/macrophages (THP-1), and foreskin fibroblasts

(BJ cells) and found that ZIKV significantly decreased FANCC

expression only in microglia (Fig EV2I). Thus, the selectivity with

which ZIKV downregulates FANCC expression suggests a potential

neurotropic effect.

We investigated this further by analyzing transcriptomic data

from ZIKV-infected hNSCs using iRegulon software (Janky et al,

2014), which identifies regulators, transcription factors, and target

genes common to a given geneset. From the ZIKV-infected hNSC

dataset, we identified a number of candidate transcription factors,

including the E2F family member E2F4. RT–qPCR analysis con-

firmed that E2F4 is downregulated following ZIKV infection of

hNSCs and microglia, but not of THP-1 or BJ cells, consistent with

pattern of FANCC expression following ZIKV infection (Fig EV2J).

Gene ontology analysis of predicted E2F4 target genes differentially

expressed 3 days post-infection revealed enrichment of genes regu-

lating DNA replication, metabolism, cell cycle, and cellular biosyn-

thesis, all of which are important for efficient viral replication

(Fig EV2K). In support of this, knockdown of E2F4 in hNSCs

enhanced viral replication, as evidenced by flow cytometry (Fig 3E)

and immunostaining (Fig 3G and H).

Analysis of ENCODE ChIP-seq datasets from three additional

human cell lines; HeLa (immortalized cervical cancer cells), K562

(immortalized chronic myelogenous leukemia cell line), and

MCF10A (normal mammary epithelial cell line) revealed a direct

interaction between E2F4 and all members of the FA family at

actively transcribed promoter sites identified by H3K4me3 and

H3K9ac peaks (Fig 3K). siRNA-mediated knockdown of E2F4 in

hNSCs confirmed that E2F4 positively regulates transcription of FA

genes (Figs 3L and EV3A) and at least 14 other essential selective

autophagy genes (Fig 3M) consistent with ZIKV MR766 and Paraiba

infection. Collectively, these data provide evidence that E2F4

directly regulates FANCC expression and essential selective autop-

hagy genes and is downregulated during ZIKV infection.

Downregulation of FANCC decreases neurosphere growth

We hypothesized that downregulation of FANCC might contribute

to ZIKV pathogenesis not only by abrogating virophagy and increas-

ing viral replication but also by dysregulating cell cycle, apoptosis,

DNA repair, and multipotency genes in infected NSCs, thereby

contributing to the microcephaly phenotype. To examine this, we

transfected hNSCs with control or FANCC siRNA, generated neuro-

spheres, and infected them with ZIKV strain MR766 1 day later.

Consistent with previous studies, ZIKV infection reduced neuro-

sphere formation and growth (Fig 4A–C) (Dang et al, 2016; Qian

et al, 2016). Interestingly, FANCC knockdown alone also attenuated

neurosphere growth, further reinforcing the concept that FANCC

downregulation by ZIKV may contribute to microcephaly. Neuro-

spheres formed by infected siFANCC-expressing NSCs were similar

in size to those formed by infected cells expressing control siRNA

but showed greater cell death and reduced integrity based on gross

morphology (Fig 4A). Flow cytometric analysis of propidium iodide

and annexin V staining of neurospheres confirmed an increase in

apoptosis in ZIKV-infected and FANCC knockdown cells (Figs 4D

and EV3B). Thus, downregulation of FANCC not only reduces viro-

phagy but attenuates neurosphere growth and formation through

the induction of apoptosis (Fig 4E).

ZIKV induces autophagy and downregulates FA genes in mice

To determine in vivo relevance of our findings, we utilized a previ-

ously established murine model of ZIKV pathogenesis in which mice

lack the interferon receptor (Ifnar1�/�) (Cugola et al, 2016; Lazear

et al, 2016; Li et al, 2016; Zhao et al, 2016). Ifnar1�/� mice were

infected with ZIKV and sacrificed 6 days later. Brain sections were

immunostained for ZIKV envelope protein (ZIKVE), NSC marker

protein Sox2, immature neuronal marker Dcx, and mature neuronal

marker NeuN. Consistent with previously established models,

ZIKVE was detected in Sox2 expressing NSCs in the neurogenic

regions of the subventricular zone (SVZ) of the anterior forebrain

and the subgranular zone of the hippocampus in ZIKV-infected mice

(Fig 5A and B). RT–qPCR analysis revealed that ZIKV efficiently

infected different brain regions such as hippocampus, cortex, stria-

tum, and olfactory bulb (Fig 5C).

