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ABSTRACT The Zika virus (ZIKV) life cycle involves multiple steps and requires in-
teractions with host factors. However, the inability to systematically identify host
regulatory factors for ZIKV has hampered antiviral development and our understand-
ing of pathogenicity. Here, using a bioactive compound library with 2,659 small mol-
ecules, we applied a high-throughput and imaging-based screen to identify host fac-
tors that modulate ZIKV infection. The screen yielded hundreds of hits that markedly
inhibited or potentiated ZIKV infection in SNB-19 glioblastoma cells. Among the hits,
URMC-099, a mixed-lineage kinase 3 (MLK3) inhibitor, significantly facilitated ZIKV
replication in both SNB-19 cells and the neonatal mouse brain. Using gene silencing
and overexpression, we further confirmed that MLK3 was a host restriction factor
against ZIKV. Mechanistically, MLK3 negatively regulated ZIKV replication through in-
duction of the inflammatory cytokines interleukin-6 (IL-6), IL-8, tumor necrosis factor
alpha (TNF-«), and monocyte chemoattractant protein 1 (MCP-1) but did not modu-
late host interferon-related pathways. Importantly, ZIKV activated the MLK3/MKK7/
Jun N-terminal protein kinase (JNK) pathway in both SNB-19 cells and neonatal
mouse brain. Together, these findings reveal a critical role for MLK3 in regulating
ZIKV infection and facilitate the development of anti-ZIKV therapeutics by providing
a number of screening hits.

IMPORTANCE Zika fever, an infectious disease caused by the Zika virus (ZIKV), nor-
mally results in mild symptoms. Severe infection can cause Guillain-Barré syndrome
in adults and birth defects, including microcephaly, in newborns. Although ZIKV was
first identified in Uganda in 1947 in rhesus monkeys, a widespread epidemic of ZIKV
infection in South and Central America in 2015 and 2016 raised major concerns. To
date, there is no vaccine or specific medicine for ZIKV. The significance of our re-
search is the systematic discovery of small molecule candidates that modulate ZIKV
infection, which will allow the development of antiviral therapeutics. In addition, we
identified MLK3, a key mediator of host signaling pathways that can be activated
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cytokines. These findings broaden our understanding of ZIKV pathogenesis. screening identifies mixed-lineage kinase 3 as a
key host regulatory factor in Zika virus
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replicates efficiently in the fetal brain (4). ZIKV particles and viral RNA were found in
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congenitally infected fetal brain samples and were associated with agyria, hydroceph-
alus, and multifocal dystrophic calcifications (5). However, most infection and patho-
genesis studies have been performed in mice and cultured cells. ZIKV frequently leads
to increased death of neural progenitor cells (NPCs) (6). In addition, multiple cellular
signaling pathways have been reported to regulate ZIKV infection, including type |
interferon (IFN) (7), type Il IFN (8), Akt-mTOR (9), and STING-dependent antiviral cellular
defenses (10). Despite these findings, the mechanisms of ZIKV infection and pathoge-
nicity are largely unknown. To better understand ZIKV and its host interactions, systems
biology and high-throughput methods are urgently needed. Scaturro and colleagues
recently reported an integrated proteomics approach for characterization of the cellular
responses to ZIKV infection at the proteome and phosphoproteome levels, as well as
affinity proteomics for the identification of ZIKV protein-associated cellular targets (11).
Although a system-level network of ZIKV-associated proteins and cellular pathways was
established, functional characterization is still needed.

We performed high-throughput screening (HTS) of a bioactive compound library in
this study and found that host mixed-lineage kinase 3 (MLK3) was involved in ZIKV
infection. MLK3, which is also named mitogen-activated protein kinase (MAPK) kinase
kinase 11, belongs to the serine/threonine kinase family, which is activated in response
to a wide variety of signals and mediates signal transduction cascades that regulate cell
growth, differentiation, apoptosis, and innate immunity. MLK3 contains an SH3 domain
and a leucine zipper basic motif (12). This kinase preferentially activates MAPK8/Jun
N-terminal protein kinase (JNK) kinase and functions as a positive regulator of the JNK
signaling pathway (13). MLK3 can directly phosphorylate and activate I«B kinases « and
B and is involved in the transcriptional activity of NF-kB mediated by Rho family
GTPases and CDC42 (14). Investigations of the involvement of MLK3 in the viral life
cycle are limited. MLK3 can be activated by enterovirus 71 (15) and hepatitis B virus (16),
and MLK3 deficiency delays influenza virus clearance in the lung (17). However, the role
of MLK3 during ZIKV infection remains unknown.

Small molecule inhibitor screens are regularly used for the discovery of new candidate
targets for therapies for cancer and viral disease (18, 19). Here, we used the human
glioblastoma cell line SNB-19 as an in vitro infection model for HTS with bioactive
compounds to systematically search for important host factors that have the potential
to regulate ZIKV infection. The pathways targeted by effective compounds can yield
insights into ZIKV biology. Importantly, by characterizing URMC-099, an MLK3 inhibitor,
we revealed the protective role of MLK3 against ZIKV infection in human cells and the
neonatal mouse brain. Our results suggest a host regulatory network and reveal a
substantial role for MLK3 in ZIKV infection.

RESULTS

Systematic screening of bioactive compound libraries identifies potential host
factors that regulate ZIKV infection. ZIKV infection and propagation require virus-
host interaction, in which a large number of host factors may be involved. An in-depth
understanding of the host factors and pathways involved in the regulation of the ZIKV
life cycle has far-reaching significance for the prevention and treatment of the disease.
An expeditious way to identify host candidates that regulate ZIKV infection is system-
atic screening using a bioactive compound library. The library used in this study is a
unique collection of 2,659 bioactive chemical compounds with specific targets for
HTS, including most Selleck inhibitors, natural products, chemotherapeutic agents, and
compounds that have been approved by the FDA or are in clinical trials. The flowchart
of the screening process is depicted in Fig. 1A. We established a cell culture model with
ZIKV-infected SNB-19 glioblastoma cells. Glial cells are an important target cell type for
ZIKV infection in humans (5). The Chinese ZIKV isolate SZ01 (20) can readily infect
SNB-19 cells without reducing cell viability. Distinct from a previous HTS report (19),
immunofluorescence staining of the ZIKV NS1 protein and a focus-forming unit (FFU)
assay were used as the readouts in this study, which can directly reflect changes in virus
replication. The advantage of this screening strategy is that it can identify not only
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FIG 1 Development of a bioactive small molecule high-throughput screen for the identification of host factors regulating ZIKV infection. (A) Schematic view
of the screening workflow. Briefly, SNB-19 cells were plated in 96-well plates 36 h prior to treatment with 2,659 bioactive compounds and infection with ZIKV
(SZ01) for 48 h, followed by fixation and staining. The final concentration of the compounds was 5 uM, and three duplicates were tested for each compound.
The infection ratio was normalized and calculated with DMSO as a negative control across screening plates. Representative hits were further evaluated at
concentrations of 200 nM, 1 uM, and 5 uM and categorized into two groups with inhibitory (B) or enhancing (C) effects on ZIKV infection.

