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ABSTRACT Zika virus (ZIKV) infection is associated with microcephaly in newborns
and serious neurological complications in adults. Apoptosis of neural progenitor cells
induced by ZIKV infection is believed to be a main reason for ZIKV infection-related
microcephaly. However, the detailed mechanism of ZIKV infection-induced apoptosis
remains to be elucidated. In this report, ZIKV infection induced the conformational
activation of the proapoptotic protein Bax, with subsequent formation of oligomers of
Bax in the mitochondria. Cell apoptosis was reduced significantly in SY5Y cells sub-
jected to Bax knockdown. Additionally, while decreasing Bax expression inhibited the
release of cytochrome c (Cyt c) from the mitochondria and reduced the rate of loss of
mitochondrial membrane potential induced by ZIKV infection, silencing Bak, caspase-8,
and/or caspase-10 expression did not. Mitochondria isolated from the untreated ZIKV-
infected cells displayed Bax-binding ability and the subsequent release of Cyt c. This
study also indicated that the NS4B protein of ZIKV recruited Bax to the mitochondria
and induced Bax conformational activation. The overexpressed NS4B was localized to
the mitochondria and induced cell apoptosis by activating the proapoptotic protein
Bax. All the above results indicated that ZIKV infection directly affected the mitochon-
drial apoptotic pathway by modulating the recruitment and activation of Bax.

IMPORTANCE Since the large outbreaks that occurred in the Pacific Islands and Latin
America in 2013, Zika virus has been confirmed a neuroteratogenic pathogen and
causative agent of microcephaly and other developmental anomalies of the central
nervous system in children born to infected mothers. As apoptosis is widespread
throughout the whole brain, studies in animal models have reinforced the link
between microcephaly caused by ZIKV infection and neural progenitor cell (NPC) apo-
ptosis. Currently, the detailed mechanism of ZIKV infection-induced apoptosis still
remains to be elucidated. Here, we first demonstrate that ZIKV infection activated the
classic signs of mitochondrial apoptotic pathway by modulating the recruitment and
activation of Bax. ZIKV NS4B represents a novel viral apoptotic protein that can modu-
late the recruitment and activation of Bax and trigger the apoptotic program. This is a
new insight into understanding the interplay between apoptosis and ZIKV infection.

KEYWORDS NS4B, Zika virus, microcephaly, mitochondrial apoptotic pathway,
proapoptotic protein Bax

Zika virus (ZIKV) is an enveloped, single-stranded RNA virus in the Flaviviridae family
that was first identified in rhesus monkeys in the Zika Forest in Uganda in 1947 (1).
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Transmitted by the Aedes mosquito vector, ZIKV spread at an alarming rate and posed
serious threats with outbreaks in Africa, the Pacific Islands, the Americas, and Southeast
Asia (2). Not until the large outbreaks that occurred in the Pacific Islands and Latin
America had the relationship between ZIKV and fever, rash, congenital microcephaly,
and the rarer Guillain-Barre syndrome been identified (3–5). Recent reports further con-
firmed that ZIKV is a neuroteratogenic pathogen and is the causative agent of microce-
phaly and other developmental anomalies of the central nervous system (CNS) in chil-
dren born to infected mothers (6–8). It is worth noting that the ZIKV African lineages are
spreading in Brazil, one which was isolated from Aedes albopictus mosquito species and
the other which was isolated from Alouatta guariba, a monkey species (9).

Microcephaly is by far the most severe, irreversible complication, resulting in a small
cerebral cortex upon ZIKV infection. As the cerebral cortex develops mainly during the
first trimester of pregnancy (10), ZIKV infection in pregnant women during this period
is more likely to affect the CNS (11). Multiple reports on ZIKV infection, transmission,
and possible mechanism of microcephaly at the molecular and biological levels had
been published. They showed that ZIKV was transmitted from the infected mother to
the fetus by crossing the placental barrier where the susceptible placental macro-
phages (Hofbauer cells) and cytotrophoblasts might facilitate virus entry (12, 13). ZIKV
entry into the neural progenitor cells (NPCs) relied on the binding of the virus’s protein
E to the cell receptor and the formation of endosome (14). Subsequently, ZIKV replica-
tion activated the TLR3 receptors which mediated the regulation of genes associated
with immune response, cell cycle, differentiation, and apoptosis in NPCs, resulting in
neurological malformations (15, 16).

Studies in animal models also reinforced the link between microcephaly caused by
ZIKV infection and NPC apoptosis. The brain mass of a wild-type mouse decreased sig-
nificantly after only 4 days post ZIKV infection and displayed widespread apoptosis
throughout the brain, with the occipital cortex and hippocampus having particularly
robust apoptosis phenotype (17). The induction of apoptotic cell death in human NPCs
by ZIKV infection was demonstrated by the activation of caspases 3/7, 8, and 9 and by
ultrastructural and flow cytometry analyses (18). Furthermore, ZIKV infection-induced
cell death could be prevented by incubating the cells with a pan-caspase inhibitor,
thus implying that the apoptosis of NPCs induced by ZIKV infection contributed to
microcephaly.

As a highly regulated form of programmed cell death, apoptosis can be triggered
by two distinct signaling pathways: the death receptor pathway, which is initiated by
the activation of cell death receptors, and the mitochondrial pathway that needs the
disruption of the mitochondrial transmembrane potential (MMP), which usually
involves a variety of pro- and antiapoptotic proteins of the Bcl-2 family (19–22). The
proapoptotic Bcl-2 proteins Bak and Bax are required for the induction of apoptosis via
the mitochondrial pathway (23). In most cells, Bax is normally localized in the cytosol
or loosely associated with the outer mitochondrial membrane (OMM), whereas Bak is
mostly localized in the OMM and remains inactive in nonapoptotic cells (24). Following
cytotoxic stimulation, Bax undergoes a series of conformational changes which leads
to its integration into the mitochondrial membranes and eventually induces apoptosis
(25, 26). Upon activation, Bak is released from the antiapoptotic proteins and activates
caspase-9 and the downstream death programs (27).

It was reported that ZIKV infection led to Sox21 cells apoptosis through activation
of caspases 3, 8, and 9 and induced mitochondrial apoptosis in human lung epithelial
A549 cells through activation of caspases 3 and 9 (28). In this study, we demonstrated
that ZIKV infection activates the classic signs of the mitochondrial apoptotic pathway
by directly altering Bax conformation and triggering its homo-oligomerization and
redistribution from the cytosol to mitochondria. ZIKV NS4B represents a novel viral ap-
optotic protein that can modulate the recruitment and activation of Bax and trigger the
apoptotic program. This is a new insight into understanding of the interplay between
apoptosis and the ZIKV infection.
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RESULTS
Activation of the mitochondrial apoptotic pathway in ZIKV-infected cells. To

determine if ZIKV infection could induce apoptosis in SY5Y cells, we measured the for-
mation of apoptotic cells by using the Annexin V-FITC apoptosis staining/detection kit
at the indicated times postinfection. SY5Y cells were infected with ZIKV strains MR766,
SZ01, and ZIKV (UV) (strain MR766 was inactivated by UV). The percentage of Annexin
V-FITC positive cells increased from 12% at 12 hours postinfection (hpi) to 86% at 48
hpi in ZIKV-infected cells, while no more than 3% of cells infected with ZIKV (UV) or
control displayed Annexin V fluorescence intensity at 48 hpi. Comparatively, ZIKV infec-
tion exhibited the same ability to induce cell apoptosis as staurosporine (an apoptosis
inducer by activating caspase-3), which indicated that ZIKV infection could initiate
SY5Y cells apoptosis (Fig. 1A and B).