To analyze ZIKV-mediated FANCC downregulation in vivo, we

examined the brains of mock- and ZIKV-infected Ifnar1�/� mice

6 days post-infection. RT–qPCR analysis showed that ZIKV-

mediated downregulation of Fancc in infected brains but not

infected testes, despite infection in both tissues (Fig 5D). Moreover,

infected newborn brains showed significant downregulation of both

Fancc and Fancl, consistent with our in vitro findings (Fig 5E). Simi-

larly, immunohistochemical analysis showed that ZIKV infection

reduced the Fancc in hippocampus of mice brain (Fig EV4A).

Further, immunoblotting was performed for Fancc protein level in

different brain region and we found that Fancc protein levels were

reduced in hippocampus, cortex, and olfactory bulb of ZIKA-

infected mice (Fig 5F and G).

To further confirm the role of FANCC in ZIKV infection and regu-

lation of autophagy, we utilized the Fancc KO and wild-type

(C57BL/6J) mice. The 2-week old neonatal pups from Fancc KO and

wild-type mice were infected with MR766 ZIKV strain and 6 days

later, pups were sacrificed to collect and dissect the brain regions.

RT–qPCR analysis revealed that ZIKV efficiently infected different

brain regions such as hippocampus, cortex, striatum, and olfactory

bulb and whole brain of Fancc KO mice as compared to wild type

(Figs 5H and EV4D). We next analyzed the expression of interferon

genes, such as Ifnab and Ifitm1 in wild-type and Fancc KO mice

brains, which showed no significant changes (Figs 5I and EV4E). In

addition, immunohistochemistry showed that ZIKV was also

detected in immature Dcx+ neurons in hippocampus and olfactory

bulb (Fig 6A and B) but not in mature NeuN+ neurons in cortex

and hippocampus (Fig EV4B and C). Next, immunoblotting of

control and ZIKV infected brain regions showed robust increase of

autophagic protein such as LC3-II and downregulation of p62

(Fig 6C–E). Thus, immunoblot analyses of cortex, hippocampus,

striatum, and olfactory bulb regions of mock- and ZIKV-infected

mice showed an increase in lipidation of LC3-I to LC3-II, confirming
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Figure 4. Downregulation of FANCC increases ZIKV replication and inhibits neurosphere growth.

A Representative images of mock- or ZIKV-infected human neurospheres expressing control (NTC) or FANCC-targeting siRNAs at 1–4 days post-infection. Scale
bar = 250 lm.

B, C Violin plot (B) and box plot (C) of relative size of neurospheres treated as described in (A) and measured on day 4 (B) or days 1–4 (C). Box plots show the mean and
the smallest; largest values in whiskers represent the 10th and 90th percentiles in 50 randomly selected cells per group; and solid horizontal line indicates median.
***P < 0.001 by Student’s t test.

D Pie chart displaying the percentage of early apoptotic, late apoptotic, or necrotic hNSCs at 48 h after mock infection (blue), ZIKV infection (green), or siFANCC
transfection (red).

E Model of the effects of ZIKV infection on ER stress, autophagy induction, and FA gene expression leading to impaired virophagy and mitophagy.
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that ZIKV induces autophagy. Further, we found that ZIKV infection

in Fancc KO reduced NSC population (Sox2+ cells) as compared to

wild-type mice and this reduction was due to enhanced apoptosis of

NSCs as evaluated by Sox2/cleaved-caspase-3+ co-labeled cells

(Fig 6F and G). Altogether, these results show that ZIKV induces

autophagy and downregulates the essential selective autophagy

genes FANCC both in vitro and in vivo.

