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SUMMARY

Zika virus (ZIKV) targets neural progenitor cells in the brain, attenuates cell proliferation, and
leads to cell death. Here, we describe a role for the ZIKV protease NS2B-NS3 heterodimer in
mediating neurotoxicity through cleavage of a host protein required for neurogenesis. Similar to
ZIKV infection, NS2B-NS3 expression led to cytokinesis defects and cell death in a protease
activity-dependent fashion. Among binding partners, NS2B-NS3 cleaved Septin-2, a cytoskeletal
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factor involved in cytokinesis. Cleavage of Septin-2 occurred at residue 306 and forced expression
of a non-cleavable Septin-2 restored cytokinesis, suggesting a direct mechanism of ZIKV-induced
neural toxicity.

In Brief

Mechanisms by which Zika virus leads to microcephaly are poorly understood. Here, Li et al.
demonstrate the Zika protease, required for viral replication, associates with host proteins and
cleaves Septin-2, a protein required for neural cell division.
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INTRODUCTION

Zika virus (ZIKV) represents a new threat to global health, due to the unexpected
association with congenital neurodevelopmental birth defects observed in the fetuses of
infected women during critical periods of pregnancy. During the peak of the epidemic in
Brazil in 2016, the reported incidence of microcephaly increased 26-fold over baseline
(Butler, 2016). ZIKV is capable of direct infection of neural progenitor cells in the fetal
brain, leading to delayed mitosis, activation of p53, and apoptotic cell death (Ghouzzi et al.,
2017; Li et al., 2016c; Ming et al., 2016; Zhang et al., 2016).
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ZIKV contains a positive single-stranded 11-kb RNA genome encoding three structural (C,
prM, and E) and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and
NS5), providing functional diversity required for its life cycle. Individual ZIKV proteins
tested to date, when introduced into human neural precursor cells (hNPCs) or fetal murine
brain, can impact neurogenesis but are insufficient to mediate cell death (Liang et al., 2016;
Yoon et al., 2017). Some ZIKV proteins can form heteromultimeric complexes, including
prM and E, which assemble during viral packaging (Lorenz et al., 2002), and NS2B and
NS3, which form a functional heterodimeric protease (Zuo et al., 2009). NS2B is a co-factor
of NS3, which enhances its proteolytic activity and stabilizes its folding. NS3 is a
multifunctional protein common to the flavivirus genus, with an N-terminal serine protease
domain and a C-terminal nucleoside triphosphatase (NTPase) and RNA helicase domains
(Wengler and Wengler, 1991).

Cytokinesis is the final stage of cell division whereby the two daughter cells physically
separate, which requires contribution from the septin cytoskeleton. During cytokinesis, the
contractile ring forms beneath the cell’s equatorial surface to form the cleavage furrow, and
then ingression of the furrow results in the formation of an intercellular bridge called the
midbody (D’Avino et al., 2015) and then finally abscission as the two daughter cells
separate. Cytokinesis failure results in binucleated and multi-centrosome-containing cells,
with resultant aneuploidy, genotoxic stress, and cell death (Hayashi and Karlseder, 2013).
Septins are highly conserved guanosine triphosphate (GTP)-binding proteins that hetero-
oligomerize (Mostowy and Cossart, 2012) and are crucial for midbody formation during
cytokinesis (Shindo and Wallingford, 2014; Spiliotiset al., 2005) as well as membrane
trafficking, spermatogenesis, and dendrite branching (Beites et al., 1999; Ihara et al., 2005;
Xie et al., 2007). Of the 14 septin paralogs in humans, Septin 2, 6, and 7 bind in a
heterotrimeric linear fashion (Weirich et al., 2008), which then binds other trimers to
produce filaments and rings (Sirajuddin et al., 2007).

Congenital microcephaly refers to birth head circumference <2 SDs below mean, which can
have genetic or environmental/ viral origins (Molpe et al., 2018), and ZIKV-related
microcephaly shares many radiographic and pathological features with genetic forms of
disease (Besnard et al., 2016; Chimelli et al., 2017; de Fatima Vasco Aragao et al., 2016).
Two genes mutated in recessive microcephaly in particular, K/F14 (kinesin 14) and
CIT(citron kinase), encode proteins that localize to the mitotic cleavage furrow. Loss of
either demonstrates delayed mitosis due to failed abscission, supernumerary centrosomes,
and multinucleated cells (LoTurco et al., 2003; Madaule et al., 1998; Moawia et al., 2017),
resulting in chromosomal instability and p53-sensitive cell death (Bianchi et al., 2017).
Although the ZIKV-related and K/F14/CIT-related microcephaly differ in that ZIKV cases
show frequent brain calcification (de Fatima Vasco Aragao et al., 2016; Zare Mehrjardi et
al., 2017), recent evidence suggests that ZIKV-infected cells strikingly share several of these
mitotic defects with K/F14 or C/T deficiency (Carleton et al., 2006; Li et al., 2016b;
Moawia et al., 2017; Onorati et al., 2016; Souza et al., 2016; Wolf et al., 2017).

