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ABSTRACT Zika virus (ZIKV) infection attenuates the growth of human neural pro-
genitor cells (hNPCs). As these hNPCs generate the cortical neurons during early
brain development, the ZIKV-mediated growth retardation potentially contributes to
the neurodevelopmental defects of the congenital Zika syndrome. Here, we investi-
gate the mechanism by which ZIKV manipulates the cell cycle in hNPCs and the
functional consequence of cell cycle perturbation on the replication of ZIKV and re-
lated flaviviruses. We demonstrate that ZIKV, but not dengue virus (DENV), induces
DNA double-strand breaks (DSBs), triggering the DNA damage response through the
ATM/Chk2 signaling pathway while suppressing the ATR/Chk1 signaling pathway.
Furthermore, ZIKV infection impedes the progression of cells through S phase,
thereby preventing the completion of host DNA replication. Recapitulation of the
S-phase arrest state with inhibitors led to an increase in ZIKV replication, but not of
West Nile virus or DENV. Our data identify ZIKV’s ability to induce DSBs and sup-
press host DNA replication, which results in a cellular environment favorable for its
replication.

IMPORTANCE Clinically, Zika virus (ZIKV) infection can lead to developmental de-
fects in the cortex of the fetal brain. How ZIKV triggers this event in developing
neural cells is not well understood at a molecular level and likely requires many con-
tributing factors. ZIKV efficiently infects human neural progenitor cells (hNPCs) and
leads to growth arrest of these cells, which are critical for brain development. Here,
we demonstrate that infection with ZIKV, but not dengue virus, disrupts the cell cy-
cle of hNPCs by halting DNA replication during S phase and inducing DNA damage.
We further show that ZIKV infection activates the ATM/Chk2 checkpoint but pre-
vents the activation of another checkpoint, the ATR/Chk1 pathway. These results
unravel an intriguing mechanism by which an RNA virus interrupts host DNA repli-
cation. Finally, by mimicking virus-induced S-phase arrest, we show that ZIKV manip-
ulates the cell cycle to benefit viral replication.

KEYWORDS cell cycle, DNA damage, DNA damage checkpoints, DNA damage
response, DNA replication, S phase, Zika virus, neural progenitors

Zika virus (ZIKV) is a mosquito-borne flavivirus of significant public health concern,
closely related to dengue virus (DENV), West Nile virus (WNV), and yellow fever virus

(YFV). These single-stranded, positive-sense RNA viruses share similar genome charac-
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teristics and replication strategies, yet infection with each of these viruses can lead to
very different clinical outcomes, suggesting that distinct cellular and molecular mech-
anisms underlie their pathogenesis. ZIKV’s preferential targeting of neural progenitor
cells (1), which give rise to the fetal cortex during brain development, appears to be
unique among these flaviviruses and likely contributes to the severe neurological
complications, such as microcephaly, observed in congenitally infected fetuses and
newborns (2, 3).

In response to the devastating effects of ZIKV on fetal neural development brought
to light by the 2015 outbreak in Brazil, significant research efforts have been under-
taken to understand the mechanisms of Zika pathogenesis. We previously demon-
strated that ZIKV causes cell cycle perturbation and apoptosis in human cortical neural
progenitor cells (hNPCs) (1). These findings were recapitulated in three-dimensional
(3D) cerebral organoids (4–6) and the developing fetal brain in pregnant mice (7, 8).
Additionally, global transcriptome analyses of ZIKV-infected hNPCs and murine fetal
brain tissues revealed a dysregulation of cell-cycle-related genes (1, 7, 8), further
highlighting the involvement of cell cycle pathways in ZIKV biology.

Progression through the cell cycle is tightly controlled by an array of cellular
regulators and effectors. This control can be exerted through the activation of signaling
pathways that halt the cell cycle and facilitate the repair of damaged DNA, collectively
referred to as the DNA damage response (DDR) (9–11). The DDR is mediated by
members of the phosphoinositide 3 (PI-3) kinase family, primarily ataxia telangiectasia
mutated (ATM) and ATM and Rad3 related (ATR), whose checkpoint signals are relayed
to downstream effector proteins by the Chk2 and Chk1 transducer kinases, respectively
(12, 13). Typically, the ATM/Chk2 signaling pathway is activated upon the detection of
double-strand breaks (DSBs) in DNA, while the ATR/Chk1 signaling pathway is initiated
by the presence of accumulated single-strand DNA (ssDNA) at stalled replication forks
(14). Activation of either of these protein kinase cascades can ultimately result in
widespread effects on cell cycle progression, DNA repair, and the induction of apop-
tosis (15).

Following the detection of DNA damage, a central function of the DDR is to arrest
cell cycle progression. The ATM/ATR kinases mediate activation of three major cell cycle
checkpoints: the G1/S checkpoint ensures that DNA replication or S phase is not
initiated in the presence of DNA damage, the intra-S-phase checkpoint activates in
response to replication stress, and the G2/M checkpoint prevents the onset of cell
division in the presence of DNA damage or unreplicated DNA, thereby inhibiting the
segregation of damaged chromosomes (9, 16–18). DDR-mediated arrest of the cell cycle
occurs to allow time for the damaged DNA to be repaired prior to reentry into the cell
cycle. An early event that occurs in response to DNA damage is the phosphorylation of
S139 on histone variant H2A.X (�H2A.X) by the ATM/ATR kinases at sites of damaged
DNA, which serves as a sensitive marker for DNA DSBs (19, 20). This event leads to the
recruitment of numerous DNA repair proteins, such as the p53-binding protein 1
(53BP1) (21, 22). Recently, it was demonstrated that ZIKV infection leads to increased
�H2A.X signals (7, 23, 24); however, neither direct evidence of DNA breaks during ZIKV
infection, nor the consequences of this damage on cell cycle progression or viral
replication have been shown.

Here, we report that ZIKV infection activates the ATM/Chk2 signaling pathway, while
suppressing the ATR/Chk1 signaling pathway, and causes a dramatic inhibition of DNA
replication and progression through S phase. Additionally, we observe increased levels
of phosphorylated H2A.X and 53BP1 protein and detect physical breaks in DNA.
Together, these data suggest that ZIKV infection triggers an ATM-dependent DDR in
hNPCs by inducing DNA DSBs. We also demonstrate that aphidicolin/thymidine-
mediated S-phase arrest leads to an increase of ZIKV replication. Lastly, we show that
while DENV and WNV both efficiently infect hNPCs, these viruses do not block host DNA
replication, and their infections are not enhanced by S-phase arrest.
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RESULTS
ZIKV infection causes DNA damage and activation of the DDR. We have previ-

ously shown that infection of hNPCs with the ZIKV MR766 (ZIKVM) Uganda strain led to
a perturbation of the host cell cycle as measured in DNA content using propidium
iodide (PI) staining (1). To determine if infection by an epidemic strain of ZIKV interferes
with active DNA replication and proliferation, we infected hNPCs for 48 h with ZIKV
PRVABC59 (ZIKVPR) or ZIKVM (multiplicity of infection [MOI] of 0.4) and then labeled
these cells with a nucleoside analogue, bromodeoxyuridine (BrdU), to identify cells
undergoing DNA replication. Infection of hNPCs with either strain of ZIKV significantly
decreased the number of cells positive for BrdU and with a near-4C DNA content (i.e.,
late-S-phase cells). This resulted in a reduced ratio of cells in late S versus early S phase
to 50 to 60% of that in mock-infected hNPCs (Fig. 1A and B). In contrast, DENV infection
(MOI of 0.4) did not significantly alter the ratio of cells in late S versus early S phase
compared to mock-infected hNPCs (Fig. 1C). Immunofluorescence analysis showed
comparable infection efficiencies for ZIKVPR, ZIKVM, and DENV, with over 60% of hNPCs
infected in each population at 48 h (Fig. 1D). We also observed a significant attenuation
of the cell proliferation marker KI67 in hNPCs infected with ZIKV, but not for DENV (Fig.
1D), consistent with previous studies in ZIKV-infected mice and brain organoids (6, 8).