inhibitory but also enhancing compounds for viral replication. The full data sets for the
screen are summarized in Tables S1 and S2 in the supplemental material. Based on the
primary screening results using 5 wM bioactive compounds, we selected the top-ranked
candidate compounds for dose-dependent validation and found that 111 compounds
inhibited ZIKV infection by more than 95%, whereas 12 compounds enhanced ZIKV
infection by more than 2-fold. Some of these results are presented in Fig. 1B and C.
These findings are partially consistent with previously reported observations for com-
pounds such as AT7519, dinaciclib, flavopiridol (alvocidib), seliciclib, and SNS-032 (19).
By applying direct virological evaluation strategies, this screening strategy has identi-
fied more new hits that will play a beneficial role in the study of ZIKV.

URMC-099 enhances ZIKV replication in SNB-19 cells and mice. Among the
screened hits, compounds that enhanced ZIKV infection were of interest because the
targets of these compounds might critically restrict ZIKV. URMC-099 is an orally
bioavailable and brain-penetrating inhibitor of MLK3 (21). The chemical structure of
URMC-099 is shown in Fig. 2A. The cytotoxicity of URMC-099 was measured by an MTT
[3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] assay in SNB-19
cells, and the 50% cytotoxic concentration (CCs,) value was estimated to be 12.02 uM
(Fig. 2B). We observed cytotoxicity in some cell types when the drug concentration
was higher than 1 or 5 uM. This might be due to a nonspecific effect of URMC-099.
Therefore, we use 200 nM as the maximal dose, which is noncytotoxic in most cell
types. We further analyzed the effects of URMC-099 on ZIKV infection in terms of viral
protein and RNA levels and growth characteristics in SNB-19 cells. We used a multi-
plicity of infection (MOI) of 0.1 and infection duration of 48 h because URMC-099 is an
enhancer but not an inhibitor for ZIKV. The dosage and time of ZIKV infection in the cell
types used in this study were decided by optimization. As shown in Fig. 2C and D,
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FIG 2 URMC-099 promotes ZIKV infection in SNB-19 cells. (A) Chemical structure of URMC-099. (B) SNB-19 cell viability was determined by an MTT assay. (C and
D) SNB-19 cells were inoculated with ZIKV (MOl = 0.1) and the indicated concentrations of URMC-099 for 48 h. The infection level of ZIKV was determined by
either Western blotting (C) or gRT-PCR (D). ZIKV E protein shows double bands in Western blotting results. (E) SNB-19 cells were infected with ZIKV (MOl = 0.1)
in the presence of various concentrations of URMC-099 for 36 h. Fresh media were changed, and the cells were allowed for another 12-h culture before
collection of supernatants for viral RNA quantification by qRT-PCR. (F) The collected culture supernatants containing progeny virus were added into naive Vero
cells in a 96-well plate, and the cells were cultured for 48 h before ZIKV FFU assay. (G) ZIKV growth curve in SNB-19 cells with or without URMC-099. Titers at
time zero represent the initial inoculum. Titers at each successive time point represent intracellular ZIKV RNA copies. (H) Indirect immunofluorescence of ZIKV
infection in SNB-19 cells. The cells were stained with an antibody specific for ZIKV NS1 to detect virus-positive cells and DAPI to visualize nuclei. The scale bar
represents 50 um. The ratio of NS1-positive cells is shown in the right panel. (I) Time-of-addition experiment for analysis of the effect of URMC-099 on the stages
of ZIKV entry and postentry. (J) Analysis of the effect of URMC-099 on viral replication in SNB-19 cells using the ZIKV replicon that contains a Renilla luciferase
reporter. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Data on infection are expressed as percentages relative to vehicle-treated cells. Means and standard deviations
were recorded for treated cells as a percentage of the value for untreated cells.

URMC-099 treatment significantly enhanced ZIKV infection in a dose-dependent man-
ner. URMC-099 treatments increased the copies of ZIKV RNA in culture supernatant (Fig.
2E) and the infectious level of progeny ZIKV (Fig. 2F). By measuring intracellular ZIKV
RNA copies at 12-h intervals up to 48 h, the magnitude of the effect of URMC-099 on
intracellular ZIKV RNA increased gradually and was dramatically larger at 36 and 48 h.
(Fig. 2G). A similar enhancement was also observed by using indirect immunofluores-
cence staining with an antibody specific for viral NS1 in SNB-19 cells (Fig. 2H). To gain
more insight into the mechanism of URMC-099 enhancement, a time-of-addition
experiment was conducted to determine the effects of URMC-099 on viral attachment,
cell entry, or the postentry step during ZIKV infection. As shown in Fig. 2I, URMC-099
significantly enhanced viral infection at postentry steps, but not entry steps. Because of
the lack of a viral structural gene, the replicon can bypass viral entry and release. To
further confirm the regulation of URMC-099 on ZIKV replication, a replicon system with
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FIG 3 URMC-099 promotes ZIKV infection in vivo. (A) Experimental scheme of the effect of URMC-099 in a neonatal mouse model of ZIKV infection. The ZIKV
SZ01 strain (1 wl virus stock per animal) was intracerebrally injected into neonatal BALB/c mice on day 0 after birth. URMC-099 (5 mg/kg) was supplemented
together with ZIKV on day 0. The same volume of PBS was used as a control. The infected brains were isolated for analysis on days 2 and 3. (B to E) Viral envelope
protein levels and the viral RNA load in whole brains (n = 4) from ZIKV-infected neonatal mice were determined by Western blotting and qRT-PCR on day 2
(B and D) and day 3 (C and E). Experiments were performed twice, and the data are presented as the mean * standard error of the mean (SEM) from one
independent experiment. Statistical analysis was performed using an unpaired, two-tailed t test. **, P < 0.01; ***, P < 0.001.

a Renilla luciferase reporter was used for evaluation. As shown in Fig. 2J, URMC-099
enhanced the ZIKV replicon at a comparable level to live virus infection (Fig. 2D). These
results suggest that the main step affected by URMC-099 is viral replication.