Due to the similarities with these forms of microcephaly, and because ZIKV targets the
radial glial neural stem cells of the brain (Garcez et al., 2016; Wu et al., 2016), we reasoned
that ZIKV proteins might inadvertently impact the function of one or more proteins involved
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in neuronal cell division. Here, we show that the active NS2B3 ZIKV protease is capable of
mediating cytotoxic effects of ZIKV, including delayed cytokinesis and failed mitotic
abscission. We traced this to off-target direct cleavage of the host Septin 2 protein at residue
306, which leads to alterations of Septin cytoskeletal components. Introduction of a non-
cleavable Septin 2 partially restores cytokinesis in cells expressing NS2B3. We thus isolate a
ZIKV toxic component mediating cytokinesis defects. These results suggest a potential
target for drugs to reduce the burden of disease.

ZIKV Protease NS2B3 Expression Results in Multipolar Spindles

To test for potential toxic effects of the ZIKV protease, we utilized just the N-terminal NS3
protease domain fused with the NS2B protein, termed NS2B3, derived from the American
strain, which fully reconstitutes protease activity (Lei et al., 2016). We generated stable
human 293T cell lines expressing NS2B3 and examined cell proliferation rates. We found
that cells expressing NS2B3 exhibited a 33% reduction in EAU labeling as well as a 36%
reduction in phosphor-histone H3 (pH3) immunoreactivity (Figures 1LA-1D), suggesting
reduced cell division. Correlated with this was evidence of profound cell death, evidenced
by extensive cleaved caspase-3 positivity (Figures 1E and 1F). There was a dramatic 580%
increase in the percent of cells with multipolar spindles and supernumerary centrosomes
following NS2B3 expression (Figures 1G and 1H), similar to effects observed in ZIKV-
infected cells (Figures SLA-S1C; Onorati et al., 2016; Souza et al., 2016; Wolf et al., 2017).
None of these cellular phenotypes were observed in cells expressing proteolytically inactive
NS2B3, containing a S135A (SA) mutation at the catalytic site (Zhou et al., 2006). Taken
together, these results suggest that NS2B3 is sufficient to alter cell proliferation and survival,
in a fashion similar to ZIKV infection, and may act to cleave one or more host proteins.

ZIKV Proteaseome Includes Septin Family Members

To identify putative ZIKV protease targets, we performed co-affinity purification using
recombinant glutathione S-transferase (GST)-tagged NS2B3 (Figure 2A) incubated with
hNPC lysates, followed by mass spectrometry analysis. We utilized the S135A mutant,
reasoning that this might prolong interactions with binding partners due to its inability to
cleave substrates. The co-affinity purification identified a series of proteins interacting with
NS2B3 (Figure 2B; Table S1; Student’s t test; p < 0.05), which we termed the ZIKV
proteaseome (ZPO). Strikingly, these proteins clustered into seven specific interaction
modules (Figure 2C): cytoskeleton; protein folding; proteasome; RNA binding and
processing; chromosome maintenance; metabolism; and ribosome, suggesting one or more
proteins within each module might be a protease target.

The cytoskeleton module within the ZPO had three hits in sub-units of the septin
cytoskeleton, Septin-2 (SEPT2), Septin-7 (SEPT7), and Septin-9 (SEPT9). We confirmed
the interaction between ZIKV NS2B3 and SEPT2/SEPT7 by western blot (Figure S1A). We
found that native ZIKV NS3 interacts with SEPT2 directly, and the interaction was enhanced
by the presence of NS2B (Figure S1B), excluding the possibility of an artificial interaction
mediated by nonnative NS2B3 fusion protein. Septins form a key component of the
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contractile ring and midbody (Estey et al., 2010), which we confirmed in cultured cells
(Figure S2C), and function with KIF14 and CIT in cytokinesis (EI Amine et al., 2013;
Kremeret al., 2005), encoded by two genes recently implicated in congenital microcephaly.
The septin ring is critical for telophase abscission, during which the two daughter cells
separate. This made septins attractive candidates in the pathogenesis of ZIKV-induced
microcephaly.

ZIKV NS2B3 Protease Mediates Cleavage of Septin-2 at Residue R306, Leading to Reduced
Septin Levels

We next tested whether SEPT2 or SEPT7 was a substrate of the protease by transient
transfection of ZIKV NS2B3 in 293T cells. Cells transfected with NS2B3 wild-type (WT),
but not S135A, showed a down-shifted band of SEPT2 when probed with an anti-SEPT2
antibody (Figure 3A), suggesting cleavage by NS2B3. We compared SEPT2 levels between
cells with and without NS2B3 expression in the same field of view by immunocytochemistry
using an antibody against C-terminal SEPT2 and found NS2B3 WT, but not S135A, led to
reduction of SEPT2 immunoreactivity (Figures S3A and S3B), suggesting loss of C-terminal
SEPT2 from NS2B3-mediated cleavage. Because transient transfection would leave some
cells untransfected, which could blunt the observed effects, we next studied SEPT2 levels in
293T cells stably expressing NS2B3. We observed a reduction in endogenous SEPT2 level,
as well as presence of the cleaved SEPT2, which was notably more intense than following
transient transfection (Figure S3C). SEPT7 did not show a cleavage product but exhibited a
reduced level (Figure 3B), consistent with previous observations that stoichiometric levels
are required for stability of the reciprocal septins (Kinoshita et al., 2002). SEPT9 level
remained unchanged upon NS2B3 expression (Figure S3D).