To determine if caspases are crucial to ZIKV infection-induced apoptosis in SY5Y
cells, we examined the effects of the caspase inhibitors zDEVD.fmk and zLEHD.fmk.
zDEVD.fmk is a wide-spectrum caspase inhibitor that irreversibly inhibits caspase-3 as
well as other proteases, including caspase-6, caspase-8, and caspase-10, and zLEHD.
fmk is an irreversible inhibitor of caspase-9. As shown in Fig. 1C, infection with ZIKV
strains MR766 and SZ01 could induce more than 80% cells apoptosis at 48 hpi. When
ZIKV-infected cells were treated with zDEVD.fmk or zLEHD.fmk, the percentage of acti-
vation of cell apoptosis was suppressed at ;15% to 25%. To detect whether those cas-
pase inhibitors influence the gene expression of ZIKV, we measured ZIKV-E protein,
ZIKV RNA levels, and viral titers in cells that were treated by caspase inhibitors. Results

FIG 1 Activation of the mitochondrial apoptotic pathway with ZIKV infection. (A) Percentage of Annexin V-FITC positive cells at 0, 6, 12, 24, and 48 hpi.
SY5Y cells were infected with ZIKV SZ01, ZIKV MR766, or ZIKV (UV) at an MOI of 1. Cells were then harvested at the indicated times, stained with Annexin
V-FITC, and analyzed by flow cytometry. Control: cells with no virus infection. Staurosporine: cells treated with staurosporine (30 nM). (B) Detection of ZIKV
infection-induced cell apoptosis by fluorescence microscopy. SY5Y cells were infected with ZIKV or ZIKV (UV) at an MOI of 1. Cells were stained with
Annexin V-FITC (green) and ZIKV-specific antibody (red) at 48 hpi and then analyzed by fluorescence microscopy. (C) The effects of caspase inhibitors on
cell apoptosis induced by ZIKV infection. Cells were infected with virus for 1 h at an MOI of 1. After washing three times with PBS, cells were treated with
zDEVD.fmk (25mM), zLEHD.fmk (15mM), or dimethyl sulfoxide (DMSO) for another 48 h. The cells were harvested and stained with Annexin V-FITC and
analyzed by flow cytometry. Control: cells with no virus infection. (D) Western blot showing the effect of caspase inhibitors on ZIKV-E protein. SY5Y cells
were infected with ZIKV and then treated with zDEVD.fmk or zLEHD.fmk for another 48 h. Cell lysates were immunoblotted with antibody to ZIKV-E or to
beta-actin (internal control). Mock: cells with no ZIKV infection. (E) Quantitative real-time PCR showing the effect of caspase inhibitors on RNA levels of
ZIKV. RNA levels were performed at 12, 24, and 48 h after treatment with zDEVD.fmk or zLEHD.fmk. Mock: cells with no ZIKV infection. (F) The effect of
caspase inhibitors on virus titers of ZIKV. Viral titers in cell supernatants were determined by 50% tissue culture infective dose (TCID50) experiment in Vero-
E6 cells. Mock, Vero- E6 cells with no ZIKV infection. TCID50: 50% tissue culture infective dose. (G and H) Analysis of caspase-3 and caspase-9 activity in the
separated cytoplasmic fractions of SY5Y cells with ZIKV infection. Caspase-3 and caspase-9 activity was measured by caspase-3 activity assay and caspase-9
activity assay as described in Materials and Methods. (I) Western blot of the activation of caspase-3 and caspase-9 in ZIKV-infected cells. Cells were infected
with ZIKV or ZIKV (UV) at an MOI of 2 PFU cell21. Cells were harvested at 0, 6, 12, 24, and 48 hpi and then analyzed with pro- and cleaved-caspase-3/9
antibody. Data are from three independent experiments and the results are presented as mean 6 standard error of the mean (SEM). ** indicates a
significant difference at P values of 0.02 compared to the control; * indicates a significant difference at P values of 0.05 compared to the control.

Zika Virus Modulates Proapoptotic Protein Bax Journal of Virology

April 2021 Volume 95 Issue 8 e01445-20 jvi.asm.org 3

https://jvi.asm.org


indicated that the inhibitors have no obvious effects on viral gene expression at the
indicated concentration (Fig. 1D to F) in our study. The above results indicated that the
apoptosis was sharply inhibited by caspase inhibitors, and the formation of apoptotic
cells induced by ZIKV infection was dependent on caspase activation.

The induction of the mitochondrial apoptotic pathway during ZIKV infection was
further tested by monitoring the activation of caspase-3 or caspase-9 in ZIKV-infected
cells. The activity of the activated caspase-3 and activated caspase-9 in the separated
cytoplasm was quantified using caspase-3/9 activity assay kit. Results showed that cells
treated with staurosporine or infected with ZIKV displayed a significant increase of cas-
pase-3 or caspase-9 activity (56% and 58% at 48 hpi, respectively), while only a small
amount of caspase-3 or caspase-9 activation was detected in ZIKV (UV)- or mock-
infected cells (Fig. 1G and H). Western blotting showed that activation of both caspase-
3 and caspase-9 increased gradually with the extension of infection time. From 6 h
postinfection, lower molecular weight bands representing the active forms of caspase-
3 and caspase-9 could be detected obviously in ZIKV-infected cells (Fig. 1I). This
implied that ZIKV infection resulted in the proteolytic processing of inactive caspase-3
and caspase-9 zymogens into their respective activated fragments. In contrast, neither
caspase-3 nor caspase-9 activation was observed in cells infected with ZIKV (UV).

Induction, translocation, and activation of Bax in ZIKV-infected cells. The above
results indicated that ZIKV infection activated caspase-3 and caspase-9. Therefore, we
inquired whether ZIKV infection acted by modulating members of the Bcl-2 family
which tightly regulated the mitochondria checkpoint in apoptotic cells. Since the
active forms of both Bax and Bak are responsible for destabilizing the mitochondrial
membrane by exposing their N-terminal epitope (29), we first conducted flow cytome-
try analysis to detect the active form of Bak and Bax in ZIKV-infected cells using confor-
mation-specific anti-Bak and anti-Bax6A7 antibody that specially recognizes the
exposed N terminus. The results showed an obvious increase in Bak fluorescence inten-
sity only in cells treated with staurosporine but not in cells infected with ZIKV or ZIKV
(UV) (Fig. 2A), indicating that ZIKV infection did not activate Bak. Cells that were
infected with ZIKV showed an obvious Bax6A7 fluorescence, indicating that ZIKV infec-
tion induced the N-terminal exposure of Bax.

The activated Bax was further confirmed by immunofluorescence study using anti-
Bax6A7 antibody (30). The activated Bax signals were detected only in cells infected
with ZIKV or treated with staurosporine, which colocalized with ZIKV signals very well,
which indicated that ZIKV infection induced activation of Bax (Fig. 2B). The results of
cell counting showed that there were on average 87% Bax6A7 positive cells and 85%
ZIKV/Bax6A7 merged cells among ZIKV-infected cells, indicating that the Bax6A7 posi-
tive cells correlated with ZIKV positive cells (Fig. 2C). The coimmunoprecipitation
assays also showed that activated Bax can be precipitated from cells infected with ZIKV
or treated with staurosporine, not from cells infected with ZIKV (UV) and mock, which
confirmed the Bax activation during ZIKV infection (Fig. 2D).

