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ABSTRACT 
 
 

Zika virus (ZIKV) is a re-emerging mosquito-borne flavivirus of significant public 

health concern closely related to other highly pathogenic flaviviruses, such as dengue 

virus (DENV) and West Nile virus (WNV). With the rise of ZIKV in Brazil in 2015, its 

potential link to microcephaly and other severe neurological birth defects prompted the 

World Health Organization to declare ZIKV a Public Health Emergency of International 

Concern. Since this time, numerous studies have provided ample evidence to establish 

ZIKV as the causative agent of microcephaly, yet the molecular mechanisms underlying 

these neurodevelopmental defects are not well understood.  

We therefore establish a tractable experimental model system to investigate the 

impact of ZIKV on human neural development. We demonstrate that ZIKV efficiently 

infects human cortical neural progenitor cells (hNPCs) derived from induced pluripotent 

stem cells, but less efficiently infects other cells along the neural differentiation pathway, 

including immature cortical neurons. Infected hNPCs further release infectious ZIKV 

particles. Importantly, ZIKV infection disrupts cell cycle progression and induces cell 

death in hNPCs contributing to their attenuated growth. Global transcriptome analyses of 

ZIKV-infected hNPCs reveal transcriptional dysregulation, notably a downregulation of 

cell-cycle-related genes, highlighting the potential involvement of cell cycle pathways in 

ZIKV biology. 

We then study the molecular mechanisms by which ZIKV manipulates the cell 

cycle in hNPCs and the functional consequences of cell-cycle perturbation on the 

replication of ZIKV and related flaviviruses. We demonstrate that host cell-cycle disruption 

is unique to ZIKV among the flaviviruses tested, including DENV and WNV, however 
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similar among the two strains of ZIKV tested, including the prototype Uganda strain and 

a Puerto Rican strain. ZIKV, but not DENV, infection induces DNA double-strand breaks, 

triggering the DNA damage response through the ATM/Chk2 signaling pathway, while 

suppressing activation of the ATR/Chk1 signaling pathway in hNPCs. Furthermore, ZIKV 

infection impedes the progression of cells through S phase thereby preventing the 

completion of host DNA replication. Recapitulating the S-phase arrest state with S-phase 

inhibitors leads to an increase in ZIKV replication, but not of WNV or DENV replication.  

Together, our results identify hNPCs as a direct target of ZIKV and the damaging 

impact of ZIKV on the growth of hNPCs. Importantly, our data demonstrate ZIKV’s ability 

to induce host DNA damage and arrest cell cycle progression, which results in a cellular 

environment favorable for its replication. As hNPCs generate the cortical neurons during 

early fetal brain development, the ZIKV-mediated growth retardation likely contributes to 

the neurodevelopmental defects of the congenital Zika syndrome.  
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CHAPTER ONE 
 
 

INTRODUCTION: THE HISTORY, BIOLOGY, AND CLINICAL 
PRESENTATION OF ZIKA VIRUS 

 
 

The genus Flavivirus comprises over 50 enveloped RNA viruses, many of which, 

are transmitted by infected arthropods and cause serious disease in humans and animals 

worldwide. One member of the flavivirus genus, Zika virus (ZIKV), recently received 

international attention as a major global health problem after more than 60 years of 

relative obscurity. ZIKV is transmitted by infected mosquitoes and is phylogenetically 

closely related to other mosquito-borne flaviviruses that are highly pathogenic to humans, 

such as dengue virus (DENV) and West Nile virus (WNV). These single-stranded, 

positive-sense RNA viruses share similar genome characteristics and replication 

strategy, yet infection with each of these viruses can lead to very different clinical 

outcomes suggesting that distinct cellular and molecular mechanisms underlie their 

pathogenesis. 

 

Flavivirus Genus 

 

Genome Organization and Life Cycle 

 

Flaviviruses are small, lipid-enveloped viruses that contain a single-stranded, 

positive-sense RNA genome with 5’ and 3’ untranslated regions (UTR) flanking a long 

open reading frame (ORF) (Figure 1.1). Following introduction of the virus into a host, the 

first step in the infectious flavivirus life cycle involves attachment and binding of the virion 
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to the cellular receptor(s) of a permissive host cell (1). Internalization of bound virus 

particles ensues via clathrin-mediated endocytosis and delivers the virus particle to early 

endosomes that mature to late endosomes (2). In the late endosome, the low-pH 

environment triggers structural rearrangements of the viral envelope (E) glycoprotein that 

induce the fusion of viral and endosomal membranes (3, 4). The process of fusion and 

uncoating releases the viral genomic RNA into the cytoplasm where it translocates to the 

endoplasmic reticulum (ER) (5).  

On the ER, the viral RNA genome is translated into a single polyprotein precursor 

that is cleaved by host signal peptidases and the viral NS2B-NS3 protease into three 

structural and seven nonstructural (NS) proteins (6, 7) (Figure 1.1). The structural proteins 

include core (C), premembrane/membrane (PrM/M), and E, which mediate receptor 

binding, membrane fusion, and encapsidation of the RNA genome during virion assembly 

(8). The NS proteins include NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5, and 

encompass many diverse functions performing important roles in viral RNA replication 

and subversion of host innate immunity (8). Essential to viral RNA replication is the NS5 

RNA-dependent RNA polymerase (RdRp), which copies complementary negative-

stranded viral RNA from genomic RNA to synthesize new positive-stranded viral RNA (9). 