We next determined whether the ability of ZIKV to perturb the cell cycle in hNPCs
was shared by another neurotropic flavivirus, WNV. We first tested the permissiveness
of hNPCs to the WNV NY99 strain (MOI of 0.5) and observed efficient infection, with
approximately 60% of hNPCs infected at 24 h (Fig. 1E). In contrast to ZIKV, WNV-
infected hNPCs displayed no significant difference in either the number of late-S-phase
cells or the ratio of cells in late S versus early S phase compared to mock-infected
hNPCs at 24 h postinfection (Fig. 1F).

To delineate the molecular mechanism of S-phase disruption by ZIKV, we analyzed
the phosphorylation state of key cell cycle checkpoint molecules in mock-, ZIKV-, or
DENV-infected hNPCs. We detected increased phosphorylated ATM and its substrate
Chk2 in ZIKV-infected hNPCs by 48 h postinfection (Fig. 2A), suggesting activation of
the ATM/Chk2 checkpoint, but did not observe Chk1 phosphorylation in ZIKV-infected
hNPCs (Fig. 2B). We next detected reduced protein levels of several downstream targets
of the ATM/Chk2 signaling pathway, including the cell cycle regulators CDC25A, cyclin
E, and cyclin A, in ZIKV-infected hNPCs (Fig. 2C). In contrast to ZIKV, we did not detect
checkpoint activation in DENV-infected hNPCs (Fig. 2A and B). Of note, similar levels of
hyperphosphorylated retinoblastoma (Rb) protein were observed in virus-infected and
mock-infected hNPCs (Fig. 2D), suggesting that these cells are not restricted at the G1/S
transition.

We next investigated what triggers ATM/Chk2 checkpoint activation upon ZIKV
infection. As part of the DDR, checkpoint proteins such as ATM and Chk2 are activated
in response to DNA DSBs, which are marked by the presence of �H2A.X. To determine
if �H2A.X signals are increased during ZIKV infection, we infected hNPCs with ZIKV or
DENV and collected cell lysates over a time course for Western blot analysis. We
observed a higher �H2A.X signal from hNPCs infected with ZIKV than for those from
mock- or DENV-infected hNPCs (Fig. 2A). We confirmed these results with an immu-
nofluorescence assay that allowed for the quantification of the number of the nuclear
�H2A.X foci at 48 h after infection and observed an approximately 4-fold increase in
number of �H2A.X foci in ZIKV-infected compared to mock-infected hNPCs (Fig. 3A). As
DNA damage can also occur during virus-induced apoptosis, we excluded cells express-
ing cleaved caspase-3 and detected an approximately 3-fold increase in �H2A.X foci in
ZIKV-infected compared to mock-infected hNPCs (Fig. 3B). Downstream of �H2A.X
signaling, the 53BP1 protein is phosphorylated at damaged DNA foci as part of the DSB
repair process. We observed an approximately 5-fold increase in phosphorylated 53BP1
foci in ZIKV-infected compared to mock-infected hNPCs 48 h postinfection (Fig. 3C).
Finally, to directly visualize DSBs in DNA, we utilized the neutral comet assay, which is
a sensitive method that combines gel electrophoresis with fluorescence microscopy to
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directly visualize and measure DNA DSBs in individual eukaryotic cells (25). We detected
a significant increase in mean tail moment in ZIKV-infected compared to mock- and
DENV-infected hNPCs 48 h postinfection (Fig. 3D and E).

Our BrdU analysis results (Fig. 1A and B) strongly indicate a disruption in S phase in
hNPCs during ZIKV infection. Yet, while the ATR/Chk1 signaling pathway is typically

FIG 1 ZIKV infection disrupts DNA replication of hNPCs. (A to F) hNPCs were infected with (A to D) ZIKVM (MOI of 0.4), ZIKVPR (MOI of 0.4), or DENV (MOI of
0.4) for 48 h or (E and F) WNV (MOI of 0.5) for 24 h. (A to C and F) Representative cell cycle profiles and quantifications of BrdU-pulse-labeled hNPCs. The same
mock-infected cells were used for the ZIKVPR and DENV representative images. Error bars are mean � SD, representing the average from two biological
replicates. (D) Representative immunofluorescence images and quantifications of viral infection of hNPCs using anti-flavivirus envelope (4G2) and anti-KI67
staining 48 h postinfection. KI67� cell quantification is the percentage of infected cells. Scale bars are 50 �m. Error bars are mean � SD, representing the
average from two biological replicates (n � 500 cells per treatment). (E) Representative immunofluorescence images of hNPCs infected with WNV (MOI of 0.5)
for 24 h and stained with anti-WNV NS3 or antinestin. Scale bars are 26 �m. In panels A to D and F, ** indicates P � 0.01 and *** indicates P � 0.001. (A to
C and F) Unpaired t test. (D) One-way ANOVA.
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activated at stalled replication forks, Chk1 phosphorylation was not observed in ZIKV-
infected hNPCs (Fig. 2B), suggesting that the ATR/Chk1 signaling pathway is not
initiated upon ZIKV infection. Thus, we investigated the intriguing possibility that ZIKV
infection suppresses ATR activation. We infected hNPCs with ZIKV or DENV for 44 or 26
h and then treated the cells with 1 mM hydroxyurea (HU) for an additional 4 or 22 h to
activate the ATR/Chk1 signaling pathway. As we previously noted, Chk1 phosphoryla-
tion was not observed in the mock- or virus-infected untreated hNPCs; however, there
was a significant increase in Chk1 phosphorylation in the mock- and DENV-infected