To determine if ZIKV infection does induce Bax translocation into mitochondria and
consequently results in Bax conformational change, the mitochondrial and cytosolic
fractions from ZIKV-infected, ZIKV (UV)-infected, staurosporine-treated, and control
cells were separated by centrifugation. The distribution of Bax in the mitochondrial
and cytosolic fractions was analyzed by immunoblotting with an anti-BaxNT antibody,
and the Cox IV, beta-actin, and ZIKV-E protein were also measured, respectively. As
shown in Fig. 2E, in mitochondrial fractions, a clear band of Bax was observed only in
the ZIKV-infected and staurosporine-treated cells. In cytosolic fractions, a lot of Bax
was detected in control and ZIKV (UV)-infected cells, and a small amount of Bax was
detected in ZIKV-infected and staurosporine-treated cells. The above results indicated
that ZIKV infection led to the translocation of Bax from the cytoplasm to mitochondria.

Since only the activated form of Bax is oligomerized (31), high molecular weight
Bax complexes formed in mitochondria during ZIKV infection were fixed by chemically
cross-linking with bis-maleimidohexane (BMH) and detected by Western blotting. In
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the absence of BMH, Bax from both ZIKV- and ZIKV (UV)-infected cells, and staurospor-
ine-treated cells, appeared at an approximately 20 kDa band. However, after BMH
cross-linking, Bax formed dimer in both ZIKV-infected and staurosporine-treated cells
but not in ZIKV (UV)-infected cells (Fig. 2F). The appearance of the intramolecular
cross-linked Bax species in the purified mitochondria indicates that ZIKV infection
could induce the activation of Bax and the formation of Bax oligomers.

To further investigate the apoptosis and Bax activation, the spleens from 7-week-
old type I interferon (IFN) receptor a chain null mice (Ifnar12/2) infected with ZIKV for
5 days were collected and measured by immunofluorescence. At high levels of ZIKV
infection signals in spleens, the cleaved-caspase-3 signals and activated Bax signals
were detected obviously, while no activated Bax and only vaguely background
cleaved-caspase-3 signals can be detected in spleens from uninfected mice (Fig. 3A).
The obvious activated caspase-3 signals and activated Bax signals also could be
detected in ZIKV-infected Ifnar12/2 fetal brain, whereas low levels of physiological apo-
ptosis could be detected in uninfected fetuses. Moreover, both the activated caspase-3
signals and activated Bax signals from fetal brain or spleen merged with ZIKV-E signals
very well (Fig. 3B). Cell counting experiments showed that there were in average 73%
activated Bax cells, 71% activated caspase-3 cells, 66% ZIKV/activated Bax merged cells,
and 65% ZIKV/activated caspase-3 merged cells among ZIKV-infected cells from spleen.

FIG 2 Activation of proapoptotic protein Bax in ZIKV-infected cells. (A) Flow cytometry analysis of the activation of Bak and Bax in SY5Y cells infected with
ZIKV or ZIKV (UV). At 24 hpi, the activated Bak and Bax in cells were stained by a conformation-specific anti-Bak and anti-Bax6A7 antibody. Staurosporine:
cells treated with staurosporine (30 nM) for 12 h. Mock: cells with no ZIKV infection. (B) Immunofluorescence analysis of activated Bax and ZIKV-E protein in
cells infected with ZIKV. LLC-MK2 cells were infected with ZIKV (SZ01) for 12 h, fixed with 4% paraformaldehyde, and then stained with antibody to ZIKV-E
and activated Bax. Stau: cells treated with staurosporine. (C) SY5Y cells were infected with ZIKV (MR766) for 24 h and fixed with 4% paraformaldehyde. The
ratio of ZIKV positive cells, Bax6A7 positive cells, and both ZIKV and Bax6A7 positive cells (per 100 cells) was determined by immunofluorescence analysis.
Mock: cells with no ZIKV infection. Data are from three independent experiments and the results are presented as mean 6 SEM. (D) Western blot of the
activated Bax in cells infected with ZIKV. LLC-MK2 cells were infected with ZIKV as described above and then lysed. Cell lysates were immunoblotted with
antibody to ZIKV-E or to b-actin and immunoprecipitated with anti-Bax6A7 antibody. Control: cells with no ZIKV infection. (E) Western blot of Bax
distribution in cytosolic and mitochondrial fractions of LLC-MK2 cells infected with ZIKV. At 12 hpi, the cytosolic and mitochondrial fractions were separated
and immunoblotted with antibody to ZIKV-E, Cox IV, b-actin, Bax, and activated Bax. Control: cells with no ZIKV infection. (F) Western blot of the homo-
oligomerization of Bax induced by ZIKV infection. SY5Y cells were infected with ZIKV, and mitochondrial fractions were separated by centrifugation. After
cross-linking with BMH or DMSO, equal amounts of the mitochondrial fractions were immunoblotted with anti-Bax antibody. DMSO was used to dissolve
the BMH. Stau: cells treated with staurosporine (30 nM) for 12 h.
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In addition, there are 83% activated Bax cells, 81% activated caspase-3 cells, 79% ZIKV/
activated Bax merged cells, and 77% ZIKV/activated caspase-3 merged cells among
ZIKV-infected cells from fetal brain, indicating that the activation of Bax and caspase-3
correlated with ZIKV infection (Fig. 3C and D). Western blotting also showed that the
activated caspase-3 and activated Bax could be detected by cleaved-caspase-3 and
Bax6A7 antibody in fetal brains homogenate with ZIKV infection (Fig. 3E). Those results
indeed confirmed that ZIKV infection induces the activation of Bax.

Importance of Bax on apoptosis in ZIKV-infected cells. To determine the impor-
tance of Bax on ZIKV infection-induced apoptosis relative to other proteases, siRNA

FIG 3 ZIKV infection is associated with evidence of apoptosis in mice spleen and the fetal brain. (A) Immunofluorescence analysis of
the apoptosis in spleen of mice infected with ZIKV. Seven-week-old Ifnar12/2 mice were inoculated with 103 PFU of ZIKV via a
subcutaneous route. After 5 days, mice were sacrificed and the spleens were collected for immunofluorescence analysis with ZIKV-E
antibody (green), activated caspase-3 antibody (red), and activated Bax antibody (red). DAPI was colored blue. (B) Immunofluorescence
analysis of the apoptosis in brain of fetal mice infected with ZIKV. Pregnant Ifnar12/2 mice (6days post fertilization) were inoculated
with 103 PFU of ZIKV via a subcutaneous route. After 7 days, the brain of fetal mice was collected for immunofluorescence analysis with
antibody to ZIKV-E, activated Bax, or activated caspase-3. Mock: mice with no ZIKV infection. (C) The ratio of ZIKV positive cells, Bax6A7
positive cells, and both ZIKV and Bax6A7 positive cells in spleen of mice. (D) The ratio of ZIKV positive cells, Bax6A7 positive cells, and
both ZIKV and Bax6A7 positive cells in brain of fetal mice. Data are from three independent experiments and the results are presented
as mean 6 SEM. (E) Western blot of the Bax, activated Bax, and activated caspase-3 in the brain of fetal mice infected with ZIKV. At
7days postinfection, the brain of fetal mice was collected and homogenized and then immunoblotted with antibody to ZIKV-E,
activated Bax, or activated caspase 3. Mock: mice with no ZIKV infection. ZIKV-E: Zika virus’s protein E.
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knockdown experiments were performed. SY5Y cells were transfected with siRNA
against Bax, Bak, both Bax and Bak (Bax/Bak), caspase-8, caspase-9, caspase-10, or non-
targeting siRNA as a control. At 48 h posttransfection, cells were lysed and analyzed by
Western blotting with the corresponding antibody. Results showed that the expression
levels of caspase-8, caspase-9, and caspase-10 were reduced in corresponding siRNA-
transfected cells compared to those in siControl. In addition, the expression levels of
Bax and Bak were sharply decreased not only in siBax- and siBak-transfected cells but
also in siBax/Bak-transfected cells (Fig. 4A). Cells were infected with ZIKV for another
12 or 24 h. The replication of ZIKV was monitored at 12 and 24 h after siRNA-trans-
fected cells were immunoblotted with antibody against ZIKV-E protein. Results showed
that knockdown of Bax, Bak, and caspase-8, -9, and -10 have no effect on ZIKV gene
expression (Fig. 4B).