Next, we confirmed the presence of the down-shifted SEPT2 band and reduced SEPT7 in
hNPCs infected with ZIKV comparing to cells with mock infection (Figures 3C and 3D),
suggesting that the natural heterodimer produced by ZIKV infection is also capable of
cleaving SEPT2. To exclude the possibility that SEPT2 was cleaved indirectly by a
downstream protease, we repeated the experiment /n7 vitro with recombinant proteins. ZIKV
NS2B3 WT showed a dosage-dependent cleavage of human SEPT2, with molecular weight
reduced by ~9 kDa from the C terminus, using anti-N-and C-terminal SEPT2 antibodies
(Figure 3E). The sizes were consistent with the cleavage products observed following
cellular transfection and suggest a single cleavage within the C-terminal domain of SEPT?2
near the guanine nucleotide binding (G) domain, likely inactivating its function (de Almeida
Marques et al., 2012; Meseroll et al., 2013; Sirajuddin et al., 2007).

Typical flavivirus proteases prefer substrates with basic residues (Arg or Lys) at the P1 and
P2 sites and a short side chain (Gly, Ser, or Ala) at the P1” site (Chambers et al., 1990;
Yamshchikov and Compans, 1995). The C-terminal region of human SEPT2 revealed three
such potential cleavage sites: R306; K310; and R341 (Figure 3F). To identify candidate
cleavage sites, we performed liquid chromatography-tandem mass spectrometry (LC-
MS/MS) on gel-extracted SEPT2 C-terminal cleavage product, together with a control using
full-length SEPT2. We used ASP-N and trypsin digestion combined with propionyl labeling
of primary amines to distinguish between ZIKV protease and ASP-N and trypsin protease
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cleavages (Yamshchikov and Compans, 1995; Figures 3G and S3E). The recovered peptide
fragments from all three digest patterns suggested that C-terminal ZIKV protease cleavage
occurred before residue 330, ruling out potential cleavage site R341. We also identified
peptide K31%pVENEDMNK (Figure S3F; where p represents propionate) from propionyl-
trypsin digestion, which argued against K310 cleavage. We identified the N-terminal labeled
peptide G39’"GRKVENE31* (Figure 3H) from propionyl-ASP-N digestion, which led to
cleavage after glutamic acid (E), suggesting cleavage by NS2B3 at R306. We confirmed
these results by introducing an alanine substitution at R306 of SEPT2 (SEPT2R306A) which
was impervious to ZIKV NS2B3 in our /n vitro protease assay (Figure 31). To examine the
impact of R306 cleavage on SEPT2 function, we transfected constructs expressing EGFP-
fused full-length SEPT2 or with a C-terminal truncation at residue 306 (DC). EGFP-SEPT2
concentrated at the cleavage furrow during telophase as expected; however, EGFP-SEPT2AC
was mislocalized throughout the cell cortex (Figure S3G). In addition, SEPT2 in cells
engineered to stablyexpress NS2B3 failed to localize at the midbody during telophase,
consistent with mislocalization as a result of NS2B3 cleavage (Figure S3H). We also found
failed localization of SEPT2 and SEPT7 at the midbody in ZIKV-infected hNPCs (Figures
S3I and S3J), suggesting disrupted septin complex upon ZIKV infection.

SEPT2 or SEPT7 Interference or ZIKV NS2B3 Expression Delays Cytokinesis, Partially
Rescued by Non-cleavable SEPT2

Although septins are required for cytokinesis, their roles during neurogenesis are not known.
We thus tested the roles of SEPT2 and SEPT7 during neurogenesis in cultured hNPCs
(Figure S4A). We found that knockdown of SEPT2 or SEPT7 led to a 33% or 27% reduction
in EdU-marked cells or 38% or 47% reduction in pH3-marked cells, respectively (Figures
4A, 4B, S4B, and S4C). The changes following SEPT2 or SEPT7 knockdown in hNPCs
correlated with reduced survival and increased activated caspase-3 (Cas3), compared with
control cells (Figure 4C), similar to what we found upon NS2B3 forced expression or
published results following ZIKV infection. Considering the well-established role of septins
in cytokinesis, we performed time-lapse recordings and observed ~6% of cells with SEPT2
knockdown completely failed abscission, and the remainder managed to complete
cytokinesis but took 200% longer time than control. Knockdown of SEPT7 led to less severe
cytokinesis delay, with a 123% increase in length of cytokinesis as comparing to control
(Figures 4D and 4E). Similarly, a 160% increase in cytokinesis length was observed in 293T
cells stably expressing NS2B3, but not S135A NS2B3 (Figures 4F and 4G). We also
observed a lengthening of cytokinesis by 248% in hNPCs with NS2B3 expression (Figures
S4D and S4E) and by 200% by ZIKV infection (Figures S4F-S4H). Given that SEPT2
R306A was impervious to ZIKV NS2B3 cleavage, we attempted to rescue the NS2B3-
induced phenotype by co-expression of SEPT2-R306A. First, we confirmed that SEPT2
R306A produced a stable and properly localized protein in cells (Figure S41). We found that
cells expressing both ZIKV NS2B3 and SEPT2-R306A showed a partial rescue of
cytokinesis delay (Figures 3H and 3I) and formation of multipolar spindle cells (Figures S4J
and S4K) compared with ZIKV NS2B3 alone. In addition, co-expression of SEPT2-R306A
restored SEPT7 level at the mid-body during cytokinesis in cells with NS2B3 expression
(Figure S4L). The results suggest cleavage of SEPT2 by the NS2B3 protease results in failed
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cytokinesis and delayed cell division, events that are well established to induce genotoxic
stress and cell death (Fuchs and Steller, 2011; Pucci et al., 2000).
DISCUSSION

Here, we describe a potential mechanism by which a single ZIKV component, the protease,
can induce toxicity in hNPCs. ZIKV protease displays specific catalytic efficiency many
times higher than for the West Nile protease, attributed to sequence divergence or the ability
of ZIKV protease to dimerize, which may potentiate this mechanism in neural cells (Lei et
al., 2016). We found that expression of NS2B3 was sufficient to mediate cellular toxicity, an
effect that depended upon protease activity. ZIKV protease expression causes delayed cell
division, increased cellular apoptosis, and multipolar spindles, effects attributable to a defect
in cytokinesis. We found that ZIKV NS2B3 bound to and cleaved host SEPT2 and led to
disruption of SEPT2 and SEPT7 containing septin complex at the midbody during
cytokinesis.

