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Introduction

Zika virus (ZIKV) is a global concern as a result of its associ-
ation with severe birth defects, including microcephaly and
other congenital malformations. The Brazilian Ministry of
Health reported a nearly 20-fold increase of neonatal micro-
cephaly cases in 2016 [1]. As a result, the WHO declared a pub-
lic health emergency of international concern on Feb 1, 2016.
Although the outbreak has been largely controlled in Ameri-
can countries, the possibility of a new epidemic still exists. In
October 2018, a Zika outbreak in Rajasthan, India, which
affected at least 117 people, was reported by the Rajasthan
health department and in The Hindu.

Disturbance  of normal neurogenesis, including
proliferation/self-renewal and differentiation of neural progen-
itor cells (NPCs), and neural development processes would
cause developmental brain disorders including microcephaly
[2-4]. Mammalian brains consist of 50%-90% glial cells,
including oligodendrocytes, astrocytes, and microglia [5-8].
Therefore, normal glial cell development is also essential for
normal brain size and brain function.

The causal link between ZIKV infection and microcephaly
has been demonstrated in multiple mouse models [9-14].
Importantly, ZIKV has been shown to replicate efficiently in
mouse embryonic brain by infecting NPCs directly in the early
stages of neural development, thus disturbing the developing
of various neuronal linages [10,12,14,15]. The infection leads
to deregulation of NPC proliferation and differentiation, as
well as neuronal death. ZIKV infection also leads to the micro-
glial hyperplasia, reactive gliosis, delayed myelination, and
corpus callosum hypoplasia in humans [16-18]. Glial cell
develops during the late stages of brain development and this
process continues after birth [6,19]. Recently, we generated a
murine fetal brain ZIKV infection model of microcephaly,
which recapitulates most of the symptoms of the congenital
ZIKYV syndrome in humans [15]. These animals are able to sur-
vive after birth and phenocopy the progressive neuronal cell
death, microglia activation, and astrogliosis found in humans.
In addition, disturbance of glial cell development including the
abolishment of oligodendrocyte development was also
detected [15]. ZIKV infection has been hypothesized as a trig-
ger for the immune response and aberrant expression of genes
associated with cell proliferation, differentiation, and death, as
well as neurogenesis and microcephaly [10,12,14,20]. However,
whether ZIKV infection dysregulates expression of genes
related to glial cell development, microglia activation, and
other brain development associated processes is not known.
More importantly, detailed analyses of the ZIKV infection-
induced gene network disruption, the associated pathological
processes, and the relationships between the affected pathways
are still lacking.

Although there have been multiple studies of ZIKV infec-
tion in cultured neuronal progenitors and cerebral organoids
[21-24], the intensive immune response and perturbations in
a number of biological processes reported in animal models
were not observed in these studies [10,12-15]. This is likely
due to the lack of microglia and other glial cells in cultured sys-
tems. Thus, we carried out high-quality global transcriptome
analyses (RNA-seq) of mouse brains cultivated from a fetal
brain ZIKV infection model of microcephaly [15]. At the bio-
logical network level, global gene expression analysis revealed

significant dysregulation of gene sub-networks related to brain
development and several other biological processes that may
be involved in the disruption of brain development. Impor-
tantly, we provide a detailed analysis of the cross-talk between
different sub-networks/processes and the signaling pathways
involved.

Results

ZIKY infection represses the sub-networks of neural development

To investigate the global impact of ZIKV infection on brain
development at the molecular level, we carried out RNA-seq
analyses of mouse brains infected with ZIKV. ZIKV infection
at embryonic day 15.5 (E15.5) caused severe microcephaly in
newborn mice [15]. The production of prenatal neurons peaks
at around E15.5, whereas gliogenesis and generation of neu-
ronal networks remain very active till postnatal day 3 (P3).
We thus chose to perform RNA-seq analyses on 3 pairs of
P3 brains which were infected with ZIKV or culture medium
at E15.5 as previously described [15]. Genome-wide analysis
identified 3327 strict differentially-expressed genes (DEGs)
with 2535 significantly upregulated and 792 significantly down-
regulated [fold change (FC) > 2 or FC < 0.5, false discovery
rate (FDR) < 0.05] (Table S1; Figure S1A and B). The signif-
icantly enriched Gene Ontology (GO) biological process terms
of top 500 DEGs were shown in Figure S1C. In order to obtain
more GO biological process terms of interest, we defined 7112
loose DEGs with 3490 upregulated and 3622 downregulated
(FC > 1.5 or FC < 0.75, FDR < 0.05) (Table S2).