To analyze the impact of Bax, Bak, Bax/Bak, caspase-8, caspase-9, and caspase-10
knockdown on cell viability, the release of Cyt c, and caspase-3 activity, SY5Y cells were
infected with ZIKV at 48 h posttransfection for all subsequent experiments. The cell via-
bility was determined at 24 hpi. Results showed that ZIKV rapidly induced the decrease
of cell viability in the siBak, siCaspase-8-, siCaspase-10-, and siControl-transfected cells,

FIG 4 Impact of the downregulation of Bax, Bak, caspase-8, caspase-9, and caspase-10 expression on cell apoptosis induced by ZIKV infection. (A) Western
blot of the specificity and effect of protein knockdown in siRNA-transfected cells. SY5Y cells were transfected with siRNA for 48 h and then cell lysates
were prepared for immunoblot with antibody to Bak, Bax, beta-actin, caspase-8, caspase-9, and caspase-10. siControl: cells transfected with no targeting
siRNA. siBax/Bak: cells transfected with both siBax and siBak. (B) ZIKV levels in the siRNA-transfected cells supernatants determined by immunofluorescence
focus units assay analysis (FFU). SY5Y cells were transfected with siRNA targets to Bax, Bak, both Bax and Bak (Bax/Bak), caspase-8, caspase-9, and caspase-
10. At 48 h posttransfection, cells were infected with ZIKV for another 12 h or 24 h. Cell supernatants were collected and subjected to FFU analysis with
ZIKV-E antibody. siControl: cells transfected with no targeting siRNA. (C) Analysis of the impact of ZIKV infection on the viability of siRNA-transfected cells.
Cells were transfected with siRNA as described above. At 48 h posttransfection, the cells were infected with ZIKV (MOI = 1) for 24 h and subjected to cell
viability analysis by ELISA. Mock: uninfected cells. (D) Analysis of the impact of ZIKV infection on the release Cyt c in siRNA-transfected cells. The release of
Cyt c in cytosolic fractions was determined as described in Materials and Methods. Staurosporine: siRNA-transfected cells treated with 30 nM staurosporine
for 12 h. (E) Analysis of caspase-3 activity in cells after siRNA transfection and ZIKV infection. Caspase-3 activity was measured as described in Materials and
Methods. Cyt c = cytosolic fractions of SY5Y cells incubated with Cyt c (10mM). Data are from three independent experiments and the results are
presented as mean 6 SEM. ** indicates a significant difference at P values of 0.02 compared to the control; * indicates a significant difference at P values
of 0.05 compared to the control.
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and the final cell death was more than 50% (Fig. 4C). However, the loss of cell viability
induced by ZIKV infection was delayed in siBax-, siCaspase-9-, and siBak/Bax- trans-
fected cells, with less than 10% of the loss of cell viability compared to 5% cell death
infected with ZIKV (UV) and mock.

The release of Cyt c from mitochondria to the cytosol was detected in the cytosolic
fractions. The results showed that the supernatants of ZIKV-infected cells transfected
with siControl, siCaspase-8, siCaspase-10, and siBak all contained larger amounts of Cyt
c, up to 45% more than the amount of Cyt c from the supernatants of cells treated
with staurosporine. In addition, the Cyt c losses from the mitochondria of cells trans-
fected with siBax, siBak/Bax, or siCaspase-9 were significantly attenuated, with no more
Cyt c release than that of cells infected with ZIKV (UV) and mock (Fig. 4D).

The induction of apoptosis in ZIKV-infected cells was further confirmed by analysis
of caspase-3 activity in the separated cytosolic fractions. The cytosolic fractions added
with Cyt c were used as a positive control. Results showed that ZIKV-infected cells
transfected with siControl, siCaspase-8, siCaspase-10, and siBak had higher levels of
caspase-3 activity, up to 43% compared to 100% activated by Cyt c, while the cells
transfected with siBax, siBak/Bax, or siCaspase-9 had no more than 13% caspase-3 ac-
tivity. As expected, ZIKV (UV)- and mock-infected cells exhibited little or no caspase-3
activity (Fig. 4E).

The effect of ZIKV infection on the mitochondrial membrane potential was also
studied by flow cytometry. Ionophore carbonyl cyanide m-chlorophenylhydrazone
(CICCP) was used as a positive control. ZIKV-infected cells transfected with siCaspase-8,
siCaspase-10, siBak, and siControl all showed a clear loss of the inner mitochondrial
membrane potential (Fig. 5). In contrast, the ZIKV-infected cells transfected with siBax,
siBak/Bax, or siCaspase-9 maintained a high level of tetramethylrhodamine ethyl ester
(TMRE) fluorescence, indicating only a very small loss of inner mitochondrial mem-
brane potential. As expected, both the control and ZIKV (UV)-infected cells maintained
high levels of TMRE fluorescence.

All in all, the silencing of Bax and caspase-9 expressions inhibited caspase-3 activity

FIG 5 Flow cytometry analysis of the impact of Bax, Bak, caspase-8, caspase-9, and caspase-10 downregulation on inner mitochondrial membrane potential
of ZIKV-infected cells. Cells were transfected with siRNAs as described above and infected with ZIKV. At 0, 4, 8, 12, 16, 20, and 24 hpi, cells were then
stained with TMRE for 10min at 37°C and subjected to flow cytometry analysis. CICCP, siRNA-transfected cells treated with carbonyl cyanide m-
chlorophenyl hydrazine (10mM). siControl: cells transfected with no targeting siRNA. Control: siRNA-transfected cells without ZIKV infection. siBax/Bak: cells
transfected with both siBax and siBak. Data are from three independent experiments and the results are presented as mean 6 SEM.
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and the release of Cyt c from the mitochondria and reduced the rate and amount of
cell death and mitochondrial membrane potential loss in ZIKV-infected cells. However,
silencing Bak, caspase-8, or caspase-10 expression almost did not affect the apoptosis.

Isolated mitochondria from ZIKV-infected cells could induce the activation of
recombinant Bax. As apoptosis induced by ZIKV infection was dependent on the acti-
vated Bax recruitment in mitochondria, we conducted experiments to further analyze
how this occurs. First, SY5Y cells were transfected with siBax or siControl for 48 h and
then infected with ZIKV or ZIKV (UV) for another 24 h. Bovine serum albumin (BSA) was
used as a negative control. The mitochondria were separated and incubated with BSA,
Triton X-100, and a recombinant Bax (Bax-Flag) for 1 h. The mitochondria were pelleted
by centrifugation for Western blot, and the resulting supernatants were pooled for the
assay of Cyt c release and caspase-3 activity.