Previous work identified other host substrates of flavivirus proteases, which could impact
both viral replication and host response: FAM134B is a reticulophagy receptor that is
cleaved by flaviviral proteases at a polybasic residue hinge domain (Lennemann and Coyne,
2017). FAM134B cleavage inhibits reticulophagy, leading to enhanced viral replication
presumably by mobilizing endoplasmic reticulum (ER) membrane for efficient viral
budding. Further, both ZIKV and the closely related Dengue virus proteases can cleave
human, but not mouse, Sting protein (Aguirre et al., 2012; Ding et al., 2018; Yu et al., 2012),
a positive regulator of the interferon response, and provides a potential explanation for why
humans, but not mice, are susceptible to flaviviral infection.

Whether protease from other flaviviruses target septins remains to be tested. No other
flavivirus have been yet reported to cause microcephaly; thus, it is also possible that the
special tropism toward hNPCs, or the ability of ZIKV to penetrate the placental and fetal
brain, may contribute to microcephaly mechanisms (Cugola et al., 2016; Martines et al.,
2016; Miner et al., 2016; Tabata et al., 2016). We compared the sequence of ZIKV NS2 and
NS3 protease domains between different ZIKV isolates. ZIKV was first isolated from
Uganda in 1947, followed by small outbreaks in Southeast Asia and the Pacific Islands prior
to the recent epidemic. We found that the Asian and American strains share the same
sequence; however, the African strain differs by one amino acid in NS2B and three amino
acids in the NS3 protease domain within the protease-relevant regions (Figure S4M). We
thus cloned and transfected these American and African strain-specific NS2B3 isoforms in
human cells and found similar cleavage efficiency of SEPT2 (Figure S4N). This argues that
the propensity of the ZIKV protease toward SEPT2 is not limited to strains linked to
microcephaly.

Multiple studies have shown that ZIKV infection in human NPCs leads to growth
impairment, Cas3 activation, and apoptosis, but mechanisms of toxicity are still under
investigation. Robust transcriptional changes have been reported in NPCs following ZIKV
infection, predominantly upregulation in apoptotic and immune-response pathways and
downregulation of cell-cycle pathways (Dang et al., 2016; Li et al., 2016a; McGrath et al.,

Neuron. Author manuscript; available in PMC 2019 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 8

2017). Interestingly, transcriptional changes were noted in genes previously found mutated
in primary microcephaly (Li et al., 2016a). One way this occurs is through a direct effect of
the ZIKV transcript on the ability of the neural RNA-binding protein Musashi-1 to bind to
endogenous targets, increasing viral load and reducing expression of factors implicated in
neural stem cell function (Chavali et al., 2017). ZIKV proteins NS4A and NS4B can directly
suppress neurogenesis through inhibition of Akt-mTOR signaling (Liang et al., 2016). ZIKV
NS2A expressed in mouse embryonic brain leads to reduced proliferation through an effect
on cellular adherens junctions (Yoon et al., 2017). ZIKV infection leads to mitochondrial
sequestration of phospho-TBK1 and centrosomal depletion (Onorati et al., 2016). Finally,
not all ZIKV pathology is mediated by infection of NPCs, as there is a robust vascular and
inflammatory response in the brain, leading to leaky blood brain barrier and macrophage
infiltration (Shao et al., 2016). These factors likely combine to produce neurotoxic effects,
limiting NPC health, ultimately resulting in microcephaly.

STARXMETHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Joseph G. Gleeson (jogleeson@ucsd.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture—HEK?293T and Hela cells were purchased from ATCC and grown at 37°C in
DMEM medium supplemented with 10% fetal bovine serum and Penicillin-Streptomycin.
Aedes albopictus C6/36 cells (ATCC CRL-1660) were maintained in RPMI-1640 medium
with 2% FBS at 28°C. Neural progenitor cells derived from human H9 ES cells were
cultured at 37°C in DMEM/F12 media, supplemented with 0.5X N2, 0.5X B27, 20 ng/ul
bFGF.

Generation of stable 293T cell lines—Lentivirus using pPCDH-CMV-MCS-EF1-
copGFP-NS2B3 was generated with WT or S135AZIKV NS2B3, then transduced into 293T
cells, FACS-sorted for GFP-positive cells 4d after infection, propagated and verified for
GFP-positivity, then used for cellular and biochemistry assays.

Human neural progenitor cells culture—Neural progenitor cells (NPCs) were
obtained from embryoid bodies (EBs) originating from human H9 ES cells formed by
mechanical dissociation of cell clusters and plated in suspension in differentiation medium
(DMEM F12,1X N2,1uM Dorsomorphin (Tocris), 2 uM A8301 (Tocris) and rotated at 95
rpm for 7d as described (Li et al., 2016b), then EBs plated onto Matrigel (BD Biosciences)
coated dishes in NBF medium (DMEM F12, 0.5X N2, 0.5X B27, 20 ng/ul bFGF). Rosettes
were collected after 5-7d, dissociated with Accutase (Millipore), and resultant NPCs plated
onto poly-ornithine/laminin (Sigma) dishes with NPC medium, and used within 1wk.