RNA replication occurs in the cytoplasm at viral replication factories, which form from 

virus-induced invaginations of the ER, and consist of viral RNA, viral proteins, and an 

assortment of cellular cofactors specific to the virus species (10). The newly synthesized 

positive-stranded RNA is packaged in progeny virions that bud into the lumen of the ER 

and in so doing, acquire a host-derived lipid bilayer containing prM and E proteins (11, 

12). Viral egress ensues via the host secretory pathway with virions undergoing 
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maturation in the trans-Golgi network through furin protease-mediated cleavage of the 

prM protein to generate the M protein (13–15). To complete the infectious flavivirus life 

cycle, mature infectious particles are secreted into the extracellular space by exocytosis 

enabling the next round of infection.  

 
 

 
Figure 1.1. Genome organization and polyprotein processing of flaviviruses. The single-
stranded, positive-sense RNA genome is depicted at the top with a 3’ UTR and a 5’ UTR 
that contains a 7-methylguanosine cap. The RNA genome is translated into a single 
polyprotein precursor that undergoes polyprotein processing into three structural and 
seven NS proteins as shown at the bottom. Arrows indicate the cleavage sites by the viral 
NS2B-NS3 protease. Gray triangles denote cleavage by the host signal peptidase and 
the pink triangle denotes cleavage of the prM protein to the M protein by the Golgi 
protease, furin. The protease responsible for cleavage between the NS1 and NS2A 
proteins is currently unknown. 

 
 

Mosquito-Borne Flaviviruses 

 

Currently, the flavivirus genus is comprised of 53 virus species, which are primarily 

transmitted by infected mosquitoes or ticks (39 species), while some have no known 
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arthropod vector (14 species) (16, 17). Based on their clinical presentation in humans, 

mosquito-borne flaviviruses are broadly classified into two major groups as follows: (i) 

encephalitic flaviviruses which cause invasive neurological diseases, exemplified by 

WNV (18); and (ii) non-encephalitic flaviviruses which cause vascular leakage and lethal 

hemorrhagic fever, represented by DENV (19).  

DENV is considered the most prevalent and rapidly spreading mosquito-borne viral 

pathogen worldwide. There are an estimated 390 million new DENV infections each year, 

with 96 million of these infections causing clinical illnesses (20). The highest prevalence 

of DENV infections occur in tropical and subtropical regions; however, rapid viral spread 

in the last few decades has given rise to endemic DENV infections in more than 100 

countries around the world (21). While DENV infection can produce a wide spectrum of 

illness, most individuals are asymptomatic or suffer from acute dengue fever (DF); 

whereas, a small percentage of individuals will progress to the life-threatening dengue 

hemorrhagic fever/dengue shock syndrome (DHF/DSS) (19). The first confirmed case of 

human infection by DENV dates to the 1700s and ultimately, DENV fully adapted to 

humans no longer requiring non-human primates as its natural vertebrate host (5). 

In contrast to DENV, birds serve as the natural vertebrate hosts for WNV and is 

maintained in nature by transmission between mosquitoes and birds (18). WNV has 

spread globally since it was originally isolated from a febrile patient in the West Nile region 

of Uganda in 1937 (22) and is now endemic in Africa, western Asia, the Middle East, 

northern Australia, and most recently, the Americas (9). WNV first arose in North America 

in the summer of 1999 when it was detected in individuals exhibiting neurological 

complications in New York State (23–25). Following this initial outbreak, the WNV 
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epizootic spread rapidly to 13 states (25). Contributing to the rapid spread of WNV was 

adaption of the virus to more efficiently infect local mosquito vectors (26) and bird 

migration (27), consequently facilitating the transmission of WNV to mosquito and avian 

species throughout the US and causing seasonal epizootics (28). WNV infection of 

humans in the US continued from 1999 to 2010, with approximately 1.8 million people 

infected and resulting in some 12,000 cases of encephalitis/meningitis and over 1,300 

deaths (26). While approximately 80% of individuals infected with WNV will be 

asymptomatic or experience West Nile fever, severe or fatal neurological disease can 

occur when the central nervous system is affected, including encephalitis, 

meningoencephalitis, and acute flaccid paralysis (18). 

DENV and WNV are amongst the list of emerging and re-emerging viruses that 

represent an immense international health burden. With more than 200,000 infections 

and 3,000 congenital syndromes associated with ZIKV confirmed in the Americas as of 

May 2017 (29), ZIKV represents the newest addition to these emerging and re-emerging 

viruses of global concern.  

 

Zika Virus 

 

ZIKV was discovered in the Zika Forest of Uganda in 1947 and remained a 

relatively obscure virus for nearly 60 years. In the early 2000s, large outbreaks of ZIKV 

infection were reported for the first time in Yap State and the French Polynesia Islands in 

the Pacific, and associated with rare but severe neurological complications in children 

and adults. With ZIKV rise in Brazil in 2015, its potential link to microcephaly and other 
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severe neurological birth defects prompted the World Health Organization (WHO) to 

officially declare ZIKV a Public Health Emergency of International Concern in February 

2016 (30). This declaration would last for nearly 10 months as ZIKV spread from Brazil to 

countries throughout South and Central America, the Caribbean, US territories, and 

eventually emerging in the continental US.  