The results showed that the endogenous Bax was depleted effectively by siBax
regardless of ZIKV infection. Only in siControl-transfected mitochondria treated with
BSA, a small amount of Bax can be detected, while the mitochondrial membrane was
dissolved into supernatants by Triton X-100 (Fig. 6A). We also notice that the amount
of Bax from mitochondria infected with ZIKV was larger than that from mitochondria

FIG 6 Mitochondrial fractions from ZIKV-infected cells induce recombinant Bax protein activation. (A) Western blot of the
endogenous Bax in mitochondrial fractions of siBax-transfected cells. SY5Y cells were transfected with siBax for 48 h and then
infected with ZIKV for another 24 h. The mitochondria were separated and incubated with 0.5mM BSA or/and Triton X-100 (0.2% vol/
vol) for 1 h. Then, the mitochondria were pelleted by centrifugation and immunoblotted with antibody to Bax, BSA, and Cox IV.
siControl: cells transfected with no targeting siRNA. Triton: Triton X-100-treated mitochondria. BSA: BSA (0.5mM)-treated mitochondria.
BSA and Triton: mitochondria treated by BSA (0.5mM) and Triton X-100 (0.2% vol/vol). (B) Western blot of the recruitment of exogenous
Bax to mitochondria. The separated mitochondria were incubated with recombinant Bax or/and Triton X-100 at room temperature for 2
h. Then, the pelleted mitochondria were immunoblotted with antibody to Flag and Cox IV. siControl: cells transfected with siRNA that
target to Bax. Bax-flag: Bax-flag (0.5mM)-treated mitochondria. Bax-flag and Triton: mitochondria treated by Bax-flag (0.5mM) and Triton
X-100 (0.2% vol/vol). (C and D) The impact of exogenous Bax on Cyt c release and caspase-3 activity in isolated mitochondria from
siBax-transfected cells with ZIKV infection. The separated mitochondria were incubated with BSA, Triton X-100, and an exogenous Bax
for 1 h as above. The supernatants were then collected and subjected to Cyt c assay and caspase-3 activity assay. Data are from three
independent experiments and the results are presented as mean 6 SEM.
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infected with ZIKV (UV). This is because the former is Bax-activated by ZIKV infection
and the latter is the background Bax, which loosely associated with mitochondria
membrane (Fig. 6A). A large amount of exogenous Bax-Flag can be detected at mito-
chondria membrane by ZIKV infection, while a small amount of Bax-Flag can be detected
at ZIKV (UV)-infected mitochondria membrane. This difference caused by ZIKV infection
was more obvious in siBax-transfected mitochondria membrane than in siControl-trans-
fected cells, due to the knockdown of endogenous Bax (Fig. 6B).

The amounts of Cyt c were detected in the supernatant fractions of Bax-Flag-incu-
bated mitochondria isolated from siBax-transfected cells. Results showed that 100% of
Cyt c was detected in the supernatants from mitochondria treated with Triton X-100,
regardless of ZIKV infection. However, without Triton X-100, the added Bax-Flag induced
about 44% of the total Cyt c release from the mitochondria with ZIKV infection. In addi-
tion, only about 9% of Cyt c released from the mitochondria with ZIKV (UV) infection,
which was equal to the amount of Cyt c released from BSA-incubated mitochondria with
or without ZIKV infection (Fig. 6C).

To investigate if the Bax-Flag-treated mitochondria could release factors that induce
the activation of DEVD-cleaving caspases, isolated mitochondria were incubated with
Bax-Flag, BSA, or Triton X-100 for 1 h, followed by removal of the mitochondria by cen-
trifugation and collection of the resulting supernatants (32). These supernatants were
then added to the cytosolic fractions derived from SY5Y cells, and caspase-3 activity
was measured 0.5 h later by spectrofluorimetric assays. These experiments showed
that higher caspase-3 activity (100%) was detected from mitochondria sample treated
with Triton X-100, while no more than 5% caspase-3 activity was detected from BSA
treated mitochondria, regardless of ZIKV infection (Fig. 6D). The addition of superna-
tants derived from Bax-Flag-treated mitochondria with ZIKV (UV) infection only resulted
in modest elevation (25%) in caspase-3 activity. However, supernatants from Bax-Flag-
treated mitochondria with ZIKV infection caused a striking increase (75%) in caspase-3
activity (Fig. 6D). Altogether, these results suggest that ZIKV recruited Bax protein to mi-
tochondria by directly modulating cell mitochondria.

Effect of Bcl-XL on ZIKV infection-induced Bax activation and cell apoptosis.
Bcl-XL is known to form heterodimers with Bax, inhibiting its apoptotic effect (33).
Thus, the impact of Bcl-XL protein on cell apoptosis and activation of Bax induced by
ZIKV infection were examined using SY5Y cells overexpressing Flag-Bcl-XL. SY5Y cells
that overexpressed bacterial alkaline phosphatase (BAP) were used as a control. Cell
apoptosis was analyzed by Annexin V-FITC staining. As shown in Fig. 7A, in pCMV-BAP-
transfected SY5Y cell line, 50% of cells infected with ZIKV (MR766 or SZ01) displayed
Annexin V fluorescence intensity, compared to 100% of SY5Y-BAP cells treated with
staurosporine. However, pCMV-Bcl-XL-transfected SY5Y cells that were infected with
ZIKV displayed a low Annexin V fluorescence intensity (about 15% when cells were
transfected with 4mg of pCMV-Bcl-XL plasmid). The Annexin V fluorescence intensity in
cells infected with ZIKV decreased obviously with the increasing amounts of pCMV-Bcl-
XL plasmid, indicating that Bcl-XL inhibited the apoptosis induced by ZIKV infection.

The activation of Bax was further analyzed by coimmunoprecipitation assays using
anti-Bax6A7 antibody. A large amount of activated Bax was precipitated detectably in
staurosporine-treated and ZIKV-infected SY5Y-BAP cells (cells transfected with pCMV-
BAP plasmid), but little or no activated Bax was detected in the SY5Y-Bcl-XL cells (cells
transfected with pCMV-Bcl-XL plasmid). This indicated that the overexpressed Flag-Bcl-
XL efficiently inhibited the activation of Bax (Fig. 7B). The release of Cyt c from the mi-
tochondria of SY5Y-Bcl-XL cells was also investigated by Western blotting. Cyt c was
detected in the cytoplasm fraction of SY5Y-BAP cells infected with ZIKV or treated with
staurosporine but not in SY5Y-Bcl-XL cells (Fig. 7B).

The loss of inner mitochondrial membrane potential was also analyzed in SY5Y-Bcl-
XL cells with ZIKV infection. CICCP was used as a positive control. As shown in Fig. 7C,
ZIKV infection induced the loss of the inner mitochondrial membrane potential in
SY5Y-BAP cells after 10 h postinfection. However, SY5Y-Bcl-XL cells infected with ZIKV
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maintained high levels of TMRE fluorescence similar to those of the cells infected with
ZIKV (UV), which indicated that preexpressed Bcl-XL could inhibit the loss of the inner
mitochondrial membrane potential induced by ZIKV infection.

ZIKV NS4B localizes to the mitochondria and could induce Bax activation. Since
ZIKV infection induces the classic signs of mitochondrial apoptotic pathway, we
attempted to determine which viral proteins triggered that process. We measured apo-
ptosis in SY5Y cells transfected with the plasmids that expressed ZIKV proteins (capsid,
envelope M, NS1, NS2A, NS2B, NS3, NS4A, NS4B, or NS5). Results showed that NS4B
induced cell apoptosis remarkably. The overexpression of viral membrane protein NS4A
led to low levels of cell apoptosis (Figure. 8A).

To determine the distribution of ZIKV NS4B, SY5Y cells were transfected with a
vector expressing either ZIKV NS4B or BAP with a C-terminal Flag fusion (pCMV-NS4B
and pCMV-BAP, respectively). The cytosol and mitochondria fractions of these cells
were separated by centrifugation, and equal amounts of proteins were resolved by
SDS-PAGE, followed by immunoblotting with the corresponding antibody. As shown
in Fig. 8B, in the total cell lysis, both BAP and NS4B could be detected. However, in
the mitochondria fraction, only NS4B can be detected, which indicates that NS4B
localizes to the mitochondria. A large amount of activated Bax could be precipitated
in staurosporine-treated and NS4B-expressing cells, in addition to BAP-expressing
cells.