FIG 2 ZIKV infection activates the ATM/Chk2 checkpoint in hNPCs. (A to C) Representative Western blot images and quantifications of DNA damage response
signaling pathway protein expression in hNPCs infected with ZIKVPR (MOI of 0.4) or DENV (MOI of 0.4) analyzed over the time course shown (hours postinfection
[hpi]). Positive controls include cells treated with 1 mM hydroxyurea (HU) for 22 h and 10-Gy-irradiated cells. Quantifications are of 48-h time points. Error bars
are mean � SD, representing the average from (A and B) three or (C) two biological replicates. (D) Representative Western blot image and quantification of
phosphorylated Rb in hNPCs infected with ZIKVPR (MOI of 0.4) or DENV (MOI of 0.4) analyzed over the time course shown (hpi). The positive control is
10-Gy-irradiated cells. Quantifications are of 48-h time points. Error bars are mean � SD, representing the average from three biological replicates. In panels
A to D, * indicates P � 0.05, ** indicates P � 0.01, and *** indicates P � 0.001 (one-way ANOVA).
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FIG 3 ZIKV infection induces DNA damage in hNPCs, while simultaneously restricting activation of the ATR/Chk1 checkpoint. (A) Representative immunofluo-
rescence images and quantification of �H2A.X foci in hNPCs infected for 48 h with ZIKVM (MOI of 0.4) or DENV (MOI of 0.4). Cells were stained with anti-�H2A.X,
and nuclear foci were counted. DAPI is represented in gray; �H2A.X is represented in green. The scale bar is 20 �m. Error bars are mean � SD (n � 500 cells
per treatment). (B) Quantification of �H2A.X foci in cleaved caspase-3-negative (c-Cas3�) hNPCs infected for 48 h with ZIKVPR (MOI of 0.4) or DENV (MOI of 0.4).
Cells were stained with anti-�H2A.X, and anti-cleaved caspase-3, and nuclear foci were counted in cells negative for caspase-3 staining. Error bars are mean �
SD (n � 500 cells per treatment,). (C and D) Representative immunofluorescence images and quantification of (C) phosphorylated 53BP1 foci or (D and E) tail
moment in hNPCs infected for 48 h with ZIKVPR (MOI of 0.4) or DENV (MOI of 0.4). (C) Cells were stained with anti-phospho-53BP1, and nuclear foci were counted.
DAPI is represented in gray; phospho-53BP1 is represented in green. Scale bars are 20 �m. Error bars are mean � SD for images representative of two biological
replicates (n � 500 cells per treatment). (D) Immunofluorescence images and (E) cluster plot analysis of the neutral comet assay. Following neutral comet assay
lysis and single-cell electrophoresis, infected hNPCs were stained with SYBR gold, and tail moment was measured. Scale bars are 50 �m. Error bars are mean �
SD, representing the average from three biological replicates (immunofluorescence, n � 50 comets per replicate; cluster plot, n � 160 comets per treatment).
(F) Representative Western blot image and quantification of phosphorylated Chk1 in hNPCs infected with ZIKVPR (MOI of 0.4) or DENV (MOI of 0.4) for 44 or
26 h and then treated with 1 mM HU for 4 or 22 h prior to collection. Error bars are mean � SD, representing the average from two biological replicates. In
panels A to E, * indicates P � 0.05, ** indicates P � 0.01, *** indicates P � 0.001, and **** indicates P � 0.0001 (one-way ANOVA).
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hNPCs following treatment with HU (Fig. 3F). In contrast, ZIKV-infected hNPCs showed
only minimal phosphorylation of Chk1 following HU treatment (Fig. 3F), suggesting that
ZIKV does indeed suppress activation of the ATR/Chk1 signaling pathway. Collectively,
these findings demonstrate that ZIKV, but not DENV, infection of hNPCs leads to DSBs
in DNA and activates the DDR through the ATM/Chk2 signaling pathway, while
suppressing the ATR/Chk1 signaling pathway.

ZIKV infection arrests the progression of DNA replication. Next, we analyzed the
kinetics of ZIKV-mediated perturbation of DNA replication in a highly permissive human
glioblastoma cell line, SNB-19, that is more amenable to synchronization in vitro than
hNPCs. Infection of SNB-19 cells by ZIKV (MOI of 1.0) or DENV (MOI of 1.0) resulted in
greater than 80% of cells infected at 24 h (Fig. 4A). ZIKV, but not DENV, infection
significantly decreased the ratio of cells in late S versus early S phase (Fig. 4B), similar
to that observed in hNPCs, and this decrease was inversely correlated with the ZIKV MOI
(Fig. 4C). Additionally, these cells exhibited significantly reduced cell proliferation (Fig.
4D) and attenuation of KI67 staining (Fig. 4E) in populations infected with ZIKV, but not
DENV, comparable to infected hNPCs. To determine the timing of this ZIKV-induced cell
cycle disruption, we labeled cells with BrdU prior to virus inoculation to follow the
progress of the S-phase pulse-labeled cells during infection (Fig. 4F). A difference in cell
cycle profiles between mock- and ZIKV-infected cells became detectable at around 18
h postinfection (Fig. 4G); thus, this time was used as a reference point to track the
progression of these perturbed cells in subsequent experiments.

A specific reduction of late-S-phase cells by ZIKV infection suggests an impediment
of S-phase progression, which can be visualized more clearly in synchronized cells. We
treated infected cells for 16 h with thymidine, which blocks DNA replication in a
reversible fashion, to obtain a synchronized cell population and then detected cell
progression through S phase following thymidine removal (Fig. 5A). After thymidine
treatment, but before release, the BrdU profiles were similar for both infected and
uninfected cells (Fig. 5B). After release from the block, the uninfected and DENV-
infected cells moved as a synchronized population through S phase, reaching late S
phase around 8 h postrelease. In contrast, the ZIKV-infected cells entered early S phase
but were unable to progress through to late S phase, with progression effectively
stopped by 4 h postrelease (Fig. 5B).

To follow the natural progression of S-phase cells without synchronization, we
pulse-labeled mock- and virus-infected SNB-19 cells with BrdU and then chased them
for up to 12 h (Fig. 5C). The early-S-phase BrdU-labeled cells in the uninfected and
DENV-infected populations progressed from a 2C to a 4C DNA content and then
accumulated with a 2C DNA content (following a division) by 12 h (Fig. 5D), suggesting
that these cells had cycled through back to the G1 phase. In contrast, the early-S-phase
BrdU-labeled cells in the ZIKV-infected population were less efficient at increasing their
DNA content, while a small subset of the late-S-phase BrdU-labeled cells appeared to
be able to progress to a 2C DNA content normally (Fig. 5D). Together, our data
demonstrate that ZIKV, but not DENV, infection induces an S-phase arrest, thereby
disrupting the progression of DNA replication and preventing the completion of S
phase.

We then confirmed that the S-phase arrest was induced only in ZIKV-infected cells
but not in uninfected cells by simultaneously analyzing infection and the cell cycle
profile. For this, we utilized 5-ethynyl-2=-deoxyuridine (EdU) to measure DNA replication
alongside detection of the viral envelope protein (Fig. 6A). Infection of SNB-19 cells with
ZIKV (MOI of 0.5) or DENV (MOI of 0.5) resulted in approximately 50 to 60% of the cells
positive for viral envelope (Fig. 6B to D), permitting the comparison of the cell cycle
profiles of the individually gated infected and uninfected subpopulations in the same
sample (Fig. 6E to G). For both ZIKV and DENV, the cell cycle profiles of the uninfected
subpopulations closely resembled that of mock-infected cells (Fig. 6E to G, left and
middle panels). However, the ZIKV-positive subpopulation exhibited a clear reduction
in EdU labeling compared to the uninfected subpopulation, suggesting inhibition of

ZIKV Perturbs DNA Replication in Neural Progenitors Journal of Virology

October 2019 Volume 93 Issue 20 e00638-19 jvi.asm.org 7

https://jvi.asm.org


FIG 4 ZIKV infection alters the proliferation and cell cycle progression of SNB-19 cells. (A, B, D, and E) SNB-19 cells were infected with ZIKVM

(MOI of 1.0), ZIKVPR (MOI of 1.0), or DENV (MOI of 1.0) for (A and B) 24 h or (D) 12 to 24 h prior to analysis. (A) Representative

(Continued on next page)
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DNA replication (Fig. 6F, right panel). In contrast, the DENV-positive subpopulation did
not show this reduction, and there was no difference in DNA replication between the
infected and uninfected subpopulations (Fig. 6G, middle and right panel). These results
indicate that the S-phase arrest induced by ZIKV infection is limited to infected cells.