 

History and Epidemiology of ZIKV  

 

ZIKV in Africa and Asia. In 1947, six sentinel platforms containing caged rhesus 

macaque monkeys were placed in the Zika Forest of Uganda to study the sylvatic cycle 

of Yellow Fever virus (YFV) and to detect additional arboviruses (31). One of the caged 

rhesus monkeys (no.766) developed a fever and a blood sample taken from this monkey 

was injected intracerebrally into mice. Ten days after inoculation, all mice showed signs 

of sickness and the agent that was isolated from these mice was named MR766, the 

African prototype strain of ZIKV. Shortly thereafter, ZIKV was isolated from A. africanus 

mosquitoes collected in the same forest during a YFV surveillance study (31). During the 

years that followed ZIKV discovery, the virus was not reported to cause illness in the 

residents of Uganda; however, a serological survey revealed high concentrations of 

antibodies targeting ZIKV in the serum of about 6% of people tested (31, 32). In 1954, 

three patients in Nigeria were confirmed to be infected with ZIKV, establishing the first 

reported instance of human infections by ZIKV (33). The first confirmed report of ZIKV 

emergence out of Africa and into Southeast Asia occurred in 1966 when the virus was 

isolated from A. aegypti mosquitoes collected in Malaysia (34). Analysis of serological 
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studies during the 60 years following ZIKV discovery revealed a broad yet confined 

geographic distribution of human ZIKV infection from sub-Saharan Africa to southeast 

Asia (17). The transmission of ZIKV throughout Africa and Asia went largely undetected, 

primarily due to the absence of severe disease or large outbreaks, as only 14 cases of 

ZIKV-associated illness were documented worldwide (35), consisting of 13 natural 

infections (36–39) and one laboratory-acquired infection (40).   

ZIKV outbreak in the Yap Islands. In 2007, the first substantial outbreak of ZIKV 

occurred outside of Africa and Asia in the Yap Islands located in the western Pacific 

Ocean (41, 42). An outbreak of dengue fever was initially suspected as DENV had caused 

large outbreaks in the Yap Islands in previous years (43, 44). However, local clinicians 

noted that some symptoms reported by their patients were not characteristic of dengue 

fever, including a transient, low-grade fever and conjunctivitis (41). To determine the 

identity of the disease-causing agent, patient serum samples were sent to the Centers for 

Disease Control and Prevention (CDC) Arbovirus Diagnosis and Reference Laboratory 

where the detection and sequencing of viral genomic RNA confirmed the presence of 

ZIKV in 14% of the patient’s serum (41, 42). The outbreak persisted for almost 3 months, 

resulting in ZIKV infection in ~73% of the 6,892 Yap State residents, with 18% of 

individuals exhibiting relatively mild clinical illness (41). Sequence analysis of the Yap 

Island isolates revealed that ZIKV was introduced from Southeast Asia, possibly from the 

Philippines as frequent travel occurs between these two countries (41, 42). The ability of 

ZIKV to cause a disease outbreak after years of silent transmission was alarming and 

suggested that the strain that emerged in the Yap Islands may have possessed greater 

fitness and epidemic potential than previous strains, similar to DENV emergence in the 
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Pacific (45, 46), and for the first time, highlighted ZIKV potential as a newly emerging 

arbovirus.  

ZIKV outbreak in French Polynesia. The next major, and larger, epidemic of 

ZIKV occurred in 2013 in the French Polynesia Islands located in the South Pacific Ocean 

(47). Patients who presented with a dengue-like illness tested negative for the usual 

suspects, including DENV, WNV, and Chikungunya virus (CHIKV); however, were also 

tested for ZIKV due to recent outbreaks in the Pacific and tested positive (45). The 

outbreak endured for almost 21 weeks and a retrospective serosurvey suggested an 

infection rate of 50-66% of the population, a population approximately 40X larger than 

that of the Yap Islands (48). Nearly 11% of infected individuals received medical care for 

mild illnesses similar to those observed in the Yap Islands (49), however, notably 

neurological complications were also reported in a small percentage of severe cases, 

including Guillain-Barré syndrome (GBS) (50). A retrospective study suggested that the 

incidence of GBS increased by 20-fold during the outbreak (50). Sequence analysis 

demonstrated that the French Polynesia strain was of the Asian lineage, closely related 

to isolates found in the Yap islands in 2007 and Cambodia in 2010 (47). Following ZIKV 

emergence in French Polynesia, the virus quickly spread to neighboring islands in the 

Pacific Ocean (49).  

ZIKV outbreak in Brazil. In March 2015, serum samples were collected from 

patients in Bahia and Natal, Brazil where concurrent ongoing outbreaks of illness were 

occurring from an unidentified agent (51, 52). Along with CHIKV, RT-PCR analysis 

detected ZIKV in some of the patient’s serum (51, 52). By the end of 2015, the virus had 

spread to 14 Brazilian states, with an estimated 440,000 to 1.3 million cases of infection 
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by ZIKV (53). Most strikingly, an alarming increase in neonates diagnosed with 

microcephaly was reported by clinicians in the same ZIKV-affected regions of Brazil (54). 