Discussion

Collectively, these data establish the parasitic relationship between

ZIKV and its host cells in the induction of macroautophagy to facili-

tate efficient viral replication in vitro and in vivo. ZIKV reprograms

the host transcriptome, alters the cell ultrastructure, and downregu-

lates the E2F family of transcription factors to perturb cellular meta-

bolic processes, cell cycle regulation, and FA gene expression to

enhance viral replication. Our findings on the effect of ZIKV-

mediated downregulation of FANCC in both virophagy and neuro-

sphere formation suggest a causal link between increased viral repli-

cation and the clinically observed microcephaly phenotype.

Interestingly, the ability of ZIKV to induce an autophagic

response in host cells is shared by other RNA viruses and fla-

viviruses, such as dengue, HCV, and JEV (Heaton & Randall, 2010;

Li et al, 2012; Mateo et al, 2013). We found that the autophagic flux

in NSCs was elevated due to ZIKV infection and was beneficial for

viral replication, as shown by the ability of autophagy inhibitors to

decrease viral replication both in vitro and in vivo. We hypothesize

that autophagy assists in metabolic remodeling; for example,

through increased fatty acid synthesis and lipid droplet formation,

and through increased synthesis of membranous scaffolds on which

the viral RNA replication and translational machinery are assembled

(Dreux et al, 2009; Heaton & Randall, 2010; Mateo et al, 2013).

Consistent with our finding here, flaviviruses such as dengue and

HCV have been shown to co-opt UPR signaling to enhance their

replication; however, it is unclear whether there is a causal relation-

ship between UPR and autophagy during ZIKV infection (Blazquez

et al, 2014). JEV-mediated induction of autophagy in Neuro2a

mouse neuroblastoma cells has been shown to facilitate evasion of

the antiviral immune response, potentially through degradation of

type I interferons (Jin et al, 2013).

To analyze the inverse relationship; that is, how ZIKV induces

autophagy in the host cell, we analyzed transcriptomic and

ultrastructural changes in NSCs and HeLa cells. RNA-seq analysis of

HeLa cells treated with the autophagy inducers perifosine, rapamycin,

or resveratrol identified a number of genes shown to be downregu-

lated by ZIKV infection of hNSCs (Tang et al, 2016) and revealed

several shared pathways that may contribute to the microcephalic

phenotype demonstrated both in vitro and in vivo (Cugola et al, 2016;

Dang et al, 2016; Li et al, 2016; Miner et al, 2016; Qian et al, 2016).

These data confirm previous studies that implicate autophagy in the

regulation of cell cycle progression (Lum et al, 2005; Filippi-Chiela

et al, 2011) but also reveal a highly networked set of genes dysregu-

lated by autophagy in ZIKV-infected NSCs. Enrichment of genes in

the p53 pathway provides a strong link between the autophagic

response (Lee et al, 2012) and the regulation of cell cycle and meta-

bolic stress observed in infected cells types.

Our TEM ultrastructural analysis of ZIKV-infected hNSCs and

mNSCs revealed gross morphological changes such as rearrange-

ment of cellular membrane structures, increased vacuolar cavities,

and increased numbers of phagophores, which are consistent with

previous ultrastructural studies of dengue- and ZIKV-infected cells

(Hamel et al, 2015; Hanners et al, 2016). These changes also fit well

with our RNA-seq analyses, highlighting the link between the autop-

hagic degradation of lipids, or lipophagy, accumulation of lipid

droplets, and membrane reorganization, which are crucial for effi-

cient viral replication. Because ZIKV is highly neurotropic and pref-

erentially targets NSCs, infection-induced alterations in lipid

metabolism and induction of ER stress may have neurodegenerative

effects beyond their impact on viral replication. For example,

changes in lipid metabolism have been linked to neurological disor-

ders, including Alzheimer’s disease, multiple sclerosis, and synapse

loss (Cutler et al, 2003; Haughey, 2010; Liu et al, 2010).

Although autophagy was initially recognized as a relatively non-

specific degradation and recycling pathway, it has become clear that

selective forms of autophagy degrade specific cellular components,

including mitochondria (mitophagy) and viral components (vi-

rophagy). Here, we showed that, in addition to hijacking the host

autophagic machinery to amplify viral replication, ZIKV infection

downregulates 23 genes essential for virophagy. Among these, FANCC

and FANCL were both significantly downregulated by ZIKV infection

in hNSCs and human microglial cells but not in cells unrelated to the

nervous system such as HeLa, BJ, and THP-1 monocytes. These find-

ings may provide further insight into the neurotropism of ZIKV.