To further evaluate the effect of URMC-099 on ZIKV replication in vivo using the
intracerebral inoculation of ZIKV into neonatal mice (Fig. 3A), we found that the levels
of the ZIKV E protein and viral RNA in the brain were greatly increased by URMC-099
on days 2 and 3 (Fig. 3B to E). These results confirm that ZIKV replication can be
enhanced by URMC-099 both in vitro and in vivo.

Confirmation of MLK3 as a key regulator of ZIKV infection. To confirm the
functional relevance of MLK3, the target of URMC-099, in ZIKV infection, three small
interfering RNAs (siRNAs) targeting MLK3 were designed and transfected into SNB-19
cells 36 h before infection with ZIKV. Quantitative reverse transcription-PCR (qRT-PCR)
assays showed efficient knockdown of endogenous MLK3 (Fig. 4A), and MLK3 defi-
ciency enhanced ZIKV infectivity (Fig. 4B). The knockdown results showed that other
members of the MLK family (MLK1, MLK2, and DLK) were not involved in ZIKV infection
(Fig. 4C to H). In addition to MLK3 knockdown, we also generated SNB-19 cells stably
overexpressing MLK3. Compared to that in the vector control SNB-19 cells, ZIKV
replication was significantly suppressed in cells overexpressing MLK3 by detection
of viral E protein expression (Fig. 4l) and analysis of viral FFU (Fig. 4J). To further
characterize the function of MLK3, a panel of cell lines was evaluated for endogenous
expression of MLK3. SNB-19, Hela, and Huh7 cells showed detectable MLK3 protein,
whereas U251 and Vero cells lacked detectable MLK3 (Fig. 4K). Using these distinct cell
lines, we were able to further confirm the regulatory role of MLK3 in ZIKV replication.
ZIKV replicated robustly in MLK3-deficient U251 and Vero cells (107 viral RNA copies),
and ZIKV replication in these cells was insensitive to URMC-099 (Fig. 4L and M). ZIKV
replication was significantly suppressed in U251 cells stably overexpressing MLK3 (Fig.
4N). In contrast, ZIKV infection was enhanced by URMC-099 in MLK3-positive HeLa and
Huh7 cells (Fig. 40 to Fig. 4R). These results demonstrate that MLK3 is an important host
factor that restricts ZIKV replication in our system.
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FIG 4 Confirmation of MLK3 as a key regulator of ZIKV infection. (A) MLK3-specific siRNAs (50 nM) were transiently transfected into SNB-19 cells. MLK3 mRNA
levels were determined by qRT-PCR. (B) Viral RNA was quantified by qRT-PCR after 72 h of infection in SNB-19 cells that were transfected with MLK3 siRNAs
36 h before ZIKV (MOl = 0.1) infection. A scrambled siRNA was used as a negative control. (C to H) Knockdown of MLK1, MLK2, and DLK and its effects on ZIKV
infection. (I and J) SNB-19 cells stably transfected with a plasmid overexpressing MLK3 or vector control cells were infected with ZIKV (MOl = 0.1 or 1) for 48 h,
and virus propagation was analyzed by Western blotting (I) or FFU assay (J). (K) Endogenous MLK3 expression profiles were analyzed by Western blotting in
SNB-19, U251, Hela, Vero, and Huh7 cells. (L and M) The effects of URMC-099 on MLK3-defecient U251 and Vero cells. (N) ZIKV infection was inhibited in U251
cells stably expressing MLK3. (O to R) Characterization of the effects of URMC-099 on ZIKV infection (MOl = 0.1) in HeLa and Huh7 cells with endogenous MLK3
by Western blotting (O and P) and qRT-PCR (Q and R).

Effects of URMC-099 on other RNA viruses. To investigate the specificity and
possible regulatory mechanism of MLK3 for ZIKV, we selected two other RNA viruses,
respiratory syncytial virus (RSV) and Sendai virus (SeV), for further assessment. The viral
protein expression of RSV and SeV was increased in response to URMC-099 treatment
(Fig. 5A and B). These results indicated a broad-spectrum regulatory role of URMC-099
and suggested that the host IFN antiviral mechanism might be modulated. RSV and
SeV are both RNA viruses and sensitive to IFN-producing and effector pathways (22).
Therefore, we used promoter-driven reporter genes, including those coding for the
interferon-stimulated response element (ISRE) (Fig. 5C and D) and IFN-B (Fig. 5E and F),
as readouts. Unexpectedly, after stimulation with the retinoic acid-inducible gene |
N-terminal CARD domain (RIG-I-N) or Newcastle disease virus (NDV), these reporter
genes remained unchanged after URMC-099 treatment. These results suggest the
involvement of other regulatory mechanisms rather than host IFN pathways.
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FIG 5 URMC-099 treatment increases RSV and SeV infection. (A) Hela cells were infected with the RSV
A2 strain (MOl = 0.5) in the presence of various concentrations of URMC-099 for 48 h. Viral protein levels
were determined by Western blotting. (B) 293T cells were infected with SeV (MOI = 0.5) in the presence
of various concentrations of URMC-099 for 24 h. Viral protein levels were determined by Western
blotting. (C and D) An ISRE promoter-driven reporter construct was transfected into SNB-19 cells, in
combination with transfection of an RIG-I-N overexpression plasmid (C) or infection with NDV (D), and the
cells were then treated with various concentrations of URMC-099 for 24 h. Luciferase activity was
determined. The x axis indicates the concentrations of URMC-099 for the drug treatment group. For the
non-drug-treatment group, the x axis indicates the corresponding volume of DMSO solvent. (E and F) An
experimental design similar to that described in panels C and D was used, except for the substitution of
the ISRE reporter with an IFN-B promoter-driven reporter.