Over 4,000 cases of suspected microcephaly had been reported by February 2016, a 

nearly 20-fold increase in incidence from previous years, although this figure may have 

been inflated due to misdiagnoses, variable reporting practices, and an unclear baseline 

rate (55). Importantly, a retrospective analysis of the French Polynesia ZIKV outbreak in 

2013 indicated that neonates born to mothers infected with ZIKV during their first trimester 

were at an increased risk for microcephaly (56). Sequence analysis revealed that the 

ZIKV isolate in Brazil came from the Asian lineage with high similarities to the French 

Polynesian isolates (52, 57). From Brazil, ZIKV spread at an alarming rate to neighboring 

countries in South and Central America and the Caribbean, spreading to Colombia as 

early as October 2015 (58, 59). As of early 2017, almost all Latin American and Caribbean 

countries had reported active ZIKV circulation (29).  

ZIKV in the US and its territories. In 2016, local ZIKV transmission spread to the 

US territory of Puerto Rico (60) and shortly thereafter emerged in the continental US. In 

August 2016, the first case of local transmission in the US occurred in Miami-Dade 

County, FL and small outbreaks soon ensued in three other areas of Miami-Dade County 

(61, 62). In November 2016, the Texas Department of State Health Services (Texas 

DSHS) reported their first case of local transmission in Brownsville, Texas located along 

the US-Mexico border (63). Thus far, two cases of locally-acquired ZIKV infections have 

been reported for 2017 and occurred in Cameron, Texas, a town bordering Mexico (64), 

and in Florida (65). The most recent data provided by the CDC reports a total of 5,577 
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symptomatic cases of ZIKV infections in the US, with 226 of these cases associated with 

local mosquito-borne transmission (66). 

 

Transmission of ZIKV 

 

The primary route of ZIKV transmission to humans is through the bite of an infected 

vector (Figure 1.2). Yet, several non-vector transmission routes for ZIKV have also been 

reported including transmission by sexual activity, transfusion, mother-to-fetus, and by 

nonsexual direct contact (Figure 1.2). These non-vector-borne transmitted ZIKV 

infections are relatively uncommon compared to vector transmission, nevertheless carry 

a risk for severe complications.  

 
 

 
Figure 1.2. Vector- and non-vector-borne routes of ZIKV transmission. Schematic 
depicting vector transmission via the blood and the routes of non-vector transmission, 
including sexual activity, transfusion, mother-to-fetus, and by nonsexual direct contact. 
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Vector-Borne Transmission. ZIKV belongs to the cluster of flaviviruses 

transmitted by mosquito vectors. Transmission can occur by way of two distinct cycles, 

(i) the sylvatic transmission cycle, which involves the maintenance of ZIKV between 

nonhuman primates and forest-dwelling mosquitoes, and (ii) the urban transmission 

cycle, involving a human-mosquito-human transmission cycle of ZIKV in urban or 

suburban areas (67). ZIKV is maintained in nature in a sylvatic cycle of transmission (68), 

and spillover into humans as an incidental host has been identified as the transmission 

route for human ZIKV infections in Africa (69). An urban cycle of transmission is likely 

responsible for the Yap outbreak, as these islands are void of monkeys (41), as well as 

for recent larger outbreaks that have occurred in urban settings. In Africa and Asia, 

several mosquito species in the Aedes genus have been identified as potential enzootic 

vectors for ZIKV, including A. aegypti (34), A. albopictus (70), A. africanus (31), A. furcifer, 

A. luteocephalus, and A. vittatus (71). Additionally, A. hensilli and A. polynesiensis may 

have served as vectors during the outbreaks in Yap (72) and French Polynesia (49), 

respectively. The Aedes mosquitoes are widely distributed throughout subtropical and 

tropical regions of the world, and in addition to ZIKV, also transmit DENV, CHIKV, and 

YFV, putting the approximately 3.6 billion people who live in these areas at risk for 

infection and epidemic transmission (73).  

The urban cycle of ZIKV transmission is believed to be predominately mediated by 

A. aegypti and A. albopictus, which have been linked with nearly all ZIKV outbreaks, and 

are the only known Aedes species in the Americas (67). In the US, A. aegypti is distributed 

throughout the US Virgin Islands, Puerto Rico, Hawaii, and parts of the contiguous US, 

while A. albopictus is broadly distributed throughout the eastern US and Hawaii (74). 
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Although A. aegypti and A. albopictus are responsible for large outbreaks of ZIKV, 

samples of these mosquitoes collected in Florida indicate that these mosquito species 

have low vector competence, the inherent ability of a vector to acquire, maintain and 

transmit a pathogen (75). Nevertheless, A. aegypti is thought to have an overall high 

vectorial capacity, the efficiency with which a vector will transmit a pathogen daily, 

because it lives in close association with and primarily feeds on humans during daylight 

hours and has an almost undetectable bite allowing it to feed on multiple humans during 

a single blood meal (76, 77).  

Non-Vector-Borne Transmission: Sexual. The transmission of ZIKV via sexual 

activity was first suspected in 2008, when two US scientists working in Senegal returned 

to the US where they reported symptoms characteristic of ZIKV infection, and with one 

also reporting hematospermia, or blood in the ejaculate (78). Serological analysis 

confirmed ZIKV as the causative agent and shortly thereafter, the wife of one of the 

scientists developed similar symptoms suggesting he had sexually transmitted the virus 

to his wife (78). During the 2013 ZIKV outbreak in French Polynesia, infectious ZIKV 

particles were detected in the semen of a patient who had sought treatment for 

hematospermia (79). Since these initial reports, there have been several documented 

cases of sexual transmission of ZIKV (80) and high infectious viral loads of ZIKV detected 

in semen (81, 82). Sexual transmission of ZIKV can occur even when the patient is 

asymptomatic and can transmit between both sexes, with male-to-female transmission 

reported most frequently (83). Infectious viral particles have been isolated from semen as 

late as 69 days after the onset of symptoms and due to this persistence, the virus has 

been reported to be sexually transmitted up to 44 days after infection (83). Infectious viral 
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secretions have also been isolated from the female genital tract up to two days after the 

onset of symptoms (84).  