Brain development starts with neurogenesis followed by
the generation of axons and dendrites, as well as the forma-
tion of synapses. These processes have been shown to be
affected by ZIKV infection during the early and later stages
of brain development in multiple animal models [10,13-15].
GO analysis of 3622 loosely downregulated DEGs in the
ZIK V-infected brains revealed an enrichment of genes associ-
ated with brain development, including the development of
different regions or parts of the brain (Figure 1A;
Table S3). Importantly, expression of genes associated with
neuronal development, including axon and dendrite develop-
ment, synapse structure or activity, neural differentiation,
and neural migration, was downregulated in the viral infected
brains (Figure 1A; Table S3). Of note, many of these genes
were shared amongst the different processes. For example,
22 loosely downregulated DEGs were involved in axon and
dendrite development, as well as synapse structure or activity
(Figure 1B).

We also found that, in infected brains, expression of 40
genes involved in neurogenesis was downregulated signifi-
cantly, including Epha4, Epha7, Hes5, DIxl, and FgfI3
(Figure 1C; Table S4). We went on to analyze in more detail
the genes involved in neuronal development. As shown in
Figure 1D and Table S4, expression of 80, 38, and 40 genes
involved in axon development, dendrite development, and
synapse assembly, respectively, was significantly downregu-
lated with ZIKV infection. Many of these genes were also
shared between these pathways. For example, Reln, Ephb2,
Cacnala, and Slitrk5 were involved in axon development, den-
drite development, and synapse assembly; Mapt, Slitrkl, and
Epha7 were involved in both axon development and synapse
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ZIKYV infection represses the sub-networks of neural development

A. Significantly enriched GO biological process terms for loosely downregulated DEGs (FC < 0.75, FDR < 0.05). Gene ratio, the ratio of
number of DEGs to number of total genes within a GO term. B. Venn diagram showing the number of unique and common loosely
downregulated DEGs involved in axon and dendrite development, as well as in synapse structure or activity. C. Heat map of strictly
downregulated DEGs (FC < 0.5, FDR < 0.05) associated with neurogenesis. D. The network of axon development, dendrite
development, and synapse assembly related strictly downregulated DEGs grouped by GO term annotations for biological process. The
blue nodes denote DEGs and lines indicate interactions between DEGs and corresponding GO terms. GO, Gene Ontology; DEG,
differentially expressed gene; FC, fold change; FDR, false discovery rate.

assembly; 15 genes were involved in the development of both
axons and dendrites.

In support of these observations, most of the signaling
pathways involved in neurogenesis and neuronal development
including semaphorin-plexin, ephrin receptor, fibroblast

growth factor receptor (FGFR), Wnt, Notch, insulin-like
growth factor receptor (IGFR), vascular endothelial growth
factor (VEGF), epidermal growth factor receptor (EGFR),
hepatocyte growth factor receptor (HGFR), retinoic acid
receptor, platelet-derived growth factor receptor (PDGFR),
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nerve growth factor (NGF), transforming growth factor beta
receptor (TGFBR), bone morphogenetic protein (BMP), activ-
ing receptor, insulin receptor, and phosphatidylinositol 3-
kinase (PI3K) signaling pathways, were repressed following
ZIKV infection (Table S3). The dysregulated expression of
genes and signaling pathways associated with neurogenesis
and neuronal development may explain the mechanisms that
lead to the disruption of neuronal development as well as
microcephaly in ZIKV-infected animal models and in human
fetus.

ZIKYV infection induces neuronal cell death

Massive cell death, especially in neurons, has been detected in
aborted ZIK V-infected human fetus as well as in various ani-
mal models [1,10,13-15]. Enrichment analysis of GO biological
process terms revealed the enrichment of strictly upregulated
DEGs related to cell killing, apoptosis, and necroptosis pro-
cesses (Figure 2A and B, Figure S2; Table S5). Interestingly,
the expression of 57 genes, which were involved in neuronal
cell death including Fas, Fasl, Il-6, and Tnfrsfla, was also
strictly upregulated by ZIKV infection (Figure 2A and C;
Table S5). Some genes were found in more than one of these
processes (Figure 2A).

The JNK signaling pathway has been shown to play an
important role in neuronal cell death, while the PI3K, Akt,
and ERK signaling pathways usually play a role in neuronal
survival [25-30]. We found that the expression of 33 genes
involved in the JNK pathway, including Map3k9, Tnf, Tnfrs-
flla, Gadd45a, and Gadd45b, was strictly upregulated in
ZIKV-infected brains, while only 4 genes showed strictly
downregulated expression (Figure 2D; Table S6). Meanwhile,
many genes involved in the PI3K, Akt, and ERK cascades
showed downregulated expression (Figures S1C and S3;
Table S3). These results indicate that the activation of the
JNK pathway and/or the suppression of the PI3K, Akt, and
ERK pathways may play crucial roles in ZIKV-mediated neu-
ronal cell death.