Authentication of cell lines used—We used HEK293T cells (sex typed as female) and
H9 ESC (sex typed as female) that were obtained directly from ATCC, and thus they were
not further authenticated. All cell lines under active culture were screened monthly for the
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presence of mycoplasma, and all tests were negative throughout the course of data
acquisition.

METHOD DETAILS

DNA construction—The ORF of ZIKV NS2B3 WT/S135A (Shiryaev et al., 2017) was
cloned to pPCDH-CMV-MCS-EF1-copGFP using Gibson cloning method. SEPT2 and
SEPT7 ORFs were amplified human NPC cDNA and cloned into pcDNA3.1(+) and
pGEX-6P. Mutations were introduced with site-directed mutagenesis and all cloning was
performed with Gibson isothermal method, then sequence-verified. Knockdown of human
SEPT2 and SEPT7 was performed with Sigma MISSION® shRNA reagents. Flag-ZIKV
NS3 expression construct is a gift from Hongjun Song’s lab.

Immunofluorescence—Cultured cells were permeabilized with 1% Triton X-100 in PBS
(PBT), blocked with Donkey serum (Millipore) and immunostained with antibodies against
flavivirus envelope protein (MAB10216, 4G2 clone 1, EMD Millipore 1:500), pH3-Ser10
(06-570, Millipore, 1:500), a-tubulin (sc-53030, Santa Cruz, 1:500), CEP63 (06-1292,
Millipore, 1:250), active-Caspase-3 (AB3623, Millipore, 1:250), GFP (MA1-952, Thermo-
Fisher, 1:500), SOX2 (MA1-014, Thermo-Fisher, 1:500), Nestin (NES, Aves, 1:500). Alexa
Fluor® secondary antibodies (Invitrogen, 1:500) were used for detection. EdU labeling and
staining were performed with the Click-iT EdU Kit (Thermo-Fisher). Cultured cells were
labeled with 10uM EdU for 2 hours before fixation. EAU was detected using Alexa
Fluor-488 or555-azide.

Generation of NPC cells lines with shRNA—NPC lines with SEPT2 or SEPT7
knockdown were generated via lentiviral transduction encoding ShRNA against human
SEPT2 or SEPTY7, followed by puromycin selection (1 mg/ul) for one week. We generated
two different sShRNAs for each gene. Knockdown was confirmed with western blotting
before using the cells for cellular and biochemistry assays.

GST-pulldown assay and proteomics—pGEX-6P-NS2B3-S135A was introduced into
E. colistrain BL21(DE3), induced with 100 uM IPTG for 4h at 300C, then purified using
Pierce GST reagents, incubated with human NPC lysis to capture interacting partners,
washed and eluted under manufacturer’s protocols. Eluted samples (n = 3) were SDS-PAGE-
purified and excised protein bands were reduced (10mM DTT) and alkylated (30mM
iodoacetamide) and digested using a mix of endopeptidase Lys-C (Wako) and trypsin
(Promega). Peptides were extracted followed by StageTips (Rappsilber et al., 2007) based
desalting. Each sample was analyzed using a 70 min gradient delivered at 200nL/min,
increasing from 1% Bto 40% B in 70 min. Extracted peptides were analyzed by LC-MS/MS
(Dionex 3000 coupled toQ-Exactive Plus, Thermo Scientific). Data were analyzed using
MaxQuant v. 1.6.0.13. Co-affinity purification was analyzed by label free quantitation
(LFQ). Peptide and protein FDR was 2% and 1%, respectively. Match between runs was
used. Matched proteins were filtered for potential contaminations and reverse database
matches. Log?2 transformed LFQ values were used and it was required that any protein was
measured in at least 2-of-3 replicates for at least one condition. Significant changing proteins
were called using a permutation based False Discovery Rate (FDR) t test (p > 0.05) and
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requiring a fold difference of 4. Proteins fulfilling the above criteria were analyzed by
STRING (https://string-db.org). For LC-MS/MS, peptides were separated on a packed-in-
emitter C18 column (12 cm / 75 pm, 3 pm beads, Nikkyo Technologies, Japan) at 200 or 300
nl/min. Buffer A was 0.1% formic acid and Buffer B was 80% acetonitrile in 0.1% formic
acid. The mass spectrometers were operated in data dependent (DDA) mode using high
resolution/high mass accuracy for both MS and MS/MS, 60,000 resolution and 17,500
resolution respectively. Normalized collision energy was set at 31 pV with AGC target and
maximum injection time was 2e5, and 54ms, respectively.