The FA gene family is required for mitophagy, inflammation, and

DNA repair in bone marrow and HeLa cells (Niedzwiedz et al, 2004;

◀ Figure 5. ZIKV induces autophagy and downregulates Fancc in vivo.

A, B Immunostaining of neural progenitor marker SOX2 (green) and ZIKV envelope flavivirus group antigen (ZIKVE, red) in the hippocampus (A) and SVZ (B) of uninfected
or ZIKV Paraiba-infected Ifnar�/� mice 6 days post-infection. Nuclei were stained with DAPI (gray). Right-most column in (A) shows enlargements of the regions.
CC, cortical cortex; GCL, granular cell layer; LV, lateral ventricle; SGZ, subgranular zone; STR, striatum; SVZ, subventricular zone. Scale bars, 100 lm.

C RT–qPCR analysis of relative ZIKV RNA in different brain regions of Ifnar�/� mice. Mean � SEM of n = 3 biological replicates, **P < 0.005, ***P < 0.001 by Student’s
t test.

D RT–qPCR analysis of relative Fancc mRNA levels from whole brains or testes in mock- and ZIKV Paraiba-infected Ifnar�/� mice 6 days post-infection. Mean � SEM
of n = 3 biological replicates, *P < 0.05 and ns by Student’s t test.

E RT–qPCR analysis of relative Fancc or Fancl mRNA levels from whole brains from mock- and ZIKV Paraiba-infected Ifnar�/� newborn mice. Mean � SEM of n = 3
biological replicates, ***P < 0.001 by Student’s t test.

F Western blot analysis of Fancc protein in brain regions from mock- and ZIKV Paraiba-infected Ifnar�/� mice 6 days post-infection. CT, cortex; HP, hippocampus; OB,
Olfactory Bulb; ST, striatum.

G Bar graph showing the quantification of Fancc proteins, mean � SEM of n = 3 biological replicates, *P < 0.05 and ns by Student’s t test.
H RT–qPCR analysis of relative ZIKV RNA in different brain regions of Fancc KO neonatal mice 6 days post-infection. Mean � SEM of n = 3 biological replicates,

**P < 0.005, ***P < 0.001 by Student’s t test.
I RT–qPCR for Ifnab gene expression in wild type and Fancc KO mice. Mean � SEM of n = 3 biological replicates, ns by Student’s t test.
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Sumpter et al, 2016). Perturbation of either mitophagy or DNA

repair mechanisms could potentially cause apoptosis and contribute

to the microcephaly phenotype, in which the NSC population is

depleted. ZIKV-induced ER stress and inflammasome activation may

also exacerbate the pathophysiological processes leading to

apoptotic cell death. Our neurosphere model reinforced the potential

causal relationship between ZIKV-mediated FANCC downregulation,

apoptosis, and microcephaly.

To determine the mechanism by which ZIKV downregulates viro-

phagy genes, including FANCC, we analyzed the contribution of

A

B E

F G

C

D

Figure 6. ZIKV infection of Ifnar�/� and Fancc KO mice induces autophagy and NPCs cell death.

A, B Immunostaining of immature neuronal marker DCX (green) and ZIKV envelope (ZIKVE, red) in the hippocampus and olfactory bulb of uninfected or ZIKV Paraiba-
infected Ifnar�/� mice 6 days post-infection. Nuclei were stained with DAPI (gray). Bottom row shows enlargements of the hippocampus region. DG, dentate gyrus;
GCL, granular cell layer; InGr, internal granular layer; Me, medulla; OB, olfactory bulb; SGZ, subgranular zone. Scale bars, 50 and 100 lm.

C–E Western blot of autophagy protein LC3 and p62 in different brain region of Fancc KO neonatal mice 6 days post-infection of ZIKV (MR766). Mean � SEM of n = 3
biological replicates, *P < 0.05, **P < 0.005, by Student’s t test. CT, cortex; HP, hippocampus; OB, Olfactory Bulb; ST, striatum.