ZIKYV infection of human fetal neural stem cells has been
shown to inhibit the Akt-mTOR pathway, which may lead
to the activation of autophagy and cell death [31]. Accord-
ingly, we found that the expression of 20 genes associated with
autophagy was strictly upregulated in ZIKV-infected brains
(Figure S4A; Table S5). Meanwhile, 24 genes involved in
TOR signaling pathway showed loosely downregulated expres-
sion (Figure S4B; Table S3).

ZIKV infection deregulates the sub-networks of glial cell
development

Glial cells represent at least 50% of cells in the brain [6,19].
Most glial cells are oligodendrocytes (around 75.6%), while
the rest are mainly astrocytes (around 17.3%) and microglia
(around 6.5%) [8]. ZIKV infection has been shown to cause
reactive gliosis, microglial cell activation, and delayed myelina-
tion, indicating gliogenesis disruption and microglial cell acti-
vation [16-18]. Enrichment analysis showed that many of the
loosely downregulated DEGs were involved in the glial cell
related processes (Figure 1A). In addition, many of the strictly
dysregulated DEGs have shared functions in gliogenesis, cell

fate commitment, glial cell differentiation, glial cell migration,
and microglial cell activation (Figure 3A; Table S6). Interest-
ingly, Tlr2, Tlr4, and Clu were shared by microglial cell activa-
tion, gliogenesis, and glial cell differentiation, while most genes
were shared among the different stages of glial cell develop-
ment including gliogenesis, glial cell differentiation, and glial
cell migration (Figure 3A). This indicates that genes involved
in glial cell development may not play an exclusive role in a
single biological process, but instead, may function together
in multiple processes. To further pinpoint such an intercon-
nected gene network, we performed integrative analysis by
combining our RNA-seq data with available protein interac-
tion data [32]. A complex network was identified and shown
in Figure 3B. The cross-talk among gliogenesis, glial cell fate
commitment, glial cell differentiation, glial cell migration,
and microglial cell activation suggests that ZIKV may affect
the different stages of glial cell development.
Oligodendrogenesis including oligodendrocyte precursor
cell (OPC) proliferation and differentiation has been shown
to be disrupted by ZIKV infection in the brain [15]. We found
that the expression of 18 genes involved in oligodendrogenesis
was loosely downregulated in ZIKV-infected brains
(Figure 3C; Table S3). A recent study has identified some genes
especially enriched in OPCs [33]. They are recognized as the
potential markers for OPCs. Remarkably, the expression of
20 out of the top 40 enriched genes in OPCs, as well as the
well-known markers Oligl and Olig2, was significantly down-
regulated in brains infected with ZIKV (Figure 3D).

ZIKV infection upregulates gene networks associated with
immune response

GO analysis of strictly upregulated DEGs revealed an enrich-
ment of genes associated with viral infection and immune
response (Figure 4A; Table S5). Microglial cells are specialized
macrophages in the brain and play an essential role in immune
response [4,5]. As expected, the expression of 14 genes involved
in microglial cell activation was strictly upregulated in
ZIK V-infected brains (Figure 4B; Table S6). In support of this
observation, the expression of 58 genes involved in phagocyto-
sis, the major function of microglia, was also strictly upregu-
lated (Figure S4C; Table S6).

Among the strict DEGs, genes involved in cytokine produc-
tion and cellular responses to cytokines (277 upregulated vs. 18
downregulated DEGs) were the most significantly enriched, indi-
cating thatcytokines may play a crucial rolein the pathogenesis of
ZIKYV infection (Figure 4C; Table S6). Interestingly, 42 of these
genes were involved in both cytokine production and cellular
responses to cytokines (Figure 4C; Table S6). Accordingly, genes
involved in the production of tumor necrosis factor (TNF) and
interferons (IFN-a, 8, and v), as well as the cellular responses to
these cytokines, are highly enriched (Figure 4A; Table S5). In
addition, genes involved in the production of different inter-
leukins (ILs) showed strictly upregulated expression following
ZIKYV infection (Figure 4A; Table S5). GO enrichment analysis
indicated that dozens of signaling pathways involved in the
immune response were significantly upregulated (Table S5).
These results are consistent with the recent reports that ZIKV
infection induces the immune response and upregulates different
cytokines in various systems [22,34].
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Cytokines are a family of signaling effectors, which includes
IFNs, ILs, and TNFs. IFNs belong to a large class of cytoki-
nes and are named for their capability to “interfere” with viral
replication and protect cells from viral infection [35]. GO anal-
ysis revealed that there is a special enrichment of strict DEGs
(144 upregulated and 3 downregulated) related to production

and response to IFNs (Figure SA; Table S6). Although expres-
sion of many of these genes was dysregulated specifically for
the production or response to one type of IFNs, some of them
have multiple roles (Figure 5A). For example, TIr3, TIr4,
Tlr7-TIlr9, Havcer2, and Ptpn22 are involved in the production
of different IFNs including IFN-o, B, and vy, while Txk,
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precursor cell.