To further assess the ability of NS4B to initiate apoptosis in SY5Y cells, we moni-
tored the release of Cyt c in the separated supernatants of cells expressing NS4B.
Results showed that cells with NS4B expression or treated with staurosporine displayed
a clear loss of Cyt c from the mitochondria fraction into the cytosol fraction (Fig. 8B).
The cell viability and caspase-3 activity were determined in NS4B-expressed cells trans-
fected with siRNA or overexpressed with Bcl-XL. Cells expressing BAP were used as a
negative control. Results showed that NS4B rapidly induced the decrease of cell viabil-
ity in the siBak-, siCaspase-8-, siCaspase-10-, and siControl-transfected cells, and the
loss of cell viability was more than 30% (Fig. 8D). However, the loss of cell viability
induced by NS4B was delayed in siBax-, siCaspase-9-, and Bcl-XL-transfected cells, with

FIG 7 Inhibition of ZIKV infection-induced apoptosis in SY5Y cells by Bcl-XL. (A) Analysis of ZIKV infection-induced apoptosis in SY5Y cells overexpressing
Bcl-XL by Annexin V-FITC staining and flow cytometry. Staurosporine, cells treated with 30 nM staurosporine for 12 h. pCMV-BAP (4mg), SY5Y cells
transfected with 4mg pCMV-BAP which could overexpress bacterial alkaline phosphatase (BAP). (B) Western blot of Cyt c and Bax in cell line with ZIKV
infection. SY5Y cells or SY5Y cells overexpressing Bcl-XL were infected with ZIKV for 24 h, and the cytosolic and mitochondrial fractions were separated. Cell
lysates were immunoblotted with antibody to Bax, Cox IV, and ZIKV-E and immunoprecipitated with anti-Bax6A7 antibody. The separated cytosolic
fractions were immunoblotted with anti-Cyt c antibody, while the mitochondrial fractions were immunoblotted with antibody to Flag and Cox IV. BAP:
SY5Y cells that overexpress bacterial alkaline phosphatase. Bcl-XL, SY5Y cells that overexpress Bcl-XL. (C) Flow cytometry analysis of the inner mitochondrial
membrane potential in cells with ZIKV infection. Cells were infected with ZIKV for 24 h, stained with TMRE for 10min at 37°C, and subjected to flow
cytometry analysis. ZIKV (BAP): SY5Y cells that overexpress bacterial alkaline phosphatase. CICCP: SY5Y cells treated with 10mM carbonyl cyanide m-
chlorophenyl hydrazine. Data are from three independent experiments, and the results are presented as mean 6 SEM. ** indicates a significant difference
at P values of 0.02 compared to the control; * indicates a significant difference at P values of 0.05 compared to the control.
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about 10% of the loss of cell viability compared to cell death induced in BAP group.
NS4B also induced relatively high levels of caspase-3-like activity in cells transfected
with siBak, siCaspase-8, siCaspase-10, and siControl, while cells transfected with
siBax, siCaspase-9, and pCMV-Bcl-XL displayed significantly less of active caspase-3
(Fig. 8D).

To determine whether ZIKV NS4B functions by interacting with Bax, we performed
a coimmunoprecipitation assay. SY5Y cells transfected with plasmids expressing Flag-
tagged NS4B and TAP were lysed and applied to an anti-Flag immunoaffinity column.
The Flag-tagged proteins were eluted and confirmed by immunoblotting with anti-
Flag and anti-Bax antibody. The results showed that SY5Y cells transfected with pCMV-
NS4B-Flag or pCMV-TAP-Flag vector could express NS4B, TAP, and the endogenous
Bax. However, the Bax can be detected not only in the eluted NS4B fractions but also
in the TAP fractions (Fig. 8E). This means that NS4B interacts directly with Bax.
Altogether, ZIKV NS4B could interact with Bax and initiate apoptosis by the release of
Cyt c, activation of caspase-3, and the loss of cell viability. The knockdown of Bax and cas-
pase-9 and overexpression of Bcl-XL could inhibit the caspase-3 activity and the loss of cell
viability in NS4B overexpressing cells, which is similar to the phenomenon induced by
ZIKV infection.

FIG 8 NS4B localizes to the mitochondria and activates the mitochondrial component of the apoptotic cascade. (A) Screening of ZIKV proteins for
apoptosis induction. SY5Y cells transfected with vectors that express Flag-tagged NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5, Capsid, and Envelope M for 24
h. The cells were harvested and stained with Annexin V-FITC. Vector: pCMV-Flag. ND, no data. (B) Western blot of the sublocation of NS4B and activation of
Bax. SY5Y cells were transfected with pCMV-NS4B or pCMV-BAP for 24 h or treated with 30 nM staurosporine for 12 h. Cell lysates were immunoblotted
with antibody to Bax, beta-actin, and Flag and immunoprecipitated with anti-Bax6A7 antibody. The separated cytosolic fractions were immunoblotted with
anti-Cyt c antibody, while the mitochondrial fractions were immunoblotted with antibody to Flag and Cox IV. Stau: staurosporine. (C) Analysis of the
impact of NS4B expression on the viability of siRNA-transfected SY5Y cells or SY5Y overexpressing cells. Cells were transfected with the siRNAs as described
in Materials and Methods. At 48 h transfection, they were transfected with either pCMV-NS4B or pCMV-BAP for another 48 h and then subjected to cell
viability analysis. Control, siControl cells treated with DMSO. (D) Analysis of the impact of NS4B on caspase-3-like activity in cell lysates of siRNA-transfected
cells. Caspase-3 activity was determined as described in Materials and Methods. Control, siControl-transfected cells treated with 30 nM staurosporine. (E)
Detection of specific interactions between NS4B and cellular Bax in cell lysates by immunoprecipitation assays and Western blot. SY5Y cells were
transfected with pCMV-NS4B or pCMV-BAP. At 24 h posttransfection, cell lysates were applied to an anti-Flag immunoaffinity column. After elution with
Flag-peptide buffer, the eluted fractions were probed with anti-Flag and anti-BaxNT antibody. Input: cell lysates overexpressed with NS4B or BAP. Data are
from three independent experiments, and the results are presented as mean 6 SEM. IP, immunoprecipitation. WB, Western blot. ** indicates a significant
difference at P values of 0.02 compared to the control; * indicates a significant difference at P values of 0.05 compared to the control.
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DISCUSSION

The association between microcephaly in newborns and ZIKV infection has becom-
ing very apparent, based on lines of evidence from human cases and animal studies
(10, 34, 35). Microcephaly is probably caused by a depletion of the founder population
of radial glia and neural stem cells in the developing brain, through either apoptotic
neural progenitor cells death or premature differentiation (28, 36). In vitro, ZIKV infec-
tion impaired neural progenitor cells proliferation and rapidly induced apoptotic cell
death through cleavage of caspases 3, 8, and 9 (18). Therefore, the association between
ZIKV infection-induced apoptosis and central nervous system abnormalities at birth would
present a valuable model for investigating the mechanisms underlying neurodevelopmen-
tal effects of ZIKV infection and exploring candidate therapeutics.

In this study, we have demonstrated that the replication of ZIKV strains SZ01 and
MR766 is highly efficient in human neuroblastoma SY5Y cells and that classic mito-
chondrial apoptosis was induced. The activation and recruitment of Bax from the cyto-
plasm to mitochondria are indispensable in this apoptotic pathway. Only the Bax was
activated, and the outer mitochondrial membrane would be permeabilized and release
proapoptogenic factors, such as Cyt c, which then promote the activation of the cas-
pase-3 and caspase-9 that mediate cellular destruction. The mechanism by which this
occurs is probably that the overexpressed ZIKV NS4B at the mitochondrial membrane
activates the proapoptotic protein Bax.