URMC-099 inhibits ZIKV-induced inflammatory cytokine production. Since IFN
antiviral pathways were not involved in MLK3-regulated ZIKV replication, other mech-
anisms may exist. Viral infection usually causes an acute inflammatory response that is
required for the clearance of pathogens. MLK3 was reported to regulate cytokine
production by activating the JNK and p38 pathways (23). In mouse models of sepsis,
removal of MLK2/3 significantly reduced cytokine and chemokine production (24).
Therefore, we examined the levels of major cytokines, including interleukin-6 (IL-6), IL-8,
tumor necrosis factor alpha (TNF-«), and monocyte chemoattractant protein 1 (MCP-1).
As shown in Fig. 6A to D, by using qRT-PCR, we found that mRNA expression of all these
cytokines was significantly induced by ZIKV in SNB-19 cells at 36 and 48 h postinfection.
When we compare Fig. 6A to D with Fig. 2G, a rough correlation between cytokine
production and increased virus production could be concluded. Notably, treatment
with URMC-099 suppressed ZIKV-induced inflammatory cytokine production in a
dose-dependent manner (Fig. 6E to H), which was similar to the enhancement of
viral replication by URMC-099. In addition, we measured the protein levels of secreted
IL-6 and IL-8 in SNB-19 cells. Similarly, uninfected cells produced 732 ng/liter IL-6 and
2,300 ng/liter IL-8. When the cells were exposed to ZIKV, cytokine production increased
over the basal level (Fig. 61 and J). URMC-099 treatment reversed ZIKV-induced IL-6 and
IL-8 production (Fig. 6K and L). These results indicate that MLK3 is a crucial mediator of
ZIKV-induced cytokine production.
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FIG 6 URMC-099 inhibits ZIKV-induced inflammatory cytokine production. (A to D) SNB-19 cells were inoculated with ZIKV (MOl = 0.1) for 12, 24, 36, or 48 h.
The relative mRNA level of IL-6, IL-8, TNF-a, or MCP-1 was assayed by qRT-PCR. Uninfected SNB-19 cells in each time point were set as negative controls. (E
to H) SNB-19 cells were inoculated with ZIKV (MOl = 0.1) in the absence or presence of URMC-099 (8, 40, or 200 nM) for 48 h. qRT-PCR was performed to measure
IL-6, IL-8, TNF-o, or MCP-1 expression. Blank cells were used as negative controls. (I to L) Quantification of secreted IL-6 and IL-8 from SNB-19 cells by ELISA.

Data are presented as the mean * SEM. *, P < 0.05; **, P < 0.01.

Anti-ZIKV effect of inflammatory cytokines. In addition to modulating immune
function, we wondered whether these cytokines had direct antiviral effects against ZIKV
in vitro. For this reason, a cell model of ZIKV-infected SNB-19 cells and recombinant
cytokines was used. As shown in Fig. 7A to D, recombinant IL-6, IL-8, TNF-«, and MCP-1
inhibited ZIKV infection in a dose-dependent manner. Nevertheless, treatments with
cytokines had no influence on cell viability (Fig. 7F to I). In addition to recombinant
protein treatments, we also investigated the antiviral effect of ZIKV-induced endoge-
nous cytokines. To this end, a combination of neutralizing antibodies was applied. The
cytokine antibody combination but not the IgG isotype control significantly promoted
intracellular ZIKV RNA replication (Fig. 7E).

ZIKV activates the MLK3 and MLK3/MKK7/JNK pathways. Since MLK3 plays an
important antiviral role by inducing cytokine production, we next wanted to determine
whether the activation status of the MLK3 signaling pathway changes during ZIKV
infection. ZIKV-infected SNB-19 cells and neonatal mouse brains were used. In SNB-19
cells, the phosphorylation level of MLK3, MKK7, and JNK was increased at 24 h post-
ZIKV infection in an MOI-dependent manner, whereas the total protein level remained
unchanged (Fig. 8A). Band intensities of the phosphorylated proteins were normalized
and quantified (Fig. 8B). A more significant activation of MLK3 signaling by ZIKV was
observed in vivo. In brain tissues, ZIKV infection triggered an obvious increase in the
phosphorylation of components of the MLK3/MKK7/JNK pathway compared to that of
the mock-infected negative controls (Fig. 8C and D). ZIKV encodes 10 viral proteins,
including the structural proteins capsid/preM/E and the nonstructural proteins NS1/
2A/2B/3/4A/4B/5 (8). To determine which protein is responsible for MLK3 activation, we
constructed individual protein overexpression plasmids and transfected them into
SNB-19 cells at different concentrations (0.2, 0.5, and 0.8 ng). Interestingly, ectopic
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FIG 7 Inflammatory factors inhibit ZIKV infection in a dose-dependent manner. (A to D) SNB-19 cells were inoculated with ZIKV (MOI = 0.1) with different
concentrations of IL-6, IL-8, TNF-a, or MCP-1 for 48 h. Total cellular RNA was isolated, and ZIKV RNA copies were measured by qRT-PCR. (E) Antibody
neutralization assay. SNB-19 cells were inoculated with ZIKV (MOl = 0.1) for 6 h, and the cells were then washed and treated with various concentrations of the
antibody cocktail for another 48 h: +, 0.04 mg/liter; ++, 0.2 mg/liter; +++, 1 mg/liter. Intracellular viral RNA was measured by qRT-PCR. Isotype mouse IgG
was used as a negative control. (F to ) SNB-19 cell viability was determined by MTT assay after 48 h of incubation with different concentrations of IL-6 (F), IL-8
(G), TNF-a (H), and MCP-1 (1). Values represent the mean = SEM from independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

expression of ZIKV E, NS1, and NS5 but not capsid, NS2A, NS2B, NS3, NS4A, and NS4B
increased the phosphorylation level of MLK3 (Fig. 8E to M). Western blotting bands in
Fig. 8E to M were quantified with ImageJ software; fold change is shown in Fig. 8N.

Taken together, our data reveal that MLK3 is a host regulator for ZIKV infection. A
schematic regulation mechanism is illustrated in Fig. 9.