Xcll, 1112rbl1, Sicllal, Irf8, and I112b have roles in both the
production and cellular response to IFN-y (Figure 5A).
TNF-a is involved in systemic inflammation and is one of
the cytokines that makes up the acute phase reaction [36].
Originally observed in leukocytes, ILs as an important group
of cytokines are found in a wide variety of cells including
astrocytes and microglia cells in the brain [37]. GO analysis
of the strict DEGs revealed an enrichment of genes (143 upreg-
ulated and 5 downregulated) involved in the production of

TNF-a and different ILs including IL-1, IL-2, IL-4, IL-6,
IL-8, IL-10, IL-12, and IL-17, especially those involved in
TNF-o and IL-6 production (Figure 5B; Table S6). It is inter-
esting to note that many of these genes have multiple func-
tions. For example, Tlr2-Tir4, TIr9, AcpS, Irak3, Pycard,
Lep, and Bcl3 play roles in the production of different cytoki-
nes of TNF-o, IL-1, IL-6, IL-8, IL-10, and IL-12 (Figure 5B).
The number of overlapping genes in these pathways is indica-
tive of the underlying complexity of the system and the
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complex interactions between these networks with ZIK'V infec-
tion in the brain (Figure 5B).

The induction of many cytokines would activate different
signaling pathways. As predicted, most of the signaling path-
ways mediated by cytokines were also significantly enriched
according to the GO analysis, such as different toll-like recep-
tor (TLR) signaling pathways, IFN-mediated signaling path-
ways, and IL-mediated signaling pathways (Table S5).

Several of the dysregulated genes related to immune
response in the ZIKV-infected brains, including Tnf-a, Ifn-c,
1110, 112, and Mcpl/Ccl2, have been validated by real-time
PCR previously based on the analysis before [14]. In addition,
the strong induction of /6 was also confirmed (manuscript in
preparation). Importantly, we have validated one of the genes
induced most significantly in our RNA-seq data, Cxcl/I0. Real-
time PCR validation indicates that expression of Cxc/10 is
induced by nearly 700 folds in ZIKV-infected brains
(Figure 4D).

Discussion

In this study, we adopted a fetal brain ZIKV infection animal
model of microcephaly, which phenocopied most of the
pathologies found in congenital ZIKV syndrome in humans
[15]. Using this model, we were able to carry out global tran-
scriptome analysis. We have found that the sub-networks
involved in neurogenesis and neuronal development, (neu-
ronal) cell death, glial cell development, microglial cell activa-
tion, immune response, and various related signaling pathways
were dysregulated in infected brains (Figure 6). Therefore, our
global transcriptome analysis provides insight into most of the
pathologies detected in brains during ZIKV infection as well as
the underlying mechanisms involved in congenital ZIKV syn-
drome, especially brain development associated disorders.

ZIKV infection has been reported to lead to a strong
immune response in the brain [10,12,13]. Our GO analysis dis-
closed the enrichment of genes associated with the viral and
immune responses, with cytokine production and cytokine-
mediated signaling experiencing the most significant enrich-
ment. This indicates the critical role of the cytokines in the
pathogenesis of ZIKV infection. Interestingly, although the
networks for the production of most cytokines were induced,
TNF-a and IL-6 were the most prominent ones in the analysis,
followed by various IFNs. This may explain why some of the
symptoms experienced during the acute phases of infection
could be alleviated by TNF-a inhibition [38]. It would be inter-
esting to explore the possibility of inhibiting IL-6, which plays
a critical role in the pathogenesis of inflammatory disorders
[39,40], for the relief of ZIKV infection.

Brain development starts with neurogenesis followed by the
generation of axons and dendrites, as well as the formation of
synapses [41,42]. These processes have been reported to be
affected by ZIKV infection during different stages of brain
development [10,13—15]. In infected brains, we found that all
the sub-networks involved in these processes were disturbed.
Of note, many downregulated genes involved in various pro-
cesses had a shared function between many networks. Whether
downregulation of the genes involved in brain development
including neuronal morphogenesis is the direct effect of ZIKV
infection, or indirect effect caused by immune response or cell
death or both, remains to be investigated in the future.