Non-Vector-Borne Transmission: Contact with Infected Bodily Fluids. In 

addition to semen, ZIKV has been detected in other bodily fluids as well, including saliva 

(85) and urine (86, 87), suggesting these could be routes for non-vector-borne 

transmission. Nonsexual transmission of ZIKV by direct contact has only been reported 

once when the son of a severely ill patient, whose serum contained a high viral load of 

~2x108 ZIKV genome copies per ml, directly contacted his father’s sweat and tears and 

he subsequently contracted ZIKV infection (88).  

Non-Vector-Borne Transmission: Transfusion. Due to the risk for transfusion-

transmission of several arboviruses in the past, including WNV, DENV, and CHIKV, 

preventative measures have been established to prevent their transmission (89). An 

emerging virus present in the population, such as ZIKV, presents a new challenge for the 

safety of blood supplies (90). Given the risk of arbovirus-transmission in past outbreaks 

and that the majority of individuals infected with ZIKV are asymptomatic, the potential for 

transfusion-transmitted ZIKV infection increased with the onset of large outbreaks (89). 

During the French Polynesia outbreak in 2013, an unexpectedly high number of donations 

from asymptomatic blood donors (3%) tested positive for ZIKV by RT-PCR (91), and in 

Puerto Rico in 2016, up to 1.1% of blood donations tested positive for ZIKV (92). 

Subsequently, asymptomatic blood donors positive for ZIKV infection were detected in 

Florida and Texas as well (93, 94). The first confirmed case of transfusion-transmitted 

ZIKV infection occurred in Brazil in 2016 when an asymptomatic donor’s donation 

contained infectious ZIKV particles that were transmitted to two recipients (95). Concern 
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about the risk for ZIKV transmission via transfusion prompted the US Food and Drug 

Administration (FDA) to issue guidance in 2016 recommending that blood donated in 

ZIKV-active areas of the US and its territories should only be used if (i) the donations had 

been screened by a ZIKV nucleic acid test (NAT) and determined to be negative, or (ii) 

treated with pathogen-reduction technology (96, 97). 

Non-Vector-Borne Transmission: Materno-Fetal. The placenta forms the 

primary barrier between the maternal and fetal compartments serving as a vital protective 

layer for the fetus against maternally-derived pathogens (98). The vertical transmission 

of pathogens can occur before birth (antenatal), the weeks immediately prior to or 

following birth (perinatal), or after birth (postnatal) (98). The first report of perinatal 

transmission of ZIKV occurred during the French Polynesia outbreak in 2013 causing mild 

disease in one of the two infected newborns; yet, it was unclear whether transmission 

had occurred transplacental or during delivery (99). Importantly, the first diagnoses of 

intrauterine antenatal transmission of ZIKV occurred during the outbreak in Brazil, when 

the presence of ZIKV RNA was detected in the amniotic fluid of pregnant women who 

had reported symptoms of ZIKV infection (57, 100). Another early case report in Brazil 

involved four pregnant women who had presented with clinical signs of ZIKV infection 

during their first trimester, two miscarried and the other two gave birth to newborns that 

died shortly thereafter (101). ZIKV RNA was detected in the brain and placental tissue of 

the two newborns and in the products of miscarriage (101). Since these findings, 

numerous case reports have provided further evidence supporting materno-fetal 

transmission of ZIKV (102–104), which has been documented at all trimesters of 

pregnancy and even in the absence of symptoms in the pregnant woman (105, 106). ZIKV 
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was recently classified as a “TORCH” pathogen due to the clear evidence of ZIKV’s ability 

to breach the critical placental barrier and gain access to the fetus (107). Infectious ZIKV 

particles have also been detected in the breast milk of acutely infected women; however, 

vertical transmission of ZIKV during breastfeeding has not been documented (108). 

 

Clinical Presentation and Complications of ZIKV Infection 

 

Common signs and symptoms. Flavivirus infections typically cause mild or 

asymptomatic symptoms. While approximately 80% of individuals infected with ZIKV will 

be asymptomatic, a small percentage will experience a mild and self-limiting illness lasting 

for a duration of 4-6 days with symptoms including a maculopapular rash, conjunctivitis, 

transient low-grade fever, myalgia/arthralgia, and in some cases, lymphadenopathy, 

headache, and vomiting (33, 41, 47, 105). Other symptoms reported in association with 

ZIKV include hematospermia (78, 79), hearing complications (109), and subcutaneous 

bleeding (110). The onset of symptoms typically coincides with an increasing level of 

viremia, which is generally low in non-pregnant subjects, and typically resolves within 3-

7 days (78). In pregnant women, viremia can be prolonged (111) with the longest case 

lasting up to 70 days and ending only when the pregnancy was terminated (102), 

suggesting persistence of ZIKV in the circulation during pregnancy. 