Induced S-phase arrest enhances ZIKV replication. We next determined if ZIKV-
induced S-phase arrest was beneficial for viral replication. To mimic the S-phase arrest
observed during ZIKV infection, we used two treatment strategies in SNB-19 cells: a
double thymidine block or a thymidine block followed by treatment with a DNA
polymerase inhibitor, aphidicolin (APH) (Fig. 7A). PI analysis revealed that both treat-
ments arrested cells in early S phase (Fig. 7B).

With either S-phase inhibitor treatment strategy, intracellular ZIKV protein levels
were significantly enhanced by 24 h after infection compared to the levels in dimethyl
sulfoxide (DMSO)-treated cells (Fig. 7C). An infection time course analysis revealed that
ZIKV RNA remained at similar levels between 4 and 16 h and then increased by 24 h for
the S-phase inhibitor-treated samples only, indicating that detectable enhancement
occurred later in the virus life cycle (Fig. 7D), consistent with our previous time course
(Fig. 4G). Although there was no significant increase in ZIKV infectious titers at 24 h
after infection, by 48 h, there was a significant increase in ZIKV yields from S-phase
inhibitor-treated cells compared to DMSO-treated cells (Fig. 7E). In contrast, these drug
treatments did not significantly alter DENV protein (Fig. 7C) or RNA (Fig. 7F) levels or
infectious titers (Fig. 7E). We also tested the potential effect of S-phase arrest on WNV
infectious particle production. Interestingly, both S-phase inhibitor treatment strategies
resulted in a significant decrease of WNV infectious titers at 12 h—a difference that was
no longer apparent by 24 h— compared to DMSO-treated cells (Fig. 7G). These results
suggest that an S-phase arrest environment does not benefit WNV, but instead delays
its replication kinetics.

To confirm that the enhancement of ZIKV replication was specific to S-phase arrest,
we cultured SNB-19 cells in reduced serum for 24 h to accumulate cells in G0/G1 phase
prior to infection. Propidium iodide staining confirmed that the reduced serum medium
led to an increase in G0/G1-phase cells (Fig. 8A). In contrast to the results in S-phase-
arrested cells, the reduced serum conditions markedly decreased ZIKV, but not DENV,
protein expression (Fig. 8B) and infectious titers (Fig. 8C). Because reduced serum in
culture medium may deplete serum proteins required for efficient viral entry (26, 27),
we infected cells with ZIKV in standard serum medium to allow entry before adding the
reduced serum medium and observed a similar, albeit less dramatic, decrease in ZIKV
intracellular protein levels (Fig. 8D). Overall, these results indicate that an S-phase arrest
environment, during which cellular DNA replication is inhibited, fosters ZIKV infection,
while a G0/G1 arrest environment is detrimental.

DISCUSSION

Here, we report that ZIKV activates an ATM/Chk2-dependent DDR pathway in
response to ZIKV-induced DNA breaks in hNPCs while simultaneously suppressing the
ATR/Chk1 signaling pathway, ultimately culminating in an S-phase arrest and the

FIG 4 Legend (Continued)
immunofluorescence images and quantification of infected SNB-19 cells stained with anti-flavivirus envelope (4G2). Scale bars are 50 �m. Error
bars are mean � SD (n � 500 cells per treatment). (B) Representative cell cycle profiles and quantifications of BrdU-pulse-labeled SNB-19 cells
following infection or treatment with 1 mM HU for 22 h. Error bars are mean � SD, representing the average from two biological replicates.
(C) Cell cycle profile of SNB-19 cells infected with increasing MOI of ZIKVM at 24 h prior to BrdU pulse-labeling. (D) Time course of SNB-19 cell
proliferation for infected or mock-infected cells. Error bars are mean � SD, representing the average from three biological replicates. (E)
Quantification of KI67-positive SNB-19 cells in the infected population. Cells were stained with anti-KI67 and anti-flavivirus envelope (4G2) 24
h postinfection and counted for double-positive cells. Error bars are mean � SD (n � 500 per treatment). (F) Schematic of SNB-19 BrdU
pulse-labeling for cell cycle profile analysis of DNA replication progression. SNB-19 cells were initially pulsed with BrdU for 30 min and then
infected for 2 h with ZIKVM (MOI of 1.0). Samples were collected at 6, 12, 18, and 24 h postinfection for analysis by flow cytometry. (G) Cell cycle
progression of BrdU-pulse-labeled SNB-19 cells throughout ZIKV infection as indicated in panel F. Analyzed gates include the BrdU-labeled cells
(BrdU Pulse), and all BrdU-negative cells divided into the G1, BrdU� S, and G2 DNA content groups. The cell cycle profiles shown are
representative of three biological replicates. In panels B, D, and E, * indicates P � 0.05, ** indicates P � 0.01, *** indicates P � 0.001, and ****
indicates P � 0.0001 (one-way ANOVA).
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FIG 5 ZIKV infection disrupts progression of S phase and causes an S-phase arrest in SNB-19 cells. (A) Schematic of SNB-19 S-phase
synchronization and BrdU pulse-labeling for cell cycle profile analysis of S-phase progression. SNB-19 cells were initially infected for

(Continued on next page)
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halting of host DNA replication (Fig. 9). Furthermore, our data suggest that this S-phase
arrest state provides a beneficial environment for ZIKV replication in proliferating neural
cells (Fig. 9).

Many viruses capable of modulating the host cell cycle employ the strategy of DDR
induction; however, the mechanisms of DDR activation differ in their requirements for
DNA damage. Some viral protein kinases can directly bind to components of the DDR
pathway to activate downstream signaling cascades (28, 29), while other viruses trigger

FIG 5 Legend (Continued)
2 h with ZIKVM (MOI of 1.0) or DENV (MOI of 1.0) followed by treatment with 2 mM thymidine for 16 h. At 18 h postinfection, 0-h
samples were BrdU pulse-labeled for 30 min and collected, while all other cells were released from thymidine block. At 2, 4, 6, and 8
h postrelease, cells were BrdU pulse-labeled for 30 min and collected for analysis by flow cytometry. (B) Cell cycle synchronization and
progression of ZIKVM- or DENV-infected SNB-19 cells through S phase treated as indicated in panel A. Shown is quantification of
representative profile. The cell cycle profiles shown are representative of three biological replicates. (C) Schematic of SNB-19 BrdU
pulse-labeling for cell cycle profile analysis of S-phase progression in infected cells. SNB-19 cells were initially infected for 2 h with
ZIKVM (MOI of 1.0) or DENV (MOI of 1.0). At 18 h postinfection, samples were BrdU pulse-labeled for 30 min and collected at 0, 3, 6,
9, and 12 h post-BrdU labeling for analysis by flow cytometry. (D) Cell cycle progression of an asynchronous population of
BrdU-pulse-labeled SNB-19 cells during infection as indicated in panel C. The cell cycle profiles shown are representative of three
biological replicates.