DISCUSSION

Increasing evidence has demonstrated a causal relationship between ZIKV infection
in pregnant women and an unpredicted rise in the incidence of microcephaly. The
global burden of Zika fever reflects the lack of a ZIKV prophylactic vaccine and specific
antiviral drugs. An understanding of ZIKV-mediated pathogenic mechanisms and the
determinant intracellular pathways for viral replication is urgently needed for the
development of an efficient control strategy. In this study, we established an HTS
strategy based on the direct evaluation of ZIKV antigen in infected SNB-19 cells. We
selected a bioactive compound library with 2,659 small molecules. In addition to
FDA-approved drugs, the library also includes the vast majority of known host protein
inhibitors, agonists, active pharmaceutical ingredients (APIs), natural products, and
chemotherapeutic agents, which are structurally diverse and medicinally active and
exhibit various levels of cell permeability. This screening strategy ensures that more
clues about host targets can be obtained. In total, we identified 111 compounds that
inhibited ZIKV infection by more than 95% at 5 uM, suggesting that these compounds
have potential implications for future clinical treatment of ZIKV. Many of these com-
pounds have been used during pregnancy for the indications accepted in their safety
profiles. Our findings are consistent with previously reported observations for some
compounds (19, 25-33), such as SNS-032, flavopiridol (alvocidib), dinaciclib, tenovin-1,
and mycophenolate mofetil. These findings are partially consistent with compounds
such as mometasone furoate, lovastatin, roflumilast, methotrexate, and YM201636. In
our system, treatment with the following chemicals induced partial cell desquamation
and anti-ZIKV activity: dioscin, amuvatinib (MP470), flubendazole, mevastatin, and
Ki8751. Some chemicals, including moxifloxacin HCl, celgosivir HCl, niclosamide, and
NITDO0O08, could not be found in the bioactive compound library. These results may
establish target networks, reveal virus-host interactomes, and serve as an alternative
approach for identification of anti-ZIKV molecules.

Interestingly, 12 inhibitors enhanced ZIKV infection by more than 2-fold, including
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FIG 8 ZIKV infection activates the MLK3/MKK7/JNK pathway. (A) SNB-19 cells were infected with ZIKV
(MOI = 0.02, 0.1, 0.5, 2.5, and 12.5) for 24 h. Cell lysates were subjected to Western blotting with the indicated
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FIG 9 Schematic representation of the ZIKV-MLK3 regulatory mechanism. ZIKV infection activates MLK3
and the MLK3/MKK7/JNK pathway and promotes production of some cytokines, such as IL-6, IL-8, TNF-q,
and MCP-1. URMC-099 enhances ZIKV infection through inhibition of MLK3.

URMC-099, BV-6, LDK378, BI2536, BMS-833923, GSK503, LDN-214117, DDR1-IN-1,
KC7F2, ruxolitinib (INCB018424), radotinib, and EUK 134, suggesting that the targets of
these inhibitors might exert restrictive effects against ZIKV.

URMC-099 was selected for further in-depth characterization because it showed a
very robust enhancement of ZIKV replication in our assays. URMC-099 promoted viral
replication by as much as 2.9-fold in the primary screen and was efficient both in vitro
and in vivo. URMC-099 is an orally bioactive, low-cytotoxicity, brain-penetrating MLK3
inhibitor (21). In this study, we demonstrated that URMC-099 enhances ZIKV propaga-
tion at the replication step. We have used comprehensive approaches to illustrate the
efficacy of URMC-099 in facilitating ZIKV infection. The involvement of MLK3 in antiviral
responses was recently reported, and MLK3 deficiency delayed viral clearance in the
lung and was associated with diminished influenza-induced cytopathic effects in
infected cells (17). However, the detailed mechanism is still unclear.

We have demonstrated that MLK3 plays a critical role in host defense against ZIKV,
as overexpression of MLK3 strongly suppresses infection in multiple MLK3-deficient cell
types. Furthermore, we showed that the MLK3 inhibitor URMC-099 facilitates multiple
viral infections, including ZIKV, RSV, and SeV. SeV is sensitive to the IFN signaling
pathway. However, URMC-099 had no effect on the activity of the ISRE and IFN-B
promoters. ZIKV infection activated MLK3, and the ZIKV E, NS1, and NS5 proteins played

FIG 8 Legend (Continued)

antibodies. The same blots were reprobed with an anti-B-actin antibody to ensure equal loading. (B) Bands of
the phosphorylated MLK3, MKK7, and JNK in panel A were quantified with ImageJ software; fold change is
shown. The phosphorylated proteins were normalized to corresponding nonphosphorylated proteins to
indicate their phosphorylation levels. (C) The ZIKV SZ01 strain was intracerebrally injected into neonatal BALB/c
mice on day 0 after birth. “NC” represents PBS injection as a negative control. Brain tissues were collected at
2, 2.5, or 3 days postinfection (dpi), and Western blotting was performed with the indicated antibodies. (D)
Bands of the phosphorylated MLK3, MKK7, and JNK in panel C were quantified. (E to M) SNB-19 cells in 24-well
plates were transfected with individual Flag-tagged ZIKV protein constructs (0.2, 0.5, or 0.8 ug each well).
Western blotting was performed to measure phosphorylated MLK3, MLK3 total protein, and Flag-tagged viral
proteins. B-Actin was used as an equal loading control. (N) Western blotting bands in Fig. 8E to M were

quantified as fold change.
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a major role in this effect. In addition, the MLK3/MKK7/JNK cascade promoted an
increased level of some cytokines and chemokines, such as IL-6, IL-8, TNF-«, and MCP-1.
The host innate response to viral infection is critical in controlling viral replication by
accelerating the inflammatory process. These cytokines inhibited ZIKV replication in a
dose-dependent manner and protected against ZIKV infection. Supplementation with
URMC-099 inhibited the activity of MLK3 and reduced antiviral cytokine production
through the MLK3/MKK7/JNK signaling pathway. Although ZIKV infection was associ-
ated with the induction of proinflammatory mediators that was evidenced by our and
others’ data (34, 35), the influence of these elevated cytokines and chemokines on Zika
virological events is completely unclear. The antiviral nature of some cytokines, such as
TNF-e, has been generally well accepted. However, the contribution of other cytokines,
such as MCP-1 and IL-8, to cell-intrinsic immunity is not defined. We assume that they
might play a role in establishing the inflammatory microenvironment for both recruit-
ment of leukocytes and initiation of intracellular pathways involved in multiple host
essential and restriction factors for ZIKV infection. Despite the use of different technical
setups, the observations obtained from this study and other studies revealed similar
results (17), underscoring the biological relevance and general importance of MLK3 in
controlling viral infections.