F Representative immunofluorescent images showing immunoreactivity of neural progenitor marker (Sox2) with apoptosis marker (Cleaved-caspase-3, CC3) in
hippocampus region of Fancc KO mice. Scale bar = 50 lm.

G Quantitative analysis of number of Sox2+ cells and Sox2/CC3+ co-labeled cells in Fancc KO mice hippocampal brain region. Mean � SEM, n = 3 biological replicates,
*P < 0.05 by Student’s t test.
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both ZIKV nonstructural proteins and dysregulated host factors

using biochemical and bioinformatics approaches. In accordance

with previous reports, we found that ZIKV NS4A and NS4B facili-

tated the induction of autophagy, as evidenced by enhanced forma-

tion of LC3II and degradation of p62 (Liang et al, 2016). Western

blot analyses of FANCC and TOMM20 showed that FANCC expres-

sion and mitophagy were reduced to the greatest extent by NS4A. In

addition, we elucidated the role of FANCC in ZIKV infection by

using Fancc KO mice, which showed increased ZIKV infection as

compared to wild-type littermates and induced level of autophagic

proteins in various brain regions without affecting the expression of

interferon related genes.

To identify host factors downregulated by ZIKV that regulate

FANCC and other selective autophagy machinery, we performed

unbiased bioinformatics analyses and identified a number of master

regulators of FA gene expression. E2F4 has previously been impli-

cated in FA-associated gene regulation and in cell cycle, mitotic

spindle checkpoint, differentiation, and apoptosis regulation

(Doerks et al, 2002; Hoskins et al, 2008; Kawatsuki et al, 2016).

Knockdown and ChIP-seq analyses revealed a direct interaction

between E2F4 and transcriptional regulation of 23 essential selective

autophagy genes, consistent with ZIKV infection. These data suggest

a novel role for E2F4 in innate immune function and selective

autophagy. Additionally, a recent study has established a regulatory

link between E2F and IFN type I and II expression during aden-

ovirus infection (Zheng et al, 2016). Thus, ZIKV downregulation of

the E2F family may not only decrease FANCC expression and

suppress virophagy but also modulate host IFN expression during

virus replication. Further work will be required to understand the

role of E2F transcriptional regulation in ZIKV infection and NSC

biology.

In summary, we have shown that ZIKV induces autophagy in

mouse and human NSCs, which contributes to the metabolic repro-

gramming, cellular membrane restructuring, and cell cycle dysregu-

lation characteristic of ZIKV-infected cells. We identified a novel

mechanism by which ZIKV NS4A downregulates essential selective

autophagic genes, including FANCC, to evade virophagy and mito-

phagy. FANCC plays multiple roles in ZIKV infection as a key regu-

lator of genes involved in virophagy, cell cycle progression,

apoptosis, and, potentially, microcephaly. Lastly, we identified the

transcription factor E2F4 as a critical regulator of essential selective

autophagy genes during ZIKV infection.

Materials and Methods

All studies were conducted in accordance with approved IRB proto-

cols by the University of California, San Diego. All animal work was

approved by the Institutional Review Board at the University of Cali-

fornia, San Diego and was performed in accordance with Institu-

tional Animal Care and Use Committee guidelines.

ZIKV propagation

All studies were conducted in accordance with protocols approved

by the Institutional Review Board of the University of California,

San Diego. ZIKV prototype MR766 (National Institute of Health) and

Brazilian strain Paraiba (Stevenson Lab, University of Miami Life

Science and Technology Park) were propagated in low-passage Vero

cells. Vero cells (American Type Culture Collection) were infected

with viruses at a MOI of 1 in E-MEM medium supplemented with

10% FBS, and the medium was exchanged at 24 h post-infection.

Viral supernatants were collected 4 days post-infection, and titers

were assessed using iScript One-Step RT-PCR kit (Bio-Rad). Viral

copy number was calculated from a standard curve of in vitro-tran-

scribed viral RNA transcripts.