Mass Spectrometry Analysis of Septin-2 C-terminal fragment—~Proteins were
separated by SDS-PAGE. After aligning of anti-SEPT2 western blot, gel bands
corresponding to full length SEPT2 and C-terminal SEPT2 fragment were excised and
digested using trypsin then propionic anhydride labeling followed by digestion by either
trypsin or Asp-N (Promega). Extracted peptides were analyzed by LC-MS/MS (EasyLC
1200 coupled to Fusion Lumos, Thermo Scientific), separated by reversed phase with a
gradient increasing from 1% B to 40% B in 40 min. MS data were queried against Uniprots
Human database (March 2016) using no enzymatic (Asp-N experiment) or semi-tryptic
constraints using Proteome Discoverer verl.4 (Thermo Fisher)/Mascot 2.4 (Matrix Science).
Oxidation of methionine was allowed. For samples treated with propionic anhydride,
propionylation of N-termini and lysine were allowed as variable modifications. Matched
peptides were filtered using < 5% FDR (Percolator 2) and mass accuracy <5 ppm in
addition to manual validation of tandem spectra. Extracted areas of Septin-2 peptides
obtained by the three different digestion strategies for intact SEPT2 and C-terminal SEPT2
were summed per residue and plotted as a function of SEPT2 using PepEx 3, after
normalization to the signal of the most C-terminal residues.

In vitro protease assay—Recombinant human SEPT2 was purchased from Abcam
(abh99296). Recombinant WT and S135A ZIKV NS2B3, WT and R306A human SEPT?2
were purified using Pierce GST Protein Interaction Pull-down kit or Dynabeads His-Tag
Isolation and Pulldown kit. Purified enzyme and substrate, after dialysis, were incubated in
protease assay buffer (Tris-HCI pH8.0, 20% Glycerol) at 370C for 1h, then analyzed by
western blotting with anti-SEPT2 antibodies. Benzoyl-norleucine-lysine-lysine-arginine 7-
amido-4-methylcou-marin (Bz-Nle-Lys-Lys-Arg-AMC; Genscript) was used as substrate to
measure protease activity and the efficacy of different NS3 inhibitors. The fluorescence
signal from released AMC was monitored at 460 nm with excitation at 360 nm.

Co-immunoprecipitation—For co-immunoprecipitation, two days after transfection,
293T cells were lysed in cell lysis buffer (50mM Tris-HCI, pH8.0, 170mM NacCl, 0.5%
NP-40, protease inhibitor (Roche). Cells were continued lysed with rotation on a nutator at
4°C for 30 minutes. Anti-FLAG® M2 Magnetic Beads (M8823, Sigma) were incubated with
cell lysate on a nutator at 4°C overnight. The beads were washed with lysis buffer for 3
times and finally boiled in Laemmli Sample Buffer (Bio-Rad) with 0.5% 2-Mercaptoethanol
at 95°C for 10 minutes.
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Western blotting—Western blotting was performed with the following antibodies: anti-
SEPT2 (Proteintech, 60075, 1:2000), anti-SEPT2 (N-terminal) (Santa Cruz, 20408, 1:500),
anti-SEPT2 (C-terminal) (Abcam, ab185998, 1:1000), anti-SEPT7 (Abcam, ab158073,
1:1000), anti-SEPT9 (ThermoScientific, PA5-13200, 1:1000) anti-GAPDH (EMD
Millipore, MAB374, 1:2000), anti-NS2B (GeneTex, GTX124246, 1:500). Quantification of
each band was performed using ImageJ software.

Time-lapse analysis—Time-lapse recording was performed using LCV110 “VivaView”
Incubator epifluorescent microscope (Olympus) with 2 min-interval DIC or GFP
fluorescence images taken consecutively for 24h. Images were analyzed using ImageJ
software. Cytokinesis length was defined as the time period between the formation of the
mitotic spindle until full separation of the two daughter cells.

ZIKV generation and infection—Stocks and strains were generated according to
published methods: for /in vitro experiments we used MR-766 African strain (Tang et al.,
2016). ZIKV stocks were generated from virus seeds (passage 2) to infect Aedes albopictus
C6/36 cells (ATCC CRL-1660), maintained in RPMI-1640 medium with 2% FBS (PAA) at
28°C for 6d, then harvested by freeze-thaw, centrifuged at 6,000 g for 15 min to remove cell
debris, dispersed into single-use aliquots, and stored at —80°C. Infectious viral titer was
determined by plaque assay as described (Yuan et al., 2017). hNPC were infected for 2 hours
at 5.33E+06 IFU/ml and further cultured in NPC media for 3 days before analysis.

Strategy for randomization and/or stratification—No data randomization was used
for this study. In Figures 4D—4H, all cells in the field of view that completed mitosis during
the timelapse acquisition were included in the measurement of averages.

Blinding of datasets—In Figures 1 and 4A-4C, cells were counted by a blinded
observer. In Figure 2 sample identification for mass spectrometry were blinded to the Mass
Spectrometry Core prior to analysis.

Inclusion and exclusion criteria of data—We did not set prior inclusion or exclusion
criteria for data.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise specified, data are presented as mean + standard error of the mean (SEM).
Significance between two groups was assessed by the Student’s two-tailed t test. Datasets
consisting of more than 2 groups were analyzed by analysis of variance (ANOVA). In animal
experiments, n represents number of animals utilized in each treatment group. In cytokinesis
time-lapse experiment, n represents number of cells captured and analyzed in each group.
Immunofluorescence analysis, quantitative PCRs, western blots and biochemical assays
were performed in triplicate or four replicates. A p value that was less than 0.05 was
considered statistically significant for all datasets. Bonferroni correction was used for all
multiple comparisons. All statistical analysis was performed using GraphPad Prism
software. No statistical methods were used to predetermine sample size.
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DATA AND SOFTWARE AVAILABILITY

Protein-protein interaction network analysis of ZIKV NS2B3-SA binding partners identified
from MS/MS using String (https://string-db.org/cgi/input.pl).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Zika protease NS2B3 is a heterodimer that cleaves host proteins in hNPCs