However, the detailed mechanism of activation of proapoptotic protein Bax by
NS4B remains unclear. NS4B localizes to mitochondria and triggers the exposure of the
Bax N-terminal transmembrane domain, resulting in the disruption of the mitochon-
drial transmembrane potential and Cyt c release. Alternatively, NS4B may create a
mitochondrion whose environment is favorable for the interaction and oligomerization
of Bax protein and other molecules from the mitochondria. The existence of NS4B may
lead to enhanced Bax activity when Bax “inhibitor”molecules in the cells are sequestered.

The activation of Bax inducing alterations in the mitochondria is currently contro-
versial. Bax has been shown to form channels in synthetic membranes and may even
create very high conductance channels under some circumstances (26). It is possible
that Bax creates pores in the mitochondria outer membrane which are large enough
to allow the escape of Cyt c (37). Alternatively, Bax might indirectly alter the permeabil-
ity of the outer membrane through interactions with other proteins (38). Further exper-
imentation is needed to verify any of these possibilities.

As a member of the genus Flavivirus and the family Flaviviridae (39), ZIKV is closely
related to West Nile virus (WNV), Dengue virus (DENV), Japanese encephalitis virus
(JEV), and other human flaviviruses (40, 41). Infection with those flaviviruses has been
shown to activate several signaling pathways such as endoplasmic reticulum (ER)-
stress and AKT/PI3K pathway, resulting in activation or suppression of apoptosis in vi-
rus-infected cells (42). The nuclear localization of DENV capsid protein is required for
its interaction with Fas death domain associated protein xx (DAXX) and the induction
of apoptosis (43). NS2A is involved in WNV-induced apoptosis and pathogenesis. The
protease activity of NS3 in JEV and DENV induces apoptosis through the activation of
caspase-3 or caspase-8. NS2B, a cofactor of NS3, is required for the induction of NS3-
induced apoptosis (44–46). Based on current research, the involvement of Bax in flavi-
virus-induced apoptosis is more specific to ZIKV. However, further investigation is
needed to verify any of these possibilities.

This report presents new insights into understanding the interplay between apo-
ptosis and ZIKV infection, which is different from apoptosis induced by JEV, DENV, and
WNV infection. SY5Y cells lacking Bax expression showed resistance to ZIKV infection-
induced apoptosis, which provides the evidence that ZIKV induces cell apoptosis by
modulating Bax activation and reveals important clues regarding the mechanism of
Cyt c release and mitochondria permeabilization during ZIKV infection. Furthermore,
the robust apoptosis phenotype displayed by mice (Ifnar12/2) spleens and fetal brains
offers a useful model for testing candidate therapeutics and for investigating genetic
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or other biological factors that may confer increased susceptibility or resistance to the
neurodevelopmental defects due to ZIKV infection.

MATERIALS ANDMETHODS
Cells and viruses. SY5Y and Vero cells were propagated and maintained in double modified Eagle’s

medium (DMEM) supplemented with antibiotics (penicillin and streptomycin) and 10% fetal bovine se-
rum (Invitrogen), at 37°C in the presence of 5% CO2. The ZIKV strains SZ01 and MR766 kindly provided
by Bi Yuhai and Li Shihua (Institute of Microbiology, Chinese Academy of Sciences, Beijing, People’s
Republic of China) were propagated and purified as described by Prestwood et al. (47). The ZIKV (UV) is
a mutant of ZIKV (MR766) derived by treatment with UV light. Briefly, 200ml of ZIKV preparations con-
taining 2.5% fetal calf serum (FCS) was exposed to UV light of a laminar flow for up to 60min. Cells were
infected with ZIKV at a multiplicity of infection (MOI = 1). After adsorption for 1 h at 4°C, the cells were
washed twice with phosphate-buffered saline (PBS) and cultured in DMEM containing 2% calf serum at
37°C in the presence of 5% CO2.

Virus titer determination. To determine virus titers, Vero cells were plated into 96-well dishes and
infected with the serially diluted ZIKV. After incubation for 45min at 37°C, the virus suspension was
replaced with DMEM containing 2% fetal bovine serum. The cultures were incubated at 37°C for 3 days,
and plates with cytopathic effects were counted. Virus titers were determined by the Reed-Muench
method. Virus titer values presented are means and standard deviations (SD) based on three independ-
ent experiments.

Ethics statement. This study was performed in strict accordance with the recommendations in the
guide for the care and use of laboratory animals of the Institute of Microbiology, Chinese Academy of
Sciences (IMCAS) Ethics Committee, and all experiments conform to the relevant regulatory standards.
The experiments and protocol were approved by the Committee on the Ethics of Animal Experiments of
IMCAS. All animal experiments were conducted under isoflurane anesthesia to minimize animal suffer-
ing. Studies with ZIKV were conducted in a biosafety level 2 (BSL2) lab.

Mouse experiments. Type I IFN receptor a chain null mice (Ifnar12/2) were backcrossed onto a
C57BL/6 background (48). Ifnar12/2 mice were purchased from Jackson Laboratories (USA) and were
bred in a specific-pathogen-free facility at Institute of Microbiology, Chinese Academy of Sciences.
Seven-week-old Ifnar12/2 mice were intraperitoneally (i.p.) injected with a total dose of 103 PFU ZIKV
(n= 10 for each group). At 5 days postinfection, the mice were euthanized and the spleen was harvested
for immunofluorescence analyses. Pregnant Ifnar12/2 mice were inoculated with 103 PFU of ZIKV via a
subcutaneous route. After 7 days, the brains of fetal mice were collected for immunofluorescence
analysis.

Reagents and antibodies. The protease inhibitor cocktail, staurosporine, 49,6-diamidino-2-phenylin-
dole (DAPI), and TMRE were obtained from Sigma-Aldrich (Missouri). DMSO, bis-maleimidohexane
(BMH), and Lipofectamine 3000 transfection reagent were obtained from Invitrogen (USA). ZIKV-specific
polyclonal antibody was produced from rabbit immunized with ZIKV-E protein. ZIKV-specific monoclonal
antibody was obtained from Dr. Wang (Institute of Microbiology, Chinese Academy of Sciences, Beijing,

TABLE 1 Reagents and antibodies used in this manuscripta

Antibodies/reagents Source Identifier Working dilutions
Caspase-3 antibody CST #9662S 1:2,000 (WB)
Cleaved-caspase-3 antibody CST #9661 1:500 (IF); 1:2,000 (WB)
Caspase-8 antibody Abcam Ab108333 1:2,000 (WB)
Caspase-9 antibody Abcam Ab32539 1:2,000 (WB)
Caspase-10 antibody Abcam Ab32155 1:2,000 (WB)
Bcl-XL antibody CST #2764 1:2,000 (WB)
BSA antibody CST #66271 1:2,000 (WB)
Cyt c antibody CST #11940 1:2,000 (WB)
Flag antibody Santa Cruz Ab205606 1:4,000 (WB)
Bak antibody Santa Cruz SC518110 1:500 (WB)
Bak (Ab-1, clone TC-100) antibody Merck AM03 1:500 (F)
Beta-actin antibody Santa Cruz SC8432 1:4,000 (WB)
Cox IV antibody CST #4850 1:200
Bax (6A7) antibody Santa Cruz SC23959 1:200 (IP); 1:500 (F)
HRP-conjugated anti-rabbit IgG Santa Cruz SC2004 1:1,000 (WB)
FITC-conjugated anti-rabbit IgG Santa Cruz SC2012 1:1,000 (IF)
FITC-conjugated anti-mouse IgG ZSGB-BIO ZF-0312 1:1,000 (IF)
HRP-conjugated anti-mouse IgG Santa Cruz SC2010 1:1,000 (WB)
zLEHD.Fmk Beyotime C1202 15mM
zDEVD.Fmk Beyotime C1206 25mM
Staurosporine Beyotime S1882 30 nM
CICCP Sigma-Aldrich #555-60-2 10mM
aWB: western blot; IF: immunofluorescence; F: Flow cytometry.
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People’s Republic of China). Other antibodies and reagents are listed in Table 1. Caspase-3 activity assay
kit, caspase-9 activity assay kit, and Annexin V-FITC were obtained from Biyotime, China.