Neural stem cell culture

Neural stem cells (NSCs) were isolated from the brains of embry-

onic day 12 C57BL/6 mouse fetuses and cultured as neurospheres,

as described previously (Tiwari et al, 2014). In brief, brain tissue

was dissected from fetuses on embryonic day 12, washed with cold

Hanks balanced salt solution, and minced with a surgical blade

into small pieces. A single cell suspension was made by incubating

the brain pieces in 0.05% trypsin/EDTA at 37°C for 30 min, and

trypsin was neutralized with 0.5 mg/ml soybean trypsin inhibitor.

Cells were resuspended in neurobasal medium containing 2 mM L-

glutamine, 1% antibiotic/antimycotic, 2% B-27 supplement, 1%

N-2 supplement, and 20 ng/ml each of epidermal growth factor

(EGF) and basic fibroblast growth factor (bFGF). Flasks were

placed in a humidified 5% CO2 incubator at 37°C. After 5–7 days

in culture, the cells formed neurospheres, which are aggregates of

multipotent and self-renewing NSCs, capable of differentiating into

neurons, glial cells, and oligodendrocytes. Human NSCs derived

from H9 hESCs were purchased from Gibco (N7800200) and

cultured in Knockout D-MEM/F-12 media containing 2 mM

GlutaMax, 20 ng/ml bFGF, 20 ng/ml EGF, and 2% StemPro Neural

Supplement on Matrigel- or CELLStart-coated plates. Neurospheres

were formed by dissociating cells with Accumax to form a single

cell suspension and seeding into untreated plates.

ZIKV infection of human and mouse cells

Human and mouse NSCs were plated as monolayers in 12-well

plates coated with Matrigel and poly-L-lysine, respectively. HeLa

cells (American Type Culture Collection), microglial cell line (Karn

Lab, Case Western Reserve University), THP-1 monocytes (Ameri-

can Type Culture Collection), and BJ fibroblasts (American Type

Culture Collection) were infected with MR766 or Brazilian Paraiba

strains of ZIKV at MOI 0.2 and 2, respectively, and the plates were

incubated at 37°C in a 5% CO2 atmosphere for 2, 12, 24, 36, or

48 h. As controls, cells were incubated with culture supernatants

from uninfected Vero cells (mock-infected controls). At the indi-

cated times post-infection, cell supernatants were collected for deter-

mination of viral copy number.

ZIKV binding and entry assays

hNSCs were treated with rapamycin, bafilomycin (Baf), chloroquine

(CQ), and 3-menthyladenine (3-MA) for 1 h and incubated with

ZIKV of MOI = 10 at 4 degrees for 2 h. Cells were washed with

chilled PBS for three times, and cells were lysed using TRIzol and

viral RNAs were quantified by RT-qPCR. Next for the internalization

assay, cells were incubated in 37°C for 4 h followed by washing

with PBS for three times. Un-internalized ZIKV particles were
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removed by accumax. Pellets were lysed by TRIzol, and total RNA

was extracted and quantified.

ZIKV infection of mice

Ifnar�/� mice (4–5-week-old, MMRRC Jackson Laboratories) or Fancc

KO (2 week old pups) were infected with ZIKV Paraiba (5 × 104 PFU/

ll) or MR766 (3.2 × 105 PFU/ll) by i.p. injection (500 ll) as previ-

ously described (Lazear et al, 2016; Zhao et al, 2016). Mice were

sacrificed for immunostaining 6 days after ZIKV infection.

Western blotting

Cells were lysed in RIPA buffer containing protease inhibitor cock-

tail (Roche), and proteins were resolved by SDS–PAGE (Bio-Rad)

and transferred to PVDF membranes (Bio-Rad). Membranes were

blocked with Western Blocker solution (Sigma), non-fat milk, or

Fast Western Blot Kit blocking reagent (Thermo Scientific Pierce),

and signals were detected with Supersignal West Pico or Femto

Chemiluminescent Substrate (Pierce). Loading was normalized by

densitometry to the GAPDH signal using ImageJ software. The

following antibodies were used: GAPDH (Cell Signaling Technol-

ogy, 5174S), LC3 (Novus, NB100-2220), FANCC (Novus, NBP1-

18977), ZIKV envelope (Millipore, MAB10216), ZIKV NS1

(BioFront, BF-1225-06), FLAG (Sigma, M2, F1804), TOMM20

(Santa Cruz, SC-11415), P62 (Abcam, ab91562), and Nestin (Milli-

pore: MAB353).