ZIKYV infection has been shown to induce neuronal cell
death especially in the brain, which contributes to the smaller
size of the brain [10,12,14,15]. We found that the expression of
nearly 60 genes associated with neuronal cell death was signif-
icantly induced in the infected brains, indicating that a compli-
cated network is involved in neuronal cell death. Our results
indicate that the activation of JNK signaling, together with
the suppression of PI3K, Akt, and ERK signaling, might play
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Figure 6 A pathogenesis model predicted from global transcriptome analysis of ZIKYV infected brains
In ZIKV-infected mouse brains, networks involved in neurogenesis and neuronal development, (neuronal) cell death, glial cell
development (most notable for oligodendrogenesis), microglia activation, immune response, and many signaling pathways are
dysregulated, which lead to loss of neurons and defect in myelination, and eventually, microcephaly.
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a role in ZIKV incurred neuronal cell death. Interestingly, the
expression of nearly 40 genes involved in the JNK pathway
was significantly dysregulated in the infected brains. In addi-
tion, many of the significantly induced genes were involved
in cytokine production or in response to cytokine such as
TNF, Il1b, Tlr3, Tlr4, Tlr6, Tlr9, Ripkl, and Ripk2. This sug-
gests that cytokines may play a role in JNK activation as well
as ZIKV-incurred neuronal cell death.

ZIKV infection of human fetal NPCs has been shown to
inhibit the Akt-mTOR pathway, leading to defect in neuroge-
nesis and abnormal activation of autophagy [31]. We found the
downregulation of neurogenesis associated genes and upregu-
lation of autophagy associated genes, as well as the inhibition
of the Akt, PI3K, and TOR signaling pathways in the ZIKV-
infected brains. This would not only support the previous
in vitro findings but also provide more insight into the poten-
tial molecular mechanisms.

Half or more of cells in the brain are glial cells [6,19]. We
show here that a significant number of genes associated with
different stages of gliogenesis showed strictly dysregulated
expression. Furthermore, the induced expression of 14 genes
associated with microglial activation and 58 genes involved
in phagocytosis may provide some clues regarding how micro-
glial cells are activated for phagocytosis. Oligodendrocytes are
the major glial cell type in the brain. Oligodendrogenesis and
myelination have been shown to be disrupted by ZIKV infec-
tion in the brain [14,15]. Further study of the 18 loosely down-
regulated DEGs involved in oligodendrogenesis and the 20
loosely downregulated DEGs enriched in OPCs would be help-
ful for the future study of the mechanism of ZIKV induced dis-
ruption of oligodendrogenesis. The development of
hippocampus and cerebellum as well as glial cells occurs in late
embryonic stage and after birth. Although we have shown pre-
viously that the neuronal progenitors of cortical neuron might
not be affected significantly when the brain was infected at
E15.5, we could not exclude the possibility that glial cell devel-
opment, which also occurs in late embryonic stage and after
birth, is secondary to the effects on proliferation and cell sur-
vival of neural progenitors.

In summary, our findings are in agreement with other stud-
ies and support the application of this animal model. Further-
more, our findings also support the hypothesis that ZIKV
infection dysregulates the gene networks involved in neuroge-
nesis, neuronal development, glial cell development (especially
oligodendrogenesis), microglia activation, immune response,
and cell death. ZIKV infection induces an extensive immune
response, including the production and response to cytokines,
which ultimately leads to the activation of astrocytes and
microglia, as well as neuron loss. ZIKV infection affects the
development of neurons and glial cells at different stages
directly or indirectly through the immune response and dysreg-
ulation of different signaling pathways. Our global transcrip-
tome dataset would provide valuable resources for the
exploration of detailed molecular mechanisms of ZIKV infec-
tion as well as the treatment of ZIKV-related pathological
effects.

Materials and methods

ZIKYV infection of animals and sample preparation for RNA-seq
analysis

The pregnant mice were bought from Beijing Vital River Lab-
oratory Animal Technology (Beijing, China). For the infection
experiments, 1 pl of ZIKV SZ01 (GenBank: KU866423) virus
stock (6.5 x 10° PFU/ml) [43] or culture medium (RPMI med-
ium 1640 basic + 2% FBS) was in jected into one side of the
lateral ventricle (LV) of the E15.5 ICR mouse brains as
described previously [10]. Virus or medium was injected at
the same side of fetal brains in each pregnant dam. Half of
the brains (injected side) from both groups (3 for each group)
at P3 were used for global transcriptome analysis, which was
performed by CAS Key Laboratory of Genome Sciences and
Information, Beijing Institute of Genomics, Chinese Academy
of Sciences.

RNA-seq data analysis

Raw reads were preprocessed by means of the standard Illu-
mina pipeline to segregate multiplexed reads. Sequence quality
was inspected with FastQC program (http://www.bioinformat-
ics.babraham.ac.uk/projects/fastqc). Data were preprocessed
with BBDuk v37.25 (Brian Bushnell within Geneious 10.2.3),
and then aligned to the mouse reference genome (version
mm10) using HISAT2 v2.0.4 [44]. The alignment results were
sorted using SAMtools v1.3.1 [45]. All fragment quantifica-
tions were computed using featureCounts v1.5.1 [46]. In total,
20,660 genes were sequenced and aligned, and 4021 genes with
expression detected in less than two samples were not consid-
ered in the further analysis. The R package DESeq2 v1.18.1
[47] was used to perform differential expression analyses.
The read count-based units for gene expression were normal-
ized based on negative binomial GLM fitting by DESeq2.
Altogether, 7112 genes were identified as loose DEGs with
FC > 1.50r < 0.75, and FDR (Benjamini-Hochberg adjusted
P) < 0.05. Furthermore, 3327 genes were identified as strict
DEGs with FC > 2 or < 0.5, and FDR < 0.05.