Guillain-Barré syndrome. GBS is an autoimmune disorder in which the body’s 

immune system attacks the nerve cells of the peripheral nervous system, and is 

characterized by rapidly evolving muscle weakness and sensory disturbance causing 

paralysis and even death in ~5% of cases (112). GBS can be triggered by bacterial and 
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viral infections, and has been associated with other arboviruses including DENV (113, 

114) and CHIKV (115, 116). As previously mentioned, the first indication that ZIKV caused 

severe neurological complications arose during the ZIKV outbreak in French Polynesia, 

where a small percentage of patients developed GBS (50). A follow-up case-control study 

in French Polynesia detected anti-ZIKV IgM or IgG antibodies in 41 of 42 GBS subjects, 

and all 42 had neutralizing antibodies against ZIKV, strengthening the link between ZIKV 

and GBS (117). Likewise, from 2015 to 2016 an increased incidence of GBS during ZIKV 

outbreaks was reported in several countries throughout the Americas (118). ZIKV 

infection has also been reported in association with meningoencephalitis (119) and acute 

myelitis (120). How ZIKV infection triggers GBS and other neurological complications in 

children and adults remains unknown. 

Microcephaly. Primary or congenital microcephaly is caused by damage of the 

cerebral cortex during fetal brain development, resulting in a significant reduction in the 

occipitofrontal head circumference for gestational age and sex (121). Microcephaly is 

caused by genetic disorders, teratogenic agents, fetal brain injuries and vascular 

disruption, malnutrition, and congenital infections (121), including rubella virus (122, 123) 

and cytomegalovirus (124–126). As the outbreak of ZIKV in Brazil coincided with alarming 

increases in microcephaly cases (54), a causal relationship between ZIKV infection during 

pregnancy and fetal microcephaly was primarily suspected. Since then, a large body of 

evidence has supported the link between maternal ZIKV infection and congenital 

microcephaly and other fetal neurological abnormalities, including the detection of ZIKV 

RNA in the amniotic fluid, the placenta, and in the brain tissues of fetuses with 

microcephaly, as well as ZIKV-specific IgM in the serum and cerebrospinal fluid of 
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newborns with microcephaly (57, 101–103, 105, 127, 128). Furthermore, a control study 

demonstrated that 13 of 32 microcephalic neonates were positive for ZIKV infection while 

none of the 62 non-microcephalic controls had ZIKV infection (129). Finally, Shepard’s 

criteria for proof of teratogenicity was used to conclude that enough evidence existed to 

establish ZIKV infection as a causative agent of microcephaly (130).  

 

The DNA Damage Response 

 

Progression through the cell cycle is tightly controlled by an array of cellular 

regulators and effectors. When DNA damage is sensed by the cell, 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) 

(131–133). 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 (134, 135). 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 (136). Activation of either of these protein kinase 

cascades can ultimately result in widespread effects on cell cycle progression, DNA 

repair, and the induction of apoptosis (137).  

DNA damage can be generated by various exogenous factors and endogenous 

cellular processes. Endogenous cellular processes include replication stress, oxygen 
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radicals, and reactive by-products of cellular metabolism, while exogenous agents include 

radiation, viral infection, and chemotherapy (138). An early event that occurs in response 

to DNA damage is the phosphorylation of S139 on histone variant H2A.X (γH2A.X) by the 

ATM/ATR kinases at sites of damaged DNA, which serves as a sensitive marker for DNA 

DSBs (139, 140). While phosphorylation of H2A.X is not essential for activation of ATM 

substrates such as Chk2, it is required for the recruitment of numerous DNA repair 

proteins, such as the p53-binding protein 1 (53BP1) (141, 142). 

Following the detection of DNA damage, a central function of the DDR is to arrest 

cell cycle progression (checkpoint activation) to allow time for the damaged DNA to be 

repaired prior to re-entry into the cell cycle. 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 (131, 143–145). The ATM/ATR kinases 

mediate the arrest of cell cycle progression by modulating the activity of cyclin-dependent 

kinases (Cdks), which control progression throughout the cell cycle by driving transition 

through the major cell cycle points (G1, S, G2, M). Cdks are activated through 

dephosphorylation of their ATP-binding loop by the cell-division cycle 25 (Cdc25) 

phosphatase proteins and by their association with regulatory subunits known as cyclins, 

whose levels fluctuate throughout the cell cycle (146). Checkpoint activation leads to 

Chk1/Chk2-mediated proteasomal degradation of the Cdc25 proteins which blocks Cdk 

activity and as a result, cyclin proteins are degraded and the cell cycle is arrested (146). 
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In mammalian cells, Cdk/cyclin complexes vary during each phase of the cell cycle (147). 

For example, Cdk2/cyclin A complexes drive S phase progression and thus inactivation 

of Cdk2, which is needed for DNA synthesis, by Chk2-mediated degradation of Cdc25A 

leads to activation of the intra S-phase checkpoint (137).  

 

Viral Activation of The DNA Damage Response 

 

Viruses commonly employ a multitude of strategies to perturb cell cycle 

progression to achieve a favorable cellular environment that facilitates virus replication 

but can have detrimental effects on the cell that contribute to virus pathogenicity and 

disease of the host. Viruses can directly activate the DDR by detection of their nucleic 

acids or by binding directly to DDR factors to activate downstream signaling pathways 

(148). Additionally, viruses can indirectly activate the DDR by causing DNA damage and 

genome instability (148). Accumulated DNA damage left unrepaired can result in 

deleterious mutations and ultimately apoptosis contributing to the pathogenesis of these 

viruses (149).  