FIG 6 ZIKV-induced S-phase arrest is specific to infected cells. (A) Schematic of EdU pulse-labeling for cell
cycle profile analysis of infected versus uninfected cells. SNB-19 cells were infected with ZIKVM (MOI of
0.5) or DENV (MOI of 0.5) for 24 h. Samples were pulse-labeled with 100 �M EdU for 30 min, collected,
and then stained with anti-flavivirus envelope (4G2) prior to Click-iT chemistry and staining with DAPI.
(B to D) Representative 2D analysis of EdU-labeled cells and envelope protein staining of SNB-19 cells
treated as indicated in panel A. (E to G) Corresponding cell cycle profiles of panels B to D. The “Uninfected
Cells” plot displays cells gated from Q1 and Q4 of panels B to D. The “Infected Cells” plot displays cells
gated from Q2 and Q3 of panels B to D. (B to G) The cell cycle profiles shown are representative of three
biological replicates.
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FIG 7 Induced S-phase arrest of SNB-19 cells enhances ZIKV, but not DENV or WNV replication. (A) Schematic of two treatment conditions used to
synchronize SNB-19 cells in S phase. Cells were initially treated with 2 mM thymidine for 16 h and then were released back into the cell cycle for 12 h.

(Continued on next page)
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the DDR by inducing physical breaks in host DNA (i.e., nicks and DSBs) or replication
stress (30–32). Our work presented here suggests that ZIKV activates the DDR through
the ATM/Chk2 checkpoint pathway by causing DSBs in DNA, revealing the mechanism
by which ZIKV induces cell cycle perturbation and restricts the growth of hNPCs. It is
also possible that other as-yet-undiscovered events exist that provide additional mech-
anisms for DDR induction during ZIKV infection. Recently, it was shown that DENV
infection causes leakage of mitochondrial DNA (mtDNA) into the cytoplasm (33).
Although ZIKV infection may similarly cause mtDNA leakage, ATM activation by cyto-
plasmic DNA has not been reported (34, 35).

Physical breaks in DNA can occur by indirect or direct mechanisms. Viruses can
trigger the production of reactive oxygen species (ROS), which are a known cause of
nicks or DSBs in host DNA (36, 37). While ZIKV can transcriptionally upregulate
ROS-related genes, such as NOX1 (38, 39), and DENV and WNV have been shown to
induce ROS, these viruses simultaneously upregulate antioxidative responses, negating
DNA-damaging redox imbalances in the cell (40–42).

As a direct mechanism of inducing DNA breaks, a virus can impede the progression
of DNA replication forks by disrupting a critical interaction or by depleting a DNA
replication or repair factor (43, 44). Failure to remove the stress can result in collapsed
replication forks and subsequent DSBs (45), a process that is accelerated in the absence
of ATR signaling (46) and leads to ATM activation (9). Our BrdU labeling results suggest
that ZIKV-infected cells can enter early S phase but then are unable to further replicate
their DNA, while a small subset of cells in late S phase can complete DNA replication.
These data, complemented by our previous findings that ZIKV infection of hNPCs led to
a general downregulation of numerous cell-cycle-related genes (1, 39), are consistent
with a mechanism of virus-mediated depletion of a crucial DNA replication factor(s). In
this scenario, we would typically expect activation of the ATR checkpoint; however, our
results suggest that ZIKV suppresses activation of the ATR/Chk1 signaling pathway.
Collectively, ZIKV-mediated depletion of a vital DNA replication factor(s) in conjunction
with suppression of the ATR/Chk1 signaling pathway would likely accelerate fork
collapse and subsequent DSB formation. It is also possible that ZIKV suppression of ATR
activation alone, in the absence of a depleted DNA replication factor(s), would increase
DSBs in DNA as hNPCs have been shown to be particularly susceptible to endogenous
stresses such as replication stress (47). Either possibility would almost certainly result in
activation of the ATM/Chk2 signaling pathway and an arrest of cell cycle progression in
S phase, consistent with our observations in hNPCs.

During DNA virus infection, DDR factors are recruited to nuclear virus replication
centers (48), thereby shifting host cellular resources to facilitate efficient viral lytic
replication (49). For RNA viruses that replicate exclusively in the cytoplasm, how DDR
activation or the resulting cell cycle arrest benefits viral replication is less clear. We
show that the enhancement of ZIKV infection is specific to the S-phase arrest state, as
serum starvation to induce G0/G1 arrest negatively impacted ZIKV replication, and that
this enhancement is unique to ZIKV among the flaviviruses tested. Thus, it is possible
that ZIKV requires DDR factors or some other aspects of the host DNA replication
machinery for efficient replication.

The enhancement of viral replication in an arrest state has also been reported for

FIG 7 Legend (Continued)
Following release, the cells were treated with either 2 mM thymidine or 12 �M aphidicolin for an additional 16 h to induce S-phase arrest prior to
infection. (B) Representative flow cytometry analysis of SNB-19 cells treated as indicated in panel A. Samples were stained with propidium iodide (PI)
and analyzed by flow cytometry. (C, D, and F) SNB-19 cells were infected for (C) 24 h, (D) 4 to 32 h, or (F) 12 to 24 h with ZIKVPR (MOI of 0.5), ZIKVM

(MOI of 0.5), or DENV (MOI of 0.5). (C) Western blot images and quantification of intracellular viral protein expression. Viral protein was detected by
anti-ZIKV NS1 or anti-DENV NS3 for each respective sample. Viral protein band intensities were normalized to the DMSO control, representing the mean
from three biological replicates � SD. (D and F) Time course of relative intracellular viral RNA copies in (D) ZIKVM- or (F) DENV-infected SNB-19 cells
as measured by qPCR. Error bars are the mean � SD from three biological replicates. (E and G) Infectivity titers of culture supernatants at (E) 48 h
postinfection as measured by focus-forming units (ZIKVPR and ZIKVM [MOI of 0.5]) and at 36 h postinfection as measured by PFU (DENV [MOI of 0.5])
or (G) at 12 and 24 h postinfection as measured by PFU (WNV [MOI of 0.5]) on (E) Vero cells or (F) BHK cells. Error bars are the mean � SD from three
biological replicates. In panels C to G, * indicates P � 0.05, ** indicates P � 0.01, *** indicates P � 0.001, and **** indicates P � 0.0001. (C, E, and G)
One-way ANOVA. (D and F) Two-way ANOVA.
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FIG 8 G0/G1-phase arrest of SNB-19 cells does not promote ZIKV replication. (A) Flow cytometry analysis of SNB-19 cells cultured for 24 h in 10, 1, and 0.1%
serum media, respectively. Samples were stained with propidium iodide (PI) and analyzed by flow cytometry. (B and C) SNB-19 cells were infected for (B) 24
h or (C) 36 h with ZIKVPR (MOI of 0.5) or ZIKVM (MOI of 0.5) or 48 h with DENV (MOI of 0.5). (B) Western blot images of intracellular viral protein expression in
serum-starved SNB-19 cells 24 h postinfection. Following culture for 24 h in standard (10% FBS) or reduced (1% or 0.1% FBS) serum medium, cells were infected
by direct addition of virus culture to the existing culture medium. Viral protein was detected by anti-ZIKV NS1 or anti-DENV NS3 for each respective sample.
Viral protein band intensities were normalized to the 10% FBS control, representing the mean � SD from three biological replicates. (C) Infectivity titers of
culture supernatants as measured by FFU (ZIKVM and ZIKVPR) or PFU (DENV) on Vero cells. Error bars are the mean � SD from three biological replicates. (D)
Western blot images of intracellular viral protein expression in SNB-19 cells 24 h postinfection. Following a 2-h infection in standard serum medium (10% FBS)
with ZIKVPR (MOI of 2.0), ZIKVM (MOI of 2.0), or DENV (MOI of 2.0), the medium was changed to standard serum medium (10% FBS) or reduced serum medium
(1% or 0.1% FBS) for 24 h prior to collection. Viral protein was detected by anti-ZIKV NS1 or anti-DENV NS3 for each respective sample. Viral protein band
intensities were normalized to the 10% FBS control, representing the mean � SD from three biological replicates. In panels B to D, * indicates P � 0.05, **
indicates P � 0.01, *** indicates P � 0.001, and **** indicates P � 0.0001 (one-way ANOVA).
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other RNA viruses (32, 50); however, the specific mechanisms by which this enhance-
ment occurs remain unclear. While we have demonstrated that induction of an S-phase
arrest state leads to increased ZIKV protein expression, RNA levels, and titers, we have
not yet explicitly determined at which stage of the viral life cycle this enhancement
occurs. It is of note that the induced S-phase arrest state led to increased viral protein
production at 24 h while the viral RNA levels and titers were not increased until later
time points. This temporal discrepancy suggests that the S-phase arrest state either
increases viral protein stability or production prior to any detectable benefit to the viral
RNA level or that the arrest state is not immediately beneficial to RNA replication.