GO biological process enrichment analysis and heat map
visualization

DEGs were analyzed using the R package clusterProfiler v3.8.1
[48] to identify enriched functions (GO biological process
terms). Heat map of DEGs selected from related GO terms
was generated using gplots R package [49].

Network visualization and analysis

The interactions between proteins encoded by the identified
DEGs among different functions (GO terms) were visualized
using Cytoscape v3.6.1 [50]. To investigate the interactions of
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proteins encoded by the identified DEGs in glial cell develop-
ment, we mapped the associated genes onto STRING v10.5
[32] (high confidence > 0.7) network of Mus musculus. The
final output interaction network of glial cell development
was then analyzed and displayed with Cytoscape.

RNA extraction and real-time PCR

The RNA extraction was carried out with PureLink® RNA
Mini Kit (Catalog No. 12183018A, ThermoFisher Scientific,
Waltham, MA) according to the manufactory’s protocol.
Real-time PCR was performed as described previously [51].
The primers wused for detecting Cxcll0 were 5'-
TCAGCACCATGAACCCAAG-3' (F) and 5-CTATGGCC
CTCATTCTCACTG-3 (R).

Ethical statement

All mouse experiments were carried out in line with protocols
approved by the Institutional Animal Care and Use Commit-
tee at Beijing Institute of Microbiology and Epidemiology,
China.

Data availability

All data that support the findings of this study are available
upon reasonable request. The RNA-seq data have been depos-
ited in the Genome Sequence Archive [52] at the National
Genomics Data Center, Beijing Institute of Genomics, Chinese
Academy of Sciences / China National Center for Bioinforma-
tion (GSA: CRA002644) and are publicly accessible at http://
bigd.big.ac.cn/gsa. These data were also deposited in Sequence
Read Archive (SRA: SRP095873) which are publicly accessible
at https://www.ncbi.nlm.nih.gov/sra.

CRediT author statement

Yafei Chang: Formal analysis, Writing - original draft, Writing
- review & editing. Yisheng Jiang: Formal analysis. Cui Li:
Formal analysis. Qin Wang: Validation. Feng Zhang: Valida-
tion. Cheng-Feng Qin: Resources. Qing-Feng Wu: Formal
analysis. Jing Li: Writing - review & editing, Funding acquisi-
tion. Zhiheng Xu: Writing - review & editing, Conceptualiza-
tion, Supervision, Funding acquisition, All authors read and
approved the final manuscript.

Competing interests

The authors have declared no competing interests.

Acknowledgments

This work was supported by the Strategic Priority Research
Program and Innovation Program of the Chinese Academy
of  Sciences, China (Grant Nos. XDB32020100,
XDA16010306, QYZDJ-SSW-SMC007, and GJHZ1827), the
National Natural Science Foundation of China (Grant Nos.

31730108, 31430037, 31571038, and 31871329), and the Natu-
ral Science Foundation of Shanghai, China (Grant No.
17ZR1413900). The authors would like to thank the High-
Performance Computing Center (HPCC) at Shanghai Jiao
Tong University for assistance with the computations.

Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gpb.2019.06.004.

ORCID

0000-0002-6544-2366 (Yafei Chang)
0000-0003-3248-0152 (Yisheng Jiang)
0000-0001-9777-9628 (Cui Li)
0000-0001-7447-1671 (Qin Wang)
0000-0003-2887-8184 (Feng Zhang)
0000-0002-0632-2807 (Cheng-Feng Qin)
0000-0003-3272-6247 (Qing-Feng Wu)
0000-0003-4602-3227 (Jing Li)
0000-0002-4809-2851 (Zhiheng Xu)

References

[1] Marrs C, Olson G, Saade G, Hankins G, Wen T, Patel J, et al.
Zika virus and pregnancy: a review of the literature and clinical
considerations. Am J Perinatol 2016;33:625-39.

[2] Manzini MC, Walsh CA. What disorders of cortical development
tell us about the cortex: one plus one does not always make two.
Curr Opin Genet Dev 2011;21:333-9.

[3] Thornton GK, Woods CG. Primary microcephaly: do all roads
lead to Rome?. Trends Genet 2009;25:501-10.

[4] Kriegstein A, Alvarez BA. The glial nature of embryonic and
adult neural stem cells. Annu Rev Neurosci 2009;32:149-84.

[5] Zuchero JB, Barres BA. Glia in mammalian development and
disease. Development 2015;142:3805-9.