The viral genomes of DNA viruses can directly trigger the DDR. Following herpes 

simplex virus-1 (HSV-1) infection, DDR proteins, such as γH2A.X, relocate and 

accumulate at sites of incoming viral genomes (150). The DDR can also be directly 

activated by replicating genomes, such as RNA viruses that depend on a DNA 

intermediate to replicate.  

The viral proteins of DNA viruses and retroviruses have been shown to directly 

bind to DDR factors to activate the DDR signaling pathway. For example, some 
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herpesviruses directly interact with downstream DDR proteins through viral enzymes 

known as conserved herpesvirus protein kinases (CHPKs). These kinases phosphorylate 

effectors of the checkpoint pathways, such as γH2AX, to mimic initial ATM/ATR signaling 

and bypass the need for an indirect trigger (151, 152). The human immunodeficiency 

virus (HIV) Vpr protein directly interacts with the DNA damage-binding protein 1 (DDB1) 

to activate an ATR-dependent DDR pathway that leads to cell-cycle arrest in the G2 

phase (153). Rift Valley fever virus (RVFV) may activate the DDR pathway by a similar 

direct mechanism, notably as activation of ATM/Chk2 and its downstream effectors were 

reported to occur in the absence of virus-induced DNA breaks (154). ATM/Chk2 activation 

during RVFV infection was further found to arrest the cell cycle in S phase, while the 

ATR/Chk1 pathway was downregulated during infection (154).  

The DDR pathway can also be activated indirectly by virus-induced DNA damage, 

which can occur through the accumulation of genotoxic stressors such as reactive oxygen 

species (ROS) or replication stress during infection. Influenza A virus (IAV) infection 

induces DNA breaks and G0/G1 arrest in vitro and increased γH2AX signals in infected 

mouse tissue (155–157), which may be due to the increased accumulation of ROS 

observed during IAV infection (158). The Epstein-Barr virus (EBV) EBNA1 protein 

activates NOX2, a subunit of the NADPH oxidase protein, thereby promoting the 

accumulation of ROS and DDR activation (159). Virus-induced cellular replication stress 

can also indirectly activate the DDR. For example, the coronavirus infectious bronchitis 

virus (IBV) induces DNA replication stress through a direct viral protein interaction with 

the p125 subunit of the host DNA polymerase δ activating the ATR/Chk1 signaling 

pathway and resulting in an S-phase arrest (160). While accumulated ssDNA has been 
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detected during IBV infection, physical breaks in DNA have not (160). The human 

papillomavirus (HPV) E6/E7 oncogenes cause aberrant activation of the Rb/E2F pathway 

and an insufficient pool of nucleotides that leads to replication stress and subsequent 

DSBs activating an ATM-dependent DDR (161, 162). 

 

Purpose of the Study 

 

Although the clinical link between ZIKV infection during pregnancy and fetal 

neurological abnormalities is established, the molecular mechanisms underlying these 

neurodevelopmental defects are not well understood. Thus, there is an urgent need to 

study Zika pathogenesis and virus-host interactions during infection. In chapter two, we 

address this need by establishing an experimental model system to determine the direct 

target cells of ZIKV in the human neural lineage and the impact of ZIKV on human neural 

development in vitro. In chapter three, we delve into the mechanism by which ZIKV 

causes cell-cycle perturbation in hNPCs and the potential benefits of S-phase arrest on 

ZIKV replication. Additionally, we compare our ZIKV findings to two clinically important 

mosquito-borne flaviviruses, DENV and WNV, to determine their impact on hNPCs as 

well.  
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CHAPTER TWO 
 
 

ZIKA VIRUS INFECTS HUMAN CORTICAL NEURAL PROGENITORS 
AND ATTENUATES THEIR GROWTH 

 
 

Introduction 

 

The results from this chapter are published in Tang et al. 2016 Cell Stem Cell 

(163). Christy Hammack and Sarah Ogden contributed equally to this study and 

performed and analyzed all experiments unless otherwise specified. Zhexing Wen 

performed the stem cell differentiations for this study. Emily Lee conducted the RT-PCR 

analysis shown in Figure 2.1. Feiran Zhang performed the RNA-sequencing and Gene 

Ontology analyses shown in Figures 2.9 and 2.10. 

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 undertaken 

to understand the mechanisms of Zika pathogenesis. ZIKV has been shown to infect 

human skin cells (164), consistent with its primary transmission route through the bite of 

an infected mosquito; yet, the direct target cells of ZIKV in the developing human fetus 

are not known and access to fetal brain tissue is limited. Thus, to study the direct cell 

targets and mechanisms by which ZIKV causes microcephaly, there is an urgent need to 

develop a new strategy. 

We address this need by using human induced pluripotent stem cell (hiPSC)-

derived forebrain-specific human neural progenitor cells (hNPCs), which can be further 

differentiated to cortical neurons (165), as an in vitro model to investigate whether ZIKV 
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directly infects human neural cells and the nature of its impact. Because hNPCs give rise 

to the cerebral cortex during early fetal brain development, our model provides a 

physiologically relevant system for identifying the direct target cells of ZIKV in the human 

neural lineage and the consequences of ZIKV infection at the cellular and molecular level.  