Cell viability, mitochondrial membrane potential, and caspase-3 activity assays. Cell viability
was analyzed as described by using CCK-8 kit (31). CCK-8 reagent was added into each dish, incubated
for 2 h, and measured at 450 nm and 600 nm using microplate reader. To detect cell apoptosis, the cells
were harvested and resuspended in Annexin V binding buffer at a concentration of 1� 106 cells/ml. The
cells were mixed with Annexin V-FITC and then incubated for 15min at room temperature in the dark.
The fluorescence signals were detected by BD FACSCalibur (Becton, Dickinson) and data were quantified
using the Cellquest software (Becton, Dickinson).

Mitochondrial membrane potential was assayed by staining the cells with TMRE (Molecular Probes).
The cells were stained by incubating them in a medium buffer containing 0.2mM TMRE for 20min at
37°C. After washing thrice with PBS, TMRE fluorescence was detected by flow cytometry.

The activity of caspases-3 and caspase-9 was measured with the Ac-DEVD-pNA and Ac-LEHD-pNA
assay kit according to the manufacturer’s instructions. Briefly, 200ml of Ac-DEVD-pNA reagent were
added to each well containing 40ml aliquots of cell supernatants, mixed using a plate shaker at 300 to
500 rpm, and incubated at room temperature for 0.5 h. The luminescence of each sample was measured
in a fluorescent microplate reader (Bio-Rad, CA, USA) at the excitation/emission wavelengths of 400/
505 nm.

Mitochondria isolation and Bax cross-linking. Mitochondrial fractions were prepared as before
(49, 50). In brief, cells were lysed and centrifuged at 2,000 � g for 10min, and pellet was resuspended in
cold mitochondria isolation buffer for 10min and centrifuged at 3,000 � g for 5min to pellet the unlysed
cells and nuclei. The supernatant was further centrifuged at 14,000 � g for 20min to obtain the mito-
chondria pellet. The mitochondria fraction was directly used for other experiments.

For Bax cross-linking, the mitochondria were resuspended in PBS buffer (pH 7.2) and subjected to
cross-linking using 0.2 mM BMH for 2 h at 4°C. The reaction was stopped by adding quenching solution
and stored at220°C for later analysis by Western blotting.

RNA interference experiments. SY5Y cells were plated in culture dishes and allowed to grow for 24
h to approximately 90% confluence. A mixture of Opti-MEM medium and Lipofectamine 3000 was incu-
bated for 5min at room temperature before adding 50 nM siRNA (siRNA sequences are listed in Table 2)
and then incubated for 10min at room temperature. This mixture including siRNA or recombinant plas-
mid was then added to the well. Twenty-four hours after transfection, the medium was changed and
analyses were performed at the indicated time after transfection. Gene silencing or protein expression
was verified by detecting proteins by Western blotting after transient transfection of SY5Y cells with
siRNA.

Immunofluorescence, immunoprecipitation, and Western blot. For cells immunofluorescence,
cells were stained using mitotracker red (50 nM) and grown on coverslips for 15min. The cells were then
fixed with 4% paraformaldehyde for 30min and permeabilized with 0.2% NP-40 for 15min. For ZIKV
staining, we used a fluorescein isothiocyanate (FITC) conjugated human monoclonal antibody or mouse
monoclonal antibody against ZIKV protein E. For cleaved-caspase-3 staining, caspase-3 monoclonal anti-
body was used. For activated Bax staining, Bax (6A7) monoclonal antibody was used. After three washes
with PBS, immunofluorescence was examined under an inverted fluorescence or a confocal laser scan-
ning microscope.

For tissues immunofluorescence, spleens and fetal brain were fixed in 10% neutral phosphate-buf-
fered formalin, routinely processed, and sectioned at 6mm. Frozen tissue sections were air-dried for
10min at room temperature before fixing with ice cold acetone for 10min. The sections were washed
by PBS 3 times and blocked with blocking buffer (1% BSA, 0.3% Triton, 1� PBS) at 37°C for 30min. The
sections were then incubated with the primary antibody (caspase-3 or Bax6A7) at 4°C overnight. After
rinsing with PBS, secondary antibody was applied for 1 h at 37°C. The sections were then washed with
PBS and counterstained for nuclei using DAPI following the manufacturer’s instructions.

Immunoprecipitation was performed as described before (32). In short, anti-Bax6A7 or anti-Flag
monoclonal antibody was immobilized on agarose beads. After washing three times with PBS and once
with lysis buffer, the beads were incubated with cell lysate overnight at 4°C with gentle rocking. After
washing with lysis buffer and PBS, the incubated beads were boiled and proteins in the supernatant
were collected and subjected to Western blotting.

For Western blotting, cells were extracted with radioimmunoprecipitation assay (RIPA) buffer with
protease inhibitor, incubated for 30min on ice, and centrifuged at 12,000 � g for 10min at 4°C, and the
supernatants were collected. Equal amounts of protein (50mg) were heat-denatured in sample-loading

TABLE 2 Sequences of siRNAs used in this paper

siRNA Sequence
siControl UUCUUCGAACGUGUCACGUUU
siBax GGUCACCUUACCUCUGCAAUU
siBak GGAGCUGCAGAGGAUGAUUUU
siCaspase-8 AACCUCGGGGAUACUGUCUGA
siCaspase-9 UUGCGGCGUCGCUUCUCCUC
siCaspase-10 UUCUGACCCAUGGGAGAUUU
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buffer and separated by SDS–PAGE (10% polyacrylamide, 0.1% SDS). Proteins were then blotted with
the following antibodies: monoclonal anti-Bax diluted at 1:2,000, anti-Flag diluted at 1:2,000, anti-b-actin
diluted at 1:4,000, anti-CoxIV diluted at 1:2,000, anti-ZIKV, caspase-8, -9, and -10, cytochrome c, and Bak
diluted at 1:1,000.

Plasmid construction and protein expression. To create expression vectors that express Flag-
tagged NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5, capsid, envelope M, and BAP, all of those genes were
chemically synthesized and ligated to the HindIII and SalI sites of the pCMV-C-Flag vector. The full-length
human cDNA for Bcl-XL was cloned and ligated to the restriction site of the pcDNA3.1-Flag plasmid after
digesting with PstI and SalI. The recombinant plasmid was then transfected into SY5Y cells by using
Lipofectamine 3000 according to the manufacturer’s instructions. The expression of Bcl-XL-Flag in trans-
fectants was confirmed by Western blotting. Recombinant Bax with a Flag tag was expressed and puri-
fied as described before (49).

Statistical analysis. Data were subjected to one-way analysis of variance with factors of treatments
and expressed as means plus or minus standard deviation (SD). Comparisons between any two groups
were performed by unpaired Student’s t tests.
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