[6] Rowitch DH, Kriegstein AR. Developmental genetics of verte-
brate glial-cell specification. Nature 2010;468:214-22.

[7] Simons M, Nave KA. Oligodendrocytes: myelination and axonal
support. Csh Perspect Biol 2016;8:a020479.

[8] Pelvig DP, Pakkenberg H, Stark AK, Pakkenberg B. Neocortical
glial cell numbers in human brains. Neurobiol Aging
2008;29:1754-62.

[9] Cugola FR, Fernandes IR, Russo FB, Freitas BC, Dias JL,
Guimaraes KP, et al. The Brazilian Zika virus strain causes birth
defects in experimental models. Nature 2016;534:267-71.

[10] Li C, Xu D, Ye Q, Hong S, Jiang Y, Liu X, et al. Zika virus
disrupts neural progenitor development and leads to microcephaly
in mice. Cell Stem Cell 2016;19:120-6.

[11] Miner JJ, Cao B, Govero J, Smith AM, Fernandez E, Cabrera
OH, et al. Zika virus infection during pregnancy in mice causes
placental damage and fetal demise. Cell 2016;165:1081-91.

[12] Wu KY, Zuo GL, Li XF, Ye Q, Deng YQ, Huang XY, et al.
Vertical transmission of Zika virus targeting the radial glial cells
affects cortex development of offspring mice. Cell Res
2016;26:645-54.

[13] Shao Q, Herrlinger S, Yang SL, Lai F, Moore JM, Brindley MA,
et al. Zika virus infection disrupts neurovascular development and
results in postnatal microcephaly with brain damage. Develop-
ment 2016;143:4127-36.

[14] Zhang F, Wang HJ, Wang Q, Liu ZY, Yuan L, Huang XY, et al.
American strain of zika virus causes more severe microcephaly



748 Genomics Proteomics Bioinformatics 18 (2020) 737-748

than an old Asian strain in neonatal mice. Ebiomedicine
2017;25:95-105.

[15] Li C, Wang Q, Jiang Y, Ye Q, Xu D, Gao F, et al. Disruption of
glial cell development by Zika virus contributes to severe
microcephalic newborn mice. Cell Discov 2018;4:43.

[16] de Fatima Vasco Aragao M, van der Linden V, Brainer Lima
AM, Coeli RR, Rocha MA, Sobral da Silva P, et al. Clinical
features and neuroimaging (CT and MRI) findings in presumed
Zika virus related congenital infection and microcephaly: retro-
spective case series study. BMJ 2016;353:11901.

[17] Ozkurt Z, Tanriverdi EC. Global alert: Zika virus-an emerging
arbovirus. Eurasian J Med 2017;49:142-7.

[18] Chimelli L, Avvad Portari E. Congenital Zika virus infection: a
neuropathological review. Childs Nerv Syst 2018;34:95-9.

[19] Herculano Houzel S. The glia/neuron ratio: how it varies
uniformly across brain structures and species and what that
means for brain physiology and evolution. Glia 2014;62:1377-91.

[20] Li H, Saucedo Cuevas L, Regla Nava JA, Chai G, Sheets N, Tang
W, et al. Zika virus infects neural progenitors in the adult mouse
brain and alters proliferation. Cell Stem Cell 2016;19:593-8.

[21] Qian XY, Nguyen HN, Song MM, Hadiono C, Ogden SC,
Hammack C, et al. Brain-region-specific organoids using mini-
bioreactors for modeling ZIKV exposure. Cell 2016;165:1238-54.

[22] Dang J, Tiwari SK, Lichinchi G, Qin Y, Patil VS, Eroshkin AM,
et al. Zika virus depletes neural progenitors in human cerebral
organoids through activation of the innate immune receptor
TLR3. Cell Stem Cell 2016;19:258-65.

[23] Garcez PP, Loiola EC, Da Costa RM, Higa LM, Trindade P,
Delvecchio R, et al. Zika virus impairs growth in human
neurospheres and brain organoids. Science 2016;352:816-8.

[24] Tang H, Hammack C, Ogden SC, Wen Z, Qian X, Li Y, et al.
Zika virus infects human cortical neural progenitors and atten-
uates their growth. Cell Stem Cell 2016;18:587-90.

[25] Kuan CY, Yang DD, Roy DRS, Davis RJ, Rakic P, Flavell RA.
The Jnkl and Jnk2 protein kinases are required for regional
specific apoptosis during early brain development. Neuron
1999;22:667-76.

[26] Xia ZG, Dickens M, Raingeaud J, Davis RJ, Greenberg ME.
Opposing effects of ERK and JNK-p38 MAP kinases on
apoptosis. Science 1995;270:1326-31.

[27] Franke TF, Kaplan DR, Cantley LC. PI3K: downstream AKTion
blocks apoptosis. Cell 1997;88:435-7.