Immunofluorescence microscopy

Neural stem cells and HeLa cells were harvested at various time

points following infection and immunostained as described previ-

ously (Dang et al, 2016). Briefly, ZIKV- and mock-infected cells

were fixed with 4% paraformaldehyde in PBS for 20 min at room

temperature (RT). Cells were blocked by incubation in 3% BSA and

0.1% Triton X-100 for 2 h at RT and then incubated overnight at

4°C with ZIKVE/anti-flavivirus group antigen-specific antibody

(1:500, mouse, Millipore MAB10216) or an antibody to the NSC

marker Nestin (1:500, Millipore MAB353). Cells were washed with

PBS and incubated for 2 h at RT with fluorescein isothiocyanate

(FITC)-conjugated anti-mouse IgG. The nuclei were stained with

Hoechst 33258, and cells were imaged using a Leica fluorescence

microscope (DMI 3000B) or an Olympus Fluoview FV1000 confocal

microscope with Fluoview version 4.2.

Immunohistochemistry

Mice were transcardially perfused with normal saline (0.9% NaCl)

followed by ice-cold 4% paraformaldehyde (PFA, pH 7.2) under

deep anesthesia, as described previously (Tiwari et al, 2014).

Brains were removed and post-fixed in 10% PFA overnight at 4°C

followed by cryopreservation in 10, 20, and 30% (w/v) sucrose in

PBS. Serial coronal sections of 30 lm thickness beginning at

bregma �1.50 to �3.50 mm through the dorsal hippocampus

encompassing the dentate gyrus region and +0.26 to �2.5 mm

through the SVZ were cut using a freezing cryostat (Leica Biosys-

tems, CM3050s). Free-floating sections were washed, antigen

retrieval was performed with citrate buffer (pH 6.2), and the

sections were blocked with 3% normal goat serum, 0.1% Triton X-

100, and 0.5% BSA for 2 h. Sections were then incubated with

mouse anti-ZIKVE (flavivirus group antigen) antibody (1:500),

rabbit anti-SOX2, mouse anti-Cleaved-caspase 3 (1:200) or goat

anti-FANCC (1:100) for 24 h at 4°C. Sections were then stained

with secondary antibodies (anti-mouse and anti-rabbit Alexa Fluor

488 at 1:200; anti-rabbit, anti-mouse, and anti-goat Alexa Fluor 594

at 1:200), washed, mounted with DAPI-containing Hard Set anti-

fade mounting medium (Vectashield, Vector Laboratories, CA,

USA), and stored in the dark at 4°C. Slides were analyzed using an

inverted Leica fluorescence microscope (DMI 3000B) or a Leica SP5

confocal with Resonant Scanner microscope with Leica LAS Lite

Software.

RNA extraction and RT–qPCR

Total cellular RNA was extracted with TRIzol reagent (Invitrogen),

and 500 ng RNA was used to synthesize cDNA (iScript, Bio-Rad).

PCR primer pairs were purchased from Integrated DNA Technologies

(Table EV3). PCR reactions were performed with SYBR Green Master

Mix (Bio-Rad) using a LightCycler 480 II RT–qPCR machine (Roche).

Data analysis

Gene ontology analyses of biological processes and cellular localiza-

tion were performed using the Database for Annotation, Visualiza-

tion, and Integrated Discovery (DAVID) (da Huang et al, 2009).

Sankey diagrams were created using SankeyMATIC. GSEA was

utilized to find the pathways in hallmark genesets (FDR q-

value < 0.01) for differentially expressed coding genes from cells

treated with perifosine (P < 0.01), rapamycin (P < 0.01), and

resveratrol (P < 0.01). The same analysis was performed for genes

significantly downregulated in ZIKV-infected human NSCs (Tang

et al, 2016). Pathways from GSEA hallmark genesets for perifosine,

rapamycin, and resveratrol were combined, and duplicates were

removed. The list of unique pathways was then compared with the

list of pathways from the ZIKV-infected NSC dataset, and common

pathways were visualized using Sankey diagrams. The width of

each band in the Sankey diagram is proportional to the number of

genes. The same analysis was repeated for the KEGG genesets, Reac-

tome genesets, and GO biological processes from GSEA. String

network analyses were performed and visualized using Cytoscape

(Shannon et al, 2003; Bindea et al, 2009).