We observed that an accumulation of ZIKV proteins at viral replication factories
coincided with the appearance of the cell cycle arrest, suggesting that this phenotype
may be dependent upon a certain threshold of a triggering ZIKV protein or RNA, which
remains unidentified. In future studies, it would be interesting to map the viral
sequence variations responsible for the observed differences between ZIKV and the
other two flaviviruses we tested, DENV and WNV, in their effect on the cell cycle.

While the effect of ZIKV-induced S-phase arrest benefits viral replication in neural
cells, viral particles released from the fetal brain likely play a limited role in viral
transmission: thus, any evolutionary advantage of a fetal brain-specific effect mediated
by ZIKV remains unclear. Furthermore, future research is needed to determine if the
enhancement of ZIKV replication by cell cycle perturbation is specific to cells of neural
origin.

It is likely that the impact of ZIKV infection on multiple cell types in the central
nervous system contributes to the collective mechanism by which ZIKV disrupts fetal
neural development and causes the large assortment of phenotypes characteristic of
congenital Zika syndrome. Our findings provide a specific mechanistic link between
ZIKV infection of hNPCs and growth retardation of these cells, which likely plays an

FIG 9 Model depicting the effects of ZIKV infection on cell cycle progression in hNPCs. In this study, we
demonstrate that ZIKV infection of neural progenitors causes DNA double-strand breaks (DSBs) and suppresses
activation of the ATR/Chk1 signaling pathway, resulting in induction of the DNA damage response (DDR) via the
ATM/Chk2 signaling pathway. Activation of ATM and the subsequent Chk2-mediated signaling cascade leads to the
phosphorylation of the DNA damage repair proteins H2A.X and 53BP1 and degradation of the S-phase regulatory
and effector proteins CDC25A, cyclin A, and cyclin E, culminating in an S-phase arrest environment that fosters
productive ZIKV replication.
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important role in ZIKV-induced microcephaly. Furthermore, we identify an aspect of
ZIKV’s unique biology among other flaviviruses, such as DENV and WNV, that provides
a handle for dissecting virus-specific disease mechanisms.

MATERIALS AND METHODS
Cell lines. The human glioblastoma SNB-19 cell line (from the NCI-60 collection) was a kind gift from

David Meckes (Florida State University, Tallahassee, FL). SNB-19 cells were cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS [Invitrogen]) and incubated at 37°C in 5% CO2. Aedes
albopictus C6/36 cells (ATCC) were cultured in Eagle’s minimum essential medium (EMEM) supplemented
with 10% FBS and incubated at 28°C in 5% CO2. Vero cells (ATCC) were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% FBS and incubated at 37°C in 5% CO2. BHK-21 strain WI2 cells
were obtained from Tadeusz Wiktor (Wistar Institute, Philadelphia, PA), maintained in minimum essential
medium (MEM) supplemented with 2.5% fetal calf serum (FCS) and 10 �g/ml gentamicin, and incubated
at 37°C in 5% CO2.

Culture of hiPSCs and differentiation into cortical neural progenitor cells. Human induced
pluripotent stem cell (hiPSC) lines (C1-2 and C3-1) were generated in Guo-Li Ming’s lab (1, 51) and were
differentiated into forebrain-specific hNPCs following previous protocols (51). Briefly, hiPSC colonies were
detached from the feeder layer with 1-mg/ml collagenase treatment for 1 h and suspended in embryonic
body (EB) medium, consisting of FGF-2-free iPSC medium supplemented with 2 �M dorsomorphin and
2 �M A-83, in nontreated polystyrene plates for 4 days with a daily medium change. After 4 days, EB
medium was replaced by neural induction medium (NPC medium) consisting of DMEM–Ham’s F-12, N2
supplement, NEAA, 2 �g/ml heparin, and 2 �M cyclopamine. The floating EBs were then transferred to
Matrigel-coated 6-well plates at day 7 to form neural tube-like rosettes. The attached rosettes were kept
for 15 days with NPC medium change every other day. On day 22, the rosettes were picked mechanically
and transferred to low-attachment plates (Corning) to form neurospheres in NPC medium containing
B27. The neurospheres were then dissociated with Accutase at 37°C for 10 min and placed onto
Matrigel-coated 6-well plates at day 24 to form monolayer NPCs in NPC medium containing B27. These
hNPCs expressed markers for forebrain-specific progenitor markers, including nestin, PAX6, EMX-1,
FOXG1, and OTX2 (51).

Virus production and infection. ZIKV MR766 was obtained in the form of culture fluid from
ZeptoMetrix (Buffalo, NY). ZIKV PRVABC59 was obtained from ATCC (Manassas, VA). Dengue virus type
2—16681 was a kind gift from Qianjun Li (University of Alabama, Birmingham). WNV NY99 was obtained
from the World Reference Center for Emerging Viruses and Arboviruses (WRCEVA [Galveston, TX]). ZIKV
and DENV stocks were amplified in C6/36 cells (ATCC) at 28°C. Briefly, C6/36 cells cultured in T-75 flasks
were incubated with ZIKV and DENV viral inoculum for 1 h at room temperature, then fresh medium was
added, and cells were cultured for 7 days, filtered with a 0.45-�m-pore filter, aliquoted, and stored at
– 80°C. For mock infections, an equal amount of spent uninfected C6/36 supernatant was used. A stock
of WNV strain NY99 was prepared by infecting BHK cell monolayers at an MOI of 0.1 and harvesting
culture fluid at 32 hpi. Clarified culture fluid was aliquoted and stored at – 80°C. The titers of amplified
viruses were determined by focus-forming unit (FFU) or PFU assays as described in the following section.