In summary, this study revealed a preliminary mechanism by which URMC-099
enhances ZIKV infection through the inhibition of the MLK3/MKK7/JNK signaling path-
way, reducing ZIKV-induced production of inflammatory cytokines and weakening the
host antiviral response. Individual compounds or compound combinations that en-
hance virus replication may be applied to the production of attenuated vaccines by
increasing virus titers. Our work highlights the unique antiviral mechanism of MLK3 and
suggests that protein agonists of the MLK3/MKK7/JNK signaling pathway may have
clinical utility when repurposed as ZIKV treatments.

MATERIALS AND METHODS

Cells and viruses. The human glioblastoma cell line SNB-19 (ATCC; CRL-2219) was maintained in
Dulbecco’s modified Eagle’s medium (DMEM)-F-12 medium (1:1 vol/vol) (Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific) and 1%
penicillin and streptomycin (100 mg/liter). U251 (formerly known as U-373 MG; ECACC, 09063001), HEp2
(CCL-23; ATCC), HelLa (CCL-2; ATCC), Vero (CCL-81; ATCC), and Huh7 cells were provided by Apath, Inc.
(Brooklyn, NY, USA) with permission from Charles Rice (Rockefeller University), LLC-MK2 (CCL-7; ATCC)
and HEK293T (CRL-3216; ATCC) cells were cultured in DMEM as described above.

ZIKV Asian strain SZ01 (GenBank no. KU866423), isolated from a Chinese patient returning from
Samoa in 2016 (20), was kindly provided by Cheng-Feng Qin (Beijing Institute of Microbiology and
Epidemiology, Beijing, China). Viral stock (6.5 X 105 PFU/ml) was amplified in Vero cells. Briefly, Vero cells
in a 10-cm dish were inoculated with 1 ml of viral stock and underwent overnight culture at 37°C. The
cells were split into 3 new dishes on the second day and cultured for another 3 days before the
supernatant was harvested. The titer of Vero-amplified ZIKV was determined in SNB-19 cells with serially
diluted virus. The immunofluorescence FFU assay was performed at 48 h postinfection, and the titer was
calculated as the multiplicity of infection (MOI) per ml.

Stock of the human respiratory syncytial virus (RSV) A2 strain (VR-1540; ATCC) was a gift from Jianwei
Wang (Institute of Pathogen Biology, CAMS, China). The RSV A2 stock was amplified in HEp2 cells, and
the titer of a 50% tissue culture infective dose (TCID,,) of 1 X 107 per ml was determined (36). The titer
of HEp2-amplified RSV A2 was determined in Hela cells with serially diluted virus. The FFU assay was
performed at 48 h postinfection, and the titer was calculated as MOI per ml. For RSV infection and drug
treatment, 12-well plates were seeded with Hela cells (3 X 10°) 1 day before virus inoculation. The cells
were infected with 1 ml 100X diluted RSV A2 stock in Opti-MEM for 2 h, and then the culture medium
was replaced with DMEM containing 3% FBS in the presence of various concentrations of URMC-099.
Cells were harvested at 48 h after infection for Western blotting.

Sendai virus (SeV) and Newcastle disease virus expressing green fluorescent protein (NDV-GFP) were
kindly provided by Zhendong Zhao (Institute of Pathogen Biology, CAMS, China) (37). SeV was propa-
gated in the allantoic fluid of embryonated chicken eggs. The titer was determined by plaque assay in
LLC-MK2 cells and calculated as MOI per ml. For infections, 12-well plates were seeded with HEK293T
cells 1 day before virus addition. The cells were infected with SeV for 2 h, and then various doses of
URMC-099 were added. Virus infection was allowed for 24 h before the cells were harvested for Western
blotting.

Reagents. A bioactive compound library (L-1700) was purchased from Selleck (Houston, TX, USA).
Mouse monoclonal antibodies (MAbs) specific for ZIKV E (BF-1176-56) and ZIKV NS1 (BF-1225-36) were
purchased from BioFront Technologies (Tallahassee, FL, USA). Mouse monoclonal anti-B-actin (A5441)
and anti-Flag (F3165) antibodies, MTT (M2128), DMSO (D5879), and bovine serum albumin (BSA [B2064])

September 2019 Volume 93 Issue 18 e00758-19

Journal of Virology

jviasm.org 12


https://www.ncbi.nlm.nih.gov/nuccore/KU866423
https://jvi.asm.org

Mixed-Lineage Kinase 3 Inhibits Zika Virus Infection

were purchased from Sigma-Aldrich (St. Louis, MO, USA). A mouse polyclonal antibody specific for SeV
was from MBL (Woburn, MA, Japan). A rabbit polyclonal anti-RSV-G antibody (11070-RP01) and a rabbit
monoclonal antibody specific for RSV-F (11049-R009) were from SinoBiological (Beijing, China). The
ViaFect transfection reagent (E4981), the luciferase assay system (E1501), and Renilla luciferase assay
system (E2710) were from Promega (Madison, WI, USA). A rabbit polyclonal antibody specific for MLK3
(phospho-T277+5281; ab191530) was obtained from Abcam (Cambridge, MA, USA). The rabbit poly-
clonal anti-MLK3 antibody (11996-1-AP) was purchased from Proteintech (Rosemont, IL, USA). TRizol
reagent (15596-026) and prestained protein ladder (26616) were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Rabbit antibodies specific for phospho-SAPK/JNK (Thr183/Tyr185; 4668), SAPK/JNK
(9252), phospho-MKK7 (Ser271Thr275; 4171), and MKK7 (4172) were obtained from Cell Signaling
Technology (Danvers, MA, USA). Rabbit polyclonal antibodies specific for IL-6 (bs-4539R), IL-8 (bs-0780R),
TNF-a (bs-2081R), and MCP-1 (bs-1101R) were purchased from Bioss Antibody (Boston, MA, USA).
Horseradish peroxidase-conjugated secondary antibodies were purchased from Jackson Immuno-
Research (West Grove, PA, USA). The IRDye-conjugated secondary antibodies 800CW goat anti-rabbit IgG
(926-32211), 800CW donkey anti-mouse 1gG (925-32212), and 680RD goat anti-mouse IgG (926-680701)
were from LI-COR Biosciences (Lincoln, NE, USA). The cytokines IL-6 (200-6), IL-8 (200-08M), TNF-«
(300-01A), and MCP-1 (300-04) and enzyme-linked immunosorbent assay (ELISA) kits for IL-6 (BGK05231),
IL-8 (BGK10145), TNF-a (BGK01375), and MCP-1 (BGK13500) were obtained from PeproTech (Rocky Hill,
NJ, USA). Paraformaldehyde (P1110), Triton X-100 (T8200), skim milk (232100), protein loading buffer
(P1015), and DAPI (4',6-diamidino-2-phenylindole; C0060) were purchased from Solarbio (Beijing, China).