[28] Datta SR, Brunet A, Greenberg ME. Cellular survival: a play in
three Akts. Gene Dev 1999;13:2905-27.

[29] Xu ZH, Kukekov NV, Greene LA. POSH acts as a scaffold for a
multiprotein complex that mediates JNK activation in apoptosis.
Embo J 2003;22:252-61.

[30] Xu ZH, Maroney AC, Dobrzanski P, Kukekov NV, Greene LA.
The MLK family mediates c-Jun N-terminal kinase activation in
neuronal apoptosis. Mol Cell Biol 2001;21:4713-24.

[31] Liang Q, Luo Z, Zeng J, Chen W, Foo SS, Lee SA, et al. Zika
virus NS4A and NS4B proteins deregulate Akt-mTOR signaling
in human fetal neural stem cells to inhibit neurogenesis and induce
autophagy. Cell Stem Cell 2016;19:663-71.

[32] Szklarczyk D, Franceschini A, Wyder S, Forslund K, Heller D,
Huerta Cepas J, et al. STRING v10: protein-protein interaction
networks, integrated over the tree of life. Nucleic Acids Res
2015;43:D447-52.

[33] Zhang Y, Sloan SA, Clarke LE, Caneda C, Plaza CA, Blumenthal
PD, et al. Purification and characterization of progenitor and
mature human astrocytes reveals transcriptional and functional
differences with mouse. Neuron 2016;89:37-53.

[34] Tappe D, Perez Giron JV, Zammarchi L, Rissland J, Ferreira DF,
Jaenisch T, et al. Cytokine kinetics of Zika virus-infected patients
from acute to reconvalescent phase. Med Microbiol Immunol
2016;205:269-73.

[35] Parkin J, Cohen B. An overview of the immune system. Lancet
2001;357:1777-89.

[36] Varfolomeev EE, Ashkenazi A. Tumor necrosis factor: an
apoptosis JuNKie?. Cell 2004;116:491-7.

[37] Brocker C, Thompson D, Matsumoto A, Nebert DW, Vasiliou V.
Evolutionary divergence and functions of the human interleukin
(IL) gene family. Hum Genomics 2010;5:30-55.

[38] Souza IND, Frost PS, Franca JV, Nascimento Viana JB, Neris
RLS, Freitas L, et al. Acute and chronic neurological conse-
quences of early-life Zika virus infection in mice. Sci Transl Med
2018;10:eaar2749.

[39] Rothaug M, Becker-Pauly C, Rose John S. The role of
interleukin-6 signaling in nervous tissue. Biochim Biophys Acta
2016;1863:1218-27.

[40] Campbell 1L, Abraham CR, Masliah E, Kemper P, Inglis JD,
Oldstone MB, et al. Neurologic disease induced in transgenic mice
by cerebral overexpression of interleukin 6. Proc Natl Acad Sci U
S A 1993;90:10061-5.

[41] Gotz M, Huttner WB. The cell biology of neurogenesis. Nat Rev
Mol Cell Biol 2005;6:777-88.

[42] Breunig JJ, Haydar TF, Rakic P. Neural stem cells: historical
perspective and future prospects. Neuron 2011;70:614-25.

[43] DengYQ,ZhaoH,LiXF,ZhangNN,LiuZY,JiangT,etal.Isolation,
identificationand genomiccharacterization of the Asianlineage Zika
virusimported to China. Sci China Life Sci2016;59:428-30.

[44] Kim D, Landmead B, Salzberg SL. HISAT: a fast spliced aligner
with low memory requirements. Nat Methods 2015;12:357-60.

[45] Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N,
et al. The sequence alignment/map format and SAMtools.
Bioinformatics 2009;25:2078-9.

[46] Liao Y, Smyth GK, Shi W. featureCounts: an efficient general
purpose program for assigning sequence reads to genomic
features. Bioinformatics 2014;30:923-30.

[47] Love MI, Huber W, Anders S. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome
Biol 2014;15:550.

[48] Yu GC, Wang LG, Han YY, He QY. clusterProfiler: an R
package for comparing biological themes among gene clusters.
Omics 2012;16:284-17.

[49] Warnes GR, Bolker B, Bonebakker L, Gentleman R, Liaw WHA,
Lumley T, et al. gplots: Various R programming tools for plotting
data. 2015.

[50] Saito R, Smoot ME, Ono K, Ruscheinski J, Wang PL, Lotia S,
et al. A travel guide to Cytoscape plugins. Nat Methods
2012;9:1069-76.

[51] Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the
comparative C(T) method. Nat Protoc 2008;3:1101-8.

[52] Wang Y, Song F, Zhu J, Zhang S, Yang Y, Chen T, et al. GSA:
genome sequence archive. Genomics Proteomics Bioinformatics
2017;15:14-8.