Virus infectivity titration assays. ZIKV titers were determined by FFU assay, and DENV titers were
determined by PFU assay on Vero cells. For the PFU assay, culture supernatants were collected, serially
diluted, and incubated with a confluent monolayer of Vero cells for 2 h at 37°C prior to addition of a 2%
methylcellulose overlay mixed 1:1 with 2� DMEM. After 48 to 72 h of incubation, cells were washed with
phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde, stained with a solution of 0.5% crystal
violet for 20 min, and rinsed with double-distilled water (ddH2O). For the FFU assay, cells were blocked
in PBTG, which is PBT (PBS plus 0.5% Tween 20 and 1% bovine serum albumin [BSA]) plus 0.2% BSA and
5% normal goat serum. The cells were then incubated overnight at 4°C with anti-flavivirus envelope
(clone D1-4G2-4-15, produced from hybridoma ATCC HB-112). The following day, the cells were washed
three times with PBS prior to incubation with goat anti-mouse IgG conjugated with horseradish
peroxidase (HRP) (Santa Cruz Biotechnology; catalog no. sc-2005) for 1 h at room temperature and then
washed three times with PBS prior to incubation with 3,3=-diaminobenzidine (DAB) peroxidase substrate
(Vector Labs; catalog no. SK-4100) for 10 min. WNV titers were determined using a PFU assay on BHK cells.
Culture supernatants were collected, serially diluted, and incubated with a confluent monolayer of cells
for 1 h at 37°C, prior to addition of a 1% molten Sea ME agarose (Lonza) overlay mixed 1:1 with 2� MEM.
After 72 h, the agarose plug was removed, and the cells were stained with 0.05% crystal violet in 10%
ethanol.

BrdU/EdU pulse-labeling and analysis by flow cytometry. Cells were pulse-labeled with 100 �M
BrdU (Sigma-Aldrich; catalog no. B5002) for 30 min at 37°C and protected from light for the remainder
of the procedure. Cells were then rinsed two times in ice-cold PBS, and the cell pellet was collected. After
suspension in ice-cold PBS–1% FBS, ice-cold 100% ethanol was added dropwise while mixing to fix the
cells at a final concentration of 75% ethanol at �20°C overnight. For analysis by 2D flow cytometry, the
samples were denatured by treatment with 2N HCl– 0.5% Triton X-100 and incubated in the dark for
30 min prior to pH neutralization with 0.1 M sodium tetraborate. Cells were then incubated with 0.15 �g
anti-BrdU (BD Pharmingen; catalog no. 555627) in a PBS solution containing 0.5% Tween 20 and 1% BSA
(PBT) for 1 h. Samples were washed with PBT solution and incubated with 1 �g goat anti-mouse IgG
conjugated with fluorescein isothiocyanate (FITC [Sigma-Aldrich; catalog no. F0257]) in PBT for 30 min.
After washing with PBT, samples were resuspended in PI staining solution (Abcam; catalog no. ab139418)
and incubated for 30 min at 37°C.
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Cells were pulse-labeled with 100 �M EdU (Invitrogen; catalog no. C10632) for 30 min at 37°C and
protected from light for the remainder of the procedure. Cells were then rinsed two times in ice-cold PBS,
and the cell pellet was collected. Pellets were washed an additional time with PBS and resuspended in
4% paraformaldehyde at room temperature for 10 min. Samples were washed with PBS containing 1%
BSA and incubated with 2.5 �g anti-flavivirus envelope (clone D1-4G2-4-15, produced from hybridoma
ATCC HB-112) in Click-iT saponin-based permeabilization and wash reagent (SPW) (Invitrogen; catalog
no. C10632) for 1 h. Samples were washed with PBS–1% BSA and incubated with 1 �g goat anti-mouse
IgG–Cy3 (Invitrogen; catalog no. A10521) in SPW for 30 min. After washing with PBS–1% BSA, Click-iT
chemistry was performed according to the manufacturer’s protocol (Invitrogen; catalog no. C10632) with
Alexa Fluor 488 picolyl azide for 30 min. After washing with PBS–1% BSA, samples were resuspended in
FoxP3 permeabilization buffer (Biolegend; catalog no. 421402) with a final concentration of 6 �M DAPI
(4=,6-diamidino-2-phenylindole [Biolegend; catalog no. 422801]) for 15 min at room temperature prior to
analysis. All samples were analyzed using a BD FACSCanto machine (BD Biosciences). Cell cycle plots
were generated using FlowJo software (FlowJo, LLC).

Western blotting for hNPCs. Samples were washed with ice-cold PBS and then directly lysed in
Laemmli sample buffer containing 3� Halt protease and phosphatase inhibitor cocktail (Thermo Fisher
Scientific; catalog no. 78440) and 10 �M MG132 (Calbiochem; catalog no. 474790). The lysates were
gently collected, immediately flash-frozen in liquid nitrogen, and stored at – 80°C until analysis. Proteins
in the lysates were resolved either on 4 to 12% precast gradient gels (Bio-Rad) using MES (morpho-
lineethanesulfonic acid) running buffer or on SDS–18% polyacrylamide gels optimized for the resolution
of histone proteins. Proteins were transferred to 0.2-�m-pore nitrocellulose membranes prior to blocking
with 5% milk in Tris-buffered saline containing 0.1% Tween 20 (TBST). Blots were incubated overnight in
TBST plus 0.5% milk with the appropriate antibodies before washing them four times for 4 min each with
TBST. The blots were incubated for 45 min with the appropriate fluorescently labeled secondary
antibodies (LiCor) at a 1:15,000 dilution in TBST. Then the blots were washed four times with TBST
followed by two washes in TBS prior to detection of the fluorescent signals using a LiCor Odyssey infrared
imager. The protein bands were quantified using ImageJ (https://imagej.nih.gov/ij/). Quantifications were
determined relative to the indicated loading controls prior to normalization to the uninfected sample
(value set to 1). The following primary antibodies were obtained commercially and used at a 1:1,000
dilution: cyclin A (Santa Cruz Biotechnology; catalog no. sc-596), cyclin E (Santa Cruz Biotechnology;
catalog no. sc-481), CDC25A (Santa Cruz Biotechnology; catalog no. sc-097), Chk1–phospho-S345 (Cell
Signaling; catalog no. 13303), Chk2–phospho-T68 (Cell Signaling; catalog no. C13C1), Rb–phospho-T356
(Genetex; catalog no. GTX10922), ATM–phospho-S1981 (Abcam; catalog no. ab81292), �H2A.X–phospho-
S139 (Millipore; catalog no. 05-636), PARP1 (Bethyl Laboratories; catalog no. A301-376A), Chk1 (Bethyl
Laboratories; catalog no. A300-298A), and H2A.X (Abcam; catalog no. ab20669). Rabbit polyclonal
antibodies against histone H4 were developed in the laboratory and have been described previously (52).