NS2B3 expression causes protease-dependent cytokinesis defects and
apoptosis

NS2B3 associates with the septin cytoskeleton and cleaves Septin-2

Non-cleavable Septin-2 partially restores cytokinesis in NS2B3-expressing
cells
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Figure 1. Active, but Not Protease-Dead, ZIKV NS2B3 Is Sufficientto Reduce Cell Proliferation,
MediateApoptosis, and Result in Multipolar Spindles

(A, C, and E) Cells stably expressing NS2B3 showed reduced incorporation of EdU
(DNAsynthesis marker), reduced phospho-histone H3 (pH3) (mitotic marker), and increased
caspase 3 (Cas3) (apoptotic marker) compared with vector and S135A (SA) enzymatic null
from 293T cells. Scale bars represent 20 pm.

(G) NS2B3 expression leads to accumulation of cells with multipolar spindle morphology
(arrows) and supernumerary centrosomes, as evident by centrosome marker CEP63. Right-
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bottom corner boxes present enlargement of cells with mitotic spindle. Scale bars represent

20 pm.
(B, D, F, and H) Distribution sample mean and SEM. N = 4 biological replicates. **p < 0.01.
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Figure 2. ZIKV Proteaseome Includes Septin Family Members
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(A) Coomassie-stained gel comparing human neural precursor cell (W(NPC) lysate, bacterial
GST alone (black arrow), and GST-NS2B3 S135A (red arrow) prior to and after affinity

purification.

(B) Label-free-quantitation-based volcano plot representing quantitative proteomic analysis
of NS2B3 S135A pull-down. p values (—log10) are plotted as a function oflog2 fold
changes (NS2B3-GST versus GST). Proteins >4-fold changed are marked in red (Student’s t
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test; p<0.05). See Table S1 for details. Septin 2, Septin 7, and Septin 9 are marked in blue. N
= 3 biological replicates.

(C) Protein-protein interaction network analysis of ZIKV NS2B3-SA binding partners
identified from MS/MS using String (https://string-db.org/; high confidence 0.700). Seven
major networks with molecular functions were identified and labeled with different colors.
Ball size represents the confidence level of each NS2B3-SA binging partner (—log p value).
Line thickness represents the interaction strength (String combined score) between each
protein. SEPT2, SEPT7, and SEPT9 are highlighted in red.
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Figure 3. ZIKV NS2B3 Protease Mediates Cleavage of Septin 2 at Residue R306
(A and B) Cells transfected with ZIKV NS2B3 or NS2B3-S135A assessed by western

blotting for SEPT2 and SEPT7. The lower-molecular-weight cleavage product was evident
only with wild-type ZIKV NS2B3 and correlated with reduced SEPT7 levels, quantified
below from N = 3.

(C and D) Cells infected with ZIKV showed the same SEPT2 cleavage band and reduced
SEPTY7 level, quantified below from N = 3 replicates.

(E) In vitro cleavage assay with recombinant NS2B3-WT or NS2B3-SA at low or high
concentration (0.15 or 1.5 puM) with SEPT2 forl h, analyzed by western with N- or C-
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terminal SEPT2 antibody. Cleaved SEPT2 is marked with red arrow, suggesting a C-terminal
cleavage event.

(F) Schematic of SEPT2, GTPase, and coiled coil (CC) domains, with zoom in of residues
301-361 highlighting ZIKV NS2B3 polybasic motifs (tan).

(G) Extracted areas of SEPT2 peptides obtained by the three different digests (trypsin only
or propionic anhydride labeling followed by trypsin or Asp-N digestion) applied to intact
SEPT2 (light gray and gray outlines, respectively) or C-terminal SEPT2 fragment (C-term)
from (E) (orange and red, respectively) were summed per residue and plotted as a function
of SEPT2 sequence, normalized to signal of the most C-terminal residues. The signal of the
N-terminal-labeled Asp-N generated peptide that defined the very N-terminal of the SEPT2
C-terminal fragment above.

(H) High-resolution/high-mass-accuracy tandem MS spectrum of the N-terminal and lysine
propionylated (p)Asp-N peptide: pG39’GRKpVENE(m/z = 500.75714 [1.5 ppm]; Mascot
score of 37), consistent with R3% cleavage. B-, a-, and y-fragment ions are annotated.

(1) /n vitro cleavage assay with recombinant NS2B3-WT and SEPT2-WT or-R306A, blotted
with N- or C-terminal SEPT2 antibody. SEPT2-R306Afailed to cleave in the presence of
active ZIKV NS2B3.
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Figure 4. SEPT2 or SEPT7 Interference or ZIKV NS2B3 Expression Delays Cytokinesis,
Partially Rescued by Non-cleavable SEPT2

(A-C) Knockdown of SEPT2 orSEPT7 showed reduced incorporation of EdU, reduced pH3,
and increased cleaved Cas3 compared with scrambled short hairpin RNA (ShRNA) from
hNPCs. Bar represents 50 pym. From N = 4,
(D and E) Time-lapse frames showed knockdown of SEPT2 or SEPT7 lengthened
cytokinesis. For all images, arrows track to a single cell undergoing mitosis into two cells.
Note the timescale is expanded in the frames to capture completion of telophase. Scale bars
represent 15 um. n = 15-20 cells in each group.
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(F and G) Transfection of NS2B3, but not NS2B3-SA, showed similar lengthening of
cytokinesis. Bar represents 15 pm. n = 15-20 cells in each group.