HTS of the bioactive compound library. Ninety-six-well plates were seeded with SNB-19 cells 36 h
before ZIKV infection (MOl = 0.1). A 5 uM concentration of each compound in the library (total of 2,659
bioactive compounds) or the same volume of dimethyl sulfoxide (DMSO) as a negative control was
added at the time of infection. After 48 h of coculture, the effects of compounds on ZIKV infection were
determined by detecting FFU in each well using the In-Cell Western (ICW) assay.

The ICW and FFU assays. ICW, created by LI-COR, is a quantitative immunofluorescence assay
performed in microplates (96- or 384-well format) that combines the specificity of Western blotting with
the reproducibility and throughput of ELISA. It is a kind of alternative form of the quantitative
immunofluorescence staining or FFU assay, using a spectrally distinct infrared scanner instead of a
fluorescence microscope. Briefly, at 48 h postinfection, the cells were fixed with 4% paraformaldehyde
and permeabilized with 0.1% Triton X-100, followed by immunostaining with a ZIKV NS1 antibody and
an IRDye-conjugated secondary antibody. Images were obtained on an Odyssey Infrared Imaging System
(LI-COR) with the reader set to read a 96-well plate. Scanning was performed using the 800-nm channel
to visualize fluorescent viral spots. The number of FFU was determined by counting the number of dots
in each well using LI-COR Odyssey software, according to the manufacturer’s instructions.

ZIKV infection of cultured cells. Cells were seeded in 12-well plates 24 h prior to virus addition.
Virus stocks were thawed and diluted to the desired MOI according to the experimental purpose and
added to the culture medium for 2 h at 37°C with 5% CO,. The inoculum was then removed, the cells
were washed once with phosphate-buffered saline (PBS) to remove unbound viruses, and fresh culture
medium was added to each well. The cells were harvested at the indicated time points. For mock-
infected controls, the cells were incubated with an equivalent volume of uninfected culture supernatant.

Time-of-addition experiment. The time-of-addition assay was conducted to determine the effects
of URMC-099 on viral attachment, cell entry, or postentry step during ZIKV infection. For pretreatment,
cells were pretreated with URMC-099 for 6 h, washed and infected with ZIKV for 2 h, and then washed
and supplemented with fresh medium for 48 h. For cotreatment, cells were infected with ZIKV and
treated with URMC-099 simultaneously for 2 h and then washed and supplemented with fresh medium
for 48 h. For posttreatment, cells were infected with ZIKV for 2 h, and then washed and supplemented
with fresh medium in the presence of URMC-099 for 48 h.

ZIKV replicon. A ZIKV SZ01 strain-based replicon system was kindly provided by Bo Zhang (Wuhan
Institute of Virology, CAS, China) and Cheng-Feng Qin (38). Briefly, replicon RNA was in vitro transcribed,
purified, and transfected into SNB-19 cells (Promega). At 9 h posttransfection, the cells containing the
ZIKV replicon were treated with URMC-099 or DMSO for 36 h. Cell lysates were used for measurement of
Renilla luciferase activity in a GloMax-96 microplate luminometer (Promega).

ZIKV infection of mice. Animal procedures were reviewed and approved by the institutional
committees for animal ethics and biosafety. Pregnant BALB/c mice were purchased from Beijing HFK
Bioscience (Beijing, China). Neonatal BALB/c mice were breast-fed by their own mothers and divided into
different groups. As shown in Fig. 3A, neonatal BALB/c mice were injected in the ventricle of the
postnatal brain with 1 ul (6.5 X 10° FFU/mI) of virus stock or URMC-099 (5 mg/kg) on day 0, the mice
were sacrificed, and the brains were used for further analysis on days 2, 2.5, and 3. Subsequently, viral
RNA copies and viral loads were determined. Total RNA was extracted using TRIzol reagent (Thermo
Fisher Scientific) according to the manufacturer’s instructions. RLT lysis buffer (Qiagen) was added to the
EP tubes, and whole-brain tissue homogenates were prepared using an automated homogenizer. Tissues
were ground with PBS and centrifuged at 12,000 X g at 4°C for 15 min. The supernatants were collected
and stored at —80°C for later use. ZIKV copy analysis was performed using GraphPad Prism 5.0 software.

Constructs and stable cell line generation. A codon-optimized version of MLK3 in the pcDNA3.1-
C-Myc backbone was used as the original plasmid for subcloning of the coding region of MLK3 into the
pMIR-cFlag lentiviral vector. The plasmids were transfected into HEK293T cells for lentivirus packaging.
SNB-19 and U251 cells stably expressing MLK3 or control empty pMIR-cFlag vector were generated by
lentiviral infection and puromycin addition. Genes encoding ZIKV capsid (C), envelope (E), NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5 were codon optimized and synthesized by GenScript (Nanjing, China)
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and cloned into the pcDNA3.1-N-Flag backbone. Plasmids were maxiprepped and transfected into
SNB-19 cells with Lipofectamine 3000 transfection reagent (Thermo Fisher Scientific).