Immunofluorescence staining. Cells were seeded on coverslips and fixed with 4% paraformalde-
hyde, permeabilized with PBT (0.2% Triton X-100 in PBS), and then blocked in either PBTG (PBT with 0.2%
BSA and 5% normal goat serum) (ZIKV and DENV) or PBS with 5% normal horse serum (WNV). After
blocking, cells were stained solely or in combination with the following antibodies: anti-phospho-53BP1
(Ser25) (Thermo Fisher Scientific; catalog no. PA5-38465), anti-phospho-H2A.X (Ser140) (Thermo Fisher
Scientific; catalog no. MA1-2022), anti-KI67 (Abcam; catalog no. ab15580), anti-flavivirus envelope (clone
D1-4G2-4-15, produced from hybridoma ATCC HB-112), anti-WNV NS3 (R&D Systems; catalog no.
AF2907), antinestin (Millipore; catalog no. MAB5326), or anti-cleaved caspase-3 (Cell Signaling; catalog
no. 9661). Slides were washed three times in PBS and then stained with one or a combination of the
following secondary antibodies: goat anti-mouse IgG–FITC (Sigma-Aldrich; catalog no. F0257), goat
anti-rabbit IgG–FITC (Sigma-Aldrich; catalog no. F0382), goat anti-mouse IgG–Cy3 (Invitrogen; catalog no.
A10521), goat anti-rabbit IgG–Cy3 (Invitrogen; catalog no. A10520), mouse anti-goat–Alexa Fluor 488, or
goat anti-mouse–Alexa Fluor 647. Slides were washed three times in PBS and mounted using Vectashield
mounting medium with DAPI (Vector Laboratories; H-1200) (ZIKV, DENV). For WNV staining, slides were
simultaneously stained with secondary antibody and Hoechst 33342 to stain the nucleus and mounted
using Prolong Gold antifade mountant (Thermo Fisher Scientific; catalog no. p36930). ZIKV- or DENV-
infected cells and KI67-stained cells were imaged using an Olympus BX61 fluorescence microscope (20�
objective). Phospho-H2A.X and phospho-53BP1-stained slides were imaged using a Zeiss LSM 880
confocal microscope (63� objective). Collected images were analyzed and quantified using ImageJ
(https://imagej.nih.gov/ij/). WNV-infected cells and nestin-stained cells were imaged using a Zeiss Axio
Observer Z1 fluorescence microscope and processed using Volocity 64 software (Perkin Elmer).

Comet assay. The neutral lysis comet assay was performed as previously described (25). Briefly,
8 � 103 hNPCs resuspended in 400 �l Dulbecco’s PBS (DPBS [VWR; catalog no. 02-0119-1000]) were
mixed with 1.2 ml molten 1% low-gelling-temperature agarose (Sigma-Aldrich; catalog no. A4018), and
1.2 ml of the mixture was overlaid onto slides scored and precoated with 1% low-gelling-temperature
agarose. Slides were immersed in 4°C neutral lysis buffer (2% Sarkosyl, 0.5 M Na2EDTA, 0.5 mg/ml
proteinase K, pH 8.0) and incubated at 37°C for 18 to 20 h. After lysis, slides were submerged for 30 min
three times in neutral electrophoresis buffer (90 mM Tris, 90 mM boric acid, 2 mM Na2EDTA, pH 8.5) prior
to electrophoresis for 25 min at 0.6 V/cm. Slides were briefly rinsed in ddH2O and stained with 1� SYBR
gold (Thermo Fisher Scientific; catalog no. S11494) for 30 min. Excess stain was rinsed away with ddH2O,
and slides were imaged using an Olympus BX61 microscope (10� objective). Comet tail moment was
quantified using CASPlab software (http://casplab.com).

S-phase cell synchronization. A total of 1.0 � 105 SNB-19 cells were seeded into 12-well plates. The
next day, 2 mM thymidine (Sigma-Aldrich; catalog no. T1895) was added in fresh medium for 16 h to
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synchronize cells in S phase. Cells were washed with PBS two times, and fresh medium was added for
12 h to release cells back into the cell cycle. Following release, either 2 mM thymidine or 12 �M
aphidicolin (Sigma-Aldrich; catalog no. A4487) was added in fresh medium for 16 h to block cells in early
S phase. Nuclear DNA was stained with propidium iodine (PI) solution (Abcam; catalog no. ab139418) to
confirm synchronization of cells in S phase.

Western blotting for SNB-19 cells. Mock-, ZIKV-, or DENV- infected SNB-19 cells were trypsinized
and collected. Pellets were lysed in Laemmli sample buffer and immediately boiled for 10 min. Proteins
in the samples were separated by 12% SDS-PAGE and transferred to polyvinylidene difluoride (PVDF)
membranes (Millipore). The membranes were blocked in 10% milk in PBST and then incubated either at
room temperature for 1 h or overnight at 4°C with the following primary antibodies: anti-ZIKV NS1
(BioFront Technologies; catalog no. BF-1225-36), anti-DENV NS3 (Genetex; catalog no. GTX124252), or
anti-GAPDH (anti-glyceraldehyde-3-phosphate dehydrogenase [Santa Cruz Biotechnology; catalog no.
sc-25778]). Membranes were washed three times in PBST and then probed with HRP-conjugated
secondary antibodies for 1 h at room temperature. After three PBST washes, a chemiluminescent HRP
substrate (Millipore) was applied to detect protein. The protein bands were quantified using ImageJ
(https://imagej.nih.gov/ij/). Quantifications were determined relative to loading controls (GAPDH) prior to
normalization to the experimental control (value set to 1).

qRT-PCR. Total cellular RNA was purified from mock-, ZIKVM-, or DENV-infected SNB-19 cells using an
RNeasy Plus kit (Qiagen) per the manufacturer’s instructions. cDNA was synthesized from purified RNA
using random hexamers and a SuperScript III First-Strand kit (Invitrogen). For viral RNA quantification,
quantitative real-time PCR (qRT-PCR) was performed using SYBR green qPCR master mix (Thermo Fisher
Scientific) per the manufacturer’s protocol and genome-specific primers for ZIKV MR766 (forward,
CAAGGAGTGGGAAGCGGAG; reverse, CCATGTGATGTCACCTGCTCT) or DENV-2 16881 (forward, TAGCCA
ACCAAGCCACAGTGT; reverse, TTGACTTGTGAGTAGCATCCAATG). All qRT-PCR results were normalized to
GAPDH mRNA in the same sample, and relative viral RNA copies were calculated using the threshold
cycle (ΔΔCT) method.

Serum starvation. A total of 1 � 105 SNB-19 cells were seeded in standard culture medium (10% FBS,
RPMI), and the next day, the medium was replaced with fresh standard (10% FBS) or reduced (1% or 0.1%
FBS) serum medium. After 24 h, cultures were infected with each respective virus by direct inoculation
into the existing culture medium. At 24 h postinfection, culture supernatants were collected for viral titer
analysis, and samples were trypsinized and collected for Western blot analysis. In a second experiment,
1 � 105 SNB-19 cells were seeded in standard culture medium (10% FBS, RPMI) and the next day infected
with each respective virus. After 2 h, the cells were washed with PBS, and the medium was replaced with
standard full (10% FBS) or reduced (1% or 0.1% FBS) serum medium. At 24 h postinfection, cells were
trypsinized and collected for Western blot analysis.

Statistical analysis. Quantified data are reported as means � standard deviations (SD). Experiments
were completed in either biological duplicate or triplicate, as indicated in the corresponding figure
legend. All statistical analyses were carried out in GraphPad Prism 7. Unless otherwise specified, data
were statistically analyzed for the P value using one-way analysis of variance (ANOVA) with Bonferroni’s
correction. P value significance is indicated as follows: n.s., not significant; *, P � 0.05; **, P � 0.01; ***,
P � 0.001; and ****, P � 0.0001.
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