(H and 1) Co-transfection with non-cleavable SEPT2-R306A partially rescued lengthened
cytokinesis induced by NS2B3 transfection. Bar represents 15 pm. n = 12-18 cells in each
group.

*p < 0.05; **p < 0.01.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Flavivirus envelope protein, 4G2 clone 1 EMD Millipore MAB10216; RRID:AB_827205
Phopho-H3-Ser10 EMD Millipore 06-570; RRID:AB_310177
a-tubulin Santa Cruz sc-53030; RRID:AB_2272440
CEP63 EMD Millipore 06-1292; RRID:AB_10918481
active-Caspase-3 EMD Millipore AB3623; RRID:AB_303959

SEPT2

SEPT2 (N-terminal)
SEPT2 (C-terminal)
SEPT7

SEPT9

GAPDH

NS2B

NeuN

Bacterial and Virus Strains
Zika virus Strain FSS13025
Zika virus Strain MR-766

Chemicals, Peptides, and Recombinant Proteins

human SEPT2

Dorsomorphin

A8301

bFGF

Matrigel

Accutase

TRIzol

laminin

puromycin

Critical Commercial Assays

Gibson Assembly® Master Mix

Q5® Site-Directed Mutagenesis Kit
Pierce GST Protein Interaction Pull-Down Kit
RNeasy Mini Kit

SuperScript 111 First-Strand Synthesis System
iTag Universal SYBR® Green Supermix
Experimental Models: Cell Lines
HEK293T

HelLa

C6/36

H9

Proteintech
Santa Cruz
Abcam

Abcam
Thermo-Fisher
EMD Millipore
GeneTex

Abcam

WRCEVA
WRCEVA

Abcam

Tocris

Tocris
Thermo-Fisher
BD Biosciences
EMD Millipore
Thermo-Fisher
Sigma

Sigma

New England Biolabs
New England Biolabs
Thermo-Fisher
QIAGEN
Thermo-Fisher

Bio-rad

ATCC
ATCC
ATCC
WiCell

60075; RRID:AB_2187016
20408; RRID:AB_2187133
ab185998

ab158073

PA5-13200; RRID:AB_10987482
MAB374; RRID:AB_2107445
GTX124246; RRID:AB_11170698
ab104224; RRID:AB_10711040

FSS13025
MR-766

ab99296
3093
2939
PHG0261
356234
SCR005
15596026
L2020
P8833

E2611S
E0554S
21516
74104
18080051
1725120

CRL-3216; RRID:CVCL_0063
CCL-2; RRID:CVCL_0030
CRL-1660; RRID:CVCL_Z230
WAO09; RRID:CVCL_9773
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REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant DNA

pCDH-ZIKV-NS2B3 This paper N/A
pCDH-ZIKV-NS2B3-S135A This paper N/A
pGEX-6P-ZIKV-NS2B3 (Shiryaev etal., 2017)  N/A
pGEX-6P-ZIKV-NS2B3-S135A (Shiryaev et al., 2017) N/A

REAGENT or RESOURCE SOURCE IDENTIFIER
pSG5-FLAG-ZIKV-NS3 (Yoon et al., 2017) N/A

pcDNA3.1(+)-SEPT2 This paper N/A
pcDNA3.1(+)-SEPT2-R306A This paper N/A

MISSION® shRNA-SEPT2 Sigma 004404 and 010891
MISSION® shRNA-SEPT7 Sigma 001788 and 009859
PEGFP-SEPT2 (DeMay etal., 2011)  N/A
pEGFP-SEPT2-R306A This paper N/A

pGEX-6P-SEPT2 This paper N/A
PGEX-6P-SEPT2-R306A This paper N/A

Software and Algorithms

ImagelJ NIH https://imagej.net/Fiji
GraphPad Prism GraphPad https://www.graphpad.com
String String https://string-db.org/cgi/input.pl

Neuron. Author manuscript; available in PMC 2019 August 12.

Page 26


https://imagej.net/Fiji
https://www.graphpad.com/
https://string-db.org/cgi/input.pl

	SUMMARY
	In Brief
	Graphical Abstract
	INTRODUCTION
	RESULTS
	ZIKV Protease NS2B3 Expression Results in Multipolar Spindles
	ZIKV Proteaseome Includes Septin Family Members
	ZIKV NS2B3 Protease Mediates Cleavage of Septin-2 at Residue R306, Leading to Reduced Septin Levels
	SEPT2 or SEPT7 Interference or ZIKV NS2B3 Expression Delays Cytokinesis, Partially Rescued by Non-cleavable SEPT2

	DISCUSSION
	STAR★METHODS
	CONTACT FOR REAGENT AND RESOURCE SHARING
	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	Cell culture
	Generation of stable 293T cell lines
	Human neural progenitor cells culture
	Authentication of cell lines used

	METHOD DETAILS
	DNA construction
	Immunofluorescence
	Generation of NPC cells lines with shRNA
	GST-pulldown assay and proteomics
	Mass Spectrometry Analysis of Septin-2 C-terminal fragment
	In vitro protease assay
	Co-immunoprecipitation
	Western blotting
	Time-lapse analysis
	ZIKV generation and infection
	Strategy for randomization and/or stratification
	Blinding of datasets
	Inclusion and exclusion criteria of data

	QUANTIFICATION AND STATISTICAL ANALYSIS
	DATA AND SOFTWARE AVAILABILITY

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table T1