Gene silencing by siRNA. All small interfering RNAs (siRNAs) were obtained from RiboBio (Guang-
zhou, China). The siRNA sequences are as follows: siMLK1#1, CGACCATCTTTCACGAATA; siMLK1#2,
CAAACGAGATCCTAACCAA; siMLK2#1, CCTCTGGCTTTGAGCATAA; siMLK2#2, GCATGAACTACCTACACAA;
siMLK2#3, CCTGGAAACTGGTCTCCTT; siMLK3#1, CCTATGGCGTAGCTGTTAA; siMLK3#2, GCCACATGGTACC
TGGATT; siMLK3#3, GCATGCCACTCGACTTCAA; siDLK#1, GAAGTAGAGCTGACATCAA; siDLK#2, CCAACAT
GCTAATCACCTA; and siDLK#3, CCAACAACCTGTATATGGA. Transfection of siRNA was performed using
Lipofectamine RNAi-MAX (Thermo Fisher Scientific) according to the manufacturer’s protocol. A scram-
bled siRNA was used as a negative control.

Luciferase reporter assay. Briefly, 24-well plates were seeded with SNB-19 cells at a cell density of
2 X 10° cells per well. The next day, the cells were transfected with the pGL3-IFN-B-Luc or pGL3-ISRE-Luc
(generous gifts form Zhengdong Zhao) reporter plasmid, along with a plasmid for RIG-I-N or NDV
stimulation. The culture medium was changed, and URMC-099 was added at 8 h posttransfection. The
total amount of DNA was kept constant by adding empty control plasmid. At 48 h after transfection,
the cells were harvested, and the cell lysates were used to determine luciferase activities according to the
manufacturer’s instructions (Promega).

Cytotoxicity assay. To investigate cellular toxicity, 96-well plates were seeded with SNB-19 cells and
incubated at 37°C in an atmosphere of 5% CO, for 36 h. The next day, the cells were treated with
URMC-099 at the indicated concentration for 48 h, and 20 ul of MTT solution (5 g/liter in PBS) was added
to all wells. After incubation of the cells for 4 h at 37°C, the MTT was removed, and 150 ul of DMSO was
added. The mixture was shaken, and the formazan crystals were fully dissolved for approximately 10 min.
The value of each well was measured at a test wavelength of 490 nm.

Real-time qRT-PCR. Total cellular RNA was extracted using TRIzol reagent (Thermo Fisher Scientific)
according to the manufacturer’s instructions. The absolute quantification of ZIKV RNA was described
previously. The forward (F) and reverse (R) primer sequences for ZIKV, MLK3, IL-6, IL-8, TNF-a, MCP-1, and
B-actin are as follows (6, 39-44): ZIKV, F, GGTCAGCGTCCTCTCTAATAAACG, and R, GCACCCTAGTGTCCA
CTTTTTCC; MLK3, F, GCAGCCCATTGAGAGTGAC, and R, CACTGCCCTTAGAGAAGGTGG; IL-6, F, ATGAACT
CCTTCTCCACAAGCGC, and R, GAAGAGCCCTCAGGCTGGACTG; IL-8, F, ATGACTTCCAAGCTGGCCGTGGCT,
and R, TCTCAGCCCTCTTCAAAAACTTCTC; TNF-q, F, CGGTGCTTGTTCCTCAGC, and R, GCCAGAGGGCTGAT
TAGAGA; MCP-1, F, CATTGTGGCCAAGGAGATCTG, and R, CTTCGGAGTTTGGGTTTGCTT; and B-actin, F,
CCAACCGCGAGAAGATGA, and R, CCAGAGGCGTACAGGGATAG. Real-time quantification of mRNAs was
performed by using a QuantiFast SYBR green RT-PCR kit (Qiagen, Dusseldorf, Germany). All quantifica-
tions were performed with the ABI Prism 7900 system (Thermo Fisher Scientific).

Immunofluorescence staining and confocal microscopy. Glass coverslips in 24-well plates were
seeded with SNB-19 cells before viral infection, and URMC-099 was administered. The treated cells were
fixed with 4% paraformaldehyde, permeabilized with 0.1% (vol/vol) Triton X-100, blocked in 0.3% (wt/vol)
bovine serum albumin (BSA), and incubated with primary antibodies specific for ZIKV NS1. Samples were
washed with PBS and subsequently incubated with either fluorescein isothiocyanate (FITC)- or
rhodamine-conjugated secondary antibodies according to the manufacturer’s instructions (Santa Cruz
Biotechnology). The nucleus was stained with DAPI. Images were captured by a Leica TCS-SL confocal
microscope, edited using Metamorph, and assembled using Photoshop CS (Adobe).

Western blot analysis. For cell lysate preparation, the monolayer cells were lysed with lysis buffer
(50mM Tris-HCI [pH 7.5], 150mM NaCl, 1% Nonidet P-40, 50 mM NaF, 1mM Na,VO,, 5mM
B-glycerophosphate, 1 mM dithiothreitol, and 1 mM phenylmethylsulfonyl fluoride) supplemented with
a protease inhibitor cocktail (Sigma-Aldrich) on ice. The lysate was cleared by centrifugation at
14,000 X g for 20 min. The samples were boiled in 2XX SDS loading buffer and loaded onto a 10 to 12%
polyacrylamide gel. After electrophoresis, the separated proteins were transferred onto a nitrocellulose
membrane (Bio-Rad, Hercules, CA). To test protein phosphorylation, the resulting blots were blocked
with 10% milk or 5% BSA for 1 h at room temperature and then incubated with a primary monoclonal
antibody overnight at 4°C. Secondary antibodies conjugated to IRDye 680 RD or 800CW were used for
detection by the Odyssey Infrared Imaging System (LI-COR Biosciences), with quantification by Odyssey
software.

ELISA. The secretion of IL-6, IL-8, TNF-o, and MCP-1 into the SNB-19 culture supernatant was
confirmed by sandwich ELISA according to the manufacturer’s protocol (PeproTech).

Antibody neutralization. Twenty-four-well plates were seeded with SNB-19 cells. After overnight
incubation, the cells were simultaneously infected with ZIKV and incubated with an antibody mixture
specific for IL-6, IL-8, TNF-a, MCP-1, and control IgG. At 48 h postinfection, the total RNA in the infected
cells was extracted with TRIzol and quantified with gqRT-PCR. The percentage of infected cells was
obtained and normalized to those of the positive and negative controls.

Statistical analysis. The values shown in graphs are presented as the mean * standard deviation
from at least three independent experiments, unless otherwise noted. Statistical analyses were per-
formed using GraphPad Prism 8 software, and P values of <0.05 (obtained from Student’s t test) were
considered statistically significant: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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