ChIP-seq analyses

ChIP-seq datasets for E2F4 in HeLa (wgEncodeEH000689), K562

(wgEncodeEH000671), and MCF10A (wgEncodeEH002835) cells,

and H3K9ac (ab4441; wgEncodeEH001019) and H3K4me3 (wgEnco-

deEH000423) in HeLa cells were downloaded from the Encyclopedia

of DNA Elements (ENCODE) Consortium database at UCSC and

visualized using the Integrative Genomics Viewer (IGV) software

(Robinson et al, 2011; Thorvaldsdottir et al, 2013).

Plasmids and siRNA transfection

Zika virus strain MR766 nonstructural proteins NS1, NS2B, NS3,

NS4A, NS4B, and NS5 were cloned from synthesized cDNA
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fragments (IDT). ZIKV proteins were amplified by PCR and cloned

into pFLAG-CMV2 vectors with an N-terminal Flag tag.

The GFP-LC3 and tandem EGFP-mCherry-LC3B plasmids were

obtained from Addgene and the siRNA for human FANCC and E2F4

were from Dharmacon. The pCMV-FANCC-FLAG plasmid was

purchased from Sino Biological Inc. Plasmids and siRNA were trans-

fected into NSCs or HeLa cells using Lipofectamine 2000 (Invitro-

gen), according to the manufacturer’s recommendations.

Quantification of GFP-LC3 punctae

GFP-LC3 punctae were counted using established methods (Klion-

sky et al, 2008, 2012; Agarwal et al, 2015). Cells were visualized

using a Leica fluorescence microscope (DMI 3000B) or an Olympus

Fluoview FV1000 confocal microscope. The data are presented as

the average number of GFP-LC3 punctae in 50 randomly selected

cells from each group.

Transmission electron microscopy

Transmission electron microscopy was performed human and

mouse NSCs. Samples were immersed in modified Karnovsky’s

fixative (2.5% glutaraldehyde and 2% paraformaldehyde in

0.15 M sodium cacodylate buffer, pH 7.4) for at least 4 h, post-

fixed in 1% osmium tetroxide in 0.15 M cacodylate buffer for

1 h, and stained en bloc in 2% uranyl acetate for 1 h. Samples

were dehydrated in ethanol, embedded in Durcupan epoxy resin

(Sigma-Aldrich), sectioned at 50–60 nm using a Leica UCT ultra-

microtome, and picked up on Formvar and carbon-coated copper

grids. Sections were stained with 2% uranyl acetate for 5 min

and with Sato’s lead stain for 1 min. Grids were viewed with (i) a

JEOL 1200EX II TEM (JEOL, Peabody, MA) and photographed

using a Gatan digital camera (Gatan, Pleasanton, CA) or (ii) a

Tecnai G2 Spirit BioTWIN TEM equipped with an Eagle 4k HS

digital camera (FEI, Hilsboro, OR).

Flow cytometry

Human NSCs were removed from six-well plates using Accumax at

48 h post-transfection with plasmids and/or infection with ZIKV.

Cells were resuspended in ice-cold PBS and washed twice. Annexin

V and PI staining were performed using a FITC-Annexin V Apopto-

sis Detection Kit I (BD Pharmingen), according to the manufac-

turer’s instructions. Samples were analyzed using a BD Accuri C6

personal flow cytometer and FlowJo software.

Chemicals

Rapamycin (Alfa Aesar Fischer Scientific, AAJ62473MF) and bafilo-

mycin A1 (Sigma, B1793) were diluted in DMSO. Chloroquine (Life

Technologies, L10382) was purchased in aqueous solution, and 3-

MA (Sigma, M9281) was resuspended in cell culture grade water.

Statistical analysis

Statistical analysis was carried out using GraphPad Prism soft-

ware. Differences between group means were analyzed by

Student’s t test. Differentially expressed genes in RNA-seq data

were analyzed using ANOVA. A P value ≤ 0.5 was considered

statistically significant.

Expanded View for this article is available online.
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