In this chapter, we first determine the permissiveness of hNPCs to ZIKV infection 

and compare their infection efficiency to that of pluripotent stem cells and differentiated 

immature cortical neurons when challenged with the prototype ZIKV Uganda MR766 

strain. We then examine the supernatant collected from ZIKV-infected hNPCs to test for 

the secretion of infectious ZIKV particles. Next, we analyze the potential consequences 

of ZIKV infection on the proliferation and survival of hNPCs. Finally, we investigate the 

impact of ZIKV infection on hNPCs at the molecular level by employing global 

transcriptome analyses.   

 

Methods 

 

Preparation of ZIKV and Cell Infection  

A ZIKV stock with the titer of 1x105 Tissue Culture Infective Dose (TCID)/ml in the 

form of culture fluid from an infected rhesus Macaca cell line, LLC-MK2, was originally 

obtained from ZeptoMetrix (Buffalo, NY). This virus stock was then used to infect the 

Aedes C6/36 cells at a MOI of 0.02. Supernatant from the infected mosquito cells was 

collected 4-6 d post-infection and frozen in aliquots for both tittering and infection of 

human cells. An equal volume of culture medium from uninfected C6/36 cells was used 

for mock infection. For all infections, 1x106 cells were seeded into 12-well plates with or 
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without coverslips one day before virus addition. Human induced pluripotent stem cells 

(hiPSCs) (DF19-9-11T.H.) were cultured under feeder-free conditions in mTeSR medium 

before infection. All viral infections were performed under the same conditions and the 

virus inoculum was removed after a 2 h incubation and replaced with fresh medium. To 

determine whether infected hNPCs produced infectious ZIKV particles, supernatant was 

collected 72 h post-infection and then overlaid on Vero cells for 48 h.  

 

Culture of Human iPSCs and Differentiation into Cortical Neural Progenitor Cells 

and Immature Neurons  

Human iPSC lines were previously generated from skin biopsy samples of a male 

newborn (C1-2 line) and a male adult (D3-2 line) and has been fully characterized and 

passaged on MEF feeder layers (165). H9 human embryonic stem cells (hESCs) (WA09 

from WiCell) and hiPSCs (DF19-9-11T.H. from WiCell) were cultured under feeder-free 

conditions as previously described (166). All studies followed institutional IRB and ISCRO 

protocols approved by Johns Hopkins University School of Medicine. Human iPSCs (C1-

2 and D3-2) were differentiated into forebrain-specific hNPCs and immature neurons 

following a previously established protocol (165). Briefly, hiPSCs colonies were detached 

from the feeder layer with 1mg/ml collagenase treatment for 1 h and suspended in 

embryonic body (EB) medium, consisting of FGF-2-free iPSC medium supplemented with 

2 µM Dorsomorphin and 2 µM A-83, in non-treated polystyrene plates for 4 d with a daily 

medium change. After 4 d, EB medium was replaced by neural induction medium (NPC 

medium) consisting of DMEM/F12, N2 supplement, NEAA, 2 µg/ml heparin, and 2 µM 

cyclopamine. The floating EBs were then transferred to matrigel-coated 6-well plates at 
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day 7 to form neural tube-like rosettes. The attached rosettes were kept for 15 d with a 

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 hNPCs in 

NPC medium containing B27. These hNPCs expressed forebrain-specific progenitor 

markers, including NESTIN, PAX6, EMX-1, FOXG1, and OTX2 (165). For neuronal 

differentiation, monolayer hNPCs were dissociated with Accutase at 37°C for 5 min and 

placed onto Poly-D-Lysine/laminin-coated coverslips in the neuronal culture medium, 

consisting of Neurobasal medium supplemented with 2 mM L-glutamine, B27, cAMP (1 

µM), L-Ascorbic Acid (200 ng/ml), BDNF (10 ng/ml), and GDNF (10 ng/ml) (165).   

 

RNA extraction, RT-PCR, and DNA sequencing 

Total cellular RNA was purified from naïve or ZIKV-infected Vero cells using the 

Qiagen RNeasy Plus kit according to the manufacturer’s instructions. cDNA was 

produced from 1 µg total RNA, using random hexamers and an Invitrogen Superscript III 

first-strand kit. PCR was performed using the GoTaq green PCR master mix (Promega) 

and Zika MR766-genome specific primers (Table 2.1). PCR products were purified and 

directly sequenced.  
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Table 2.1. qRT-PCR primers specific for ZIKV MR766 genome. 

 
 
 

Immunofluorescence Staining   

Cells were fixed with 4% paraformaldehyde (Sigma), permeabilized with PBT 

(0.2% Triton-X-100 in PBS), and blocked in PBS containing 10% donkey serum. Cells 

were then stained with the following primary antibodies overnight at 4°C: anti-flavivirus 

envelope (Clone D1-4G2-4-15; Millipore, Cat # MAB10216), anti-cleaved caspase-3 (Cell 

Signaling, Cat # 9661), or anti-NANOG (R&D systems, Cat # AF1997). Slides were 

washed three times in PBS and then stained with the following secondary antibodies for 

1 h at room temperature: goat-anti-mouse IgG FITC (Sigma-Aldrich, Cat # F0257), goat-

anti-rabbit Cy3 (Invitrogen, Cat # A10520), or rabbit-anti-goat IgG TRITC (Sigma-Aldrich, 

Cat # T7028). Slides were washed three times in PBS and mounted using Vectashield 

mounting medium with DAPI (Vector Laboratories H-1200). Images were taken by Zeiss 

LSM 880 confocal microscope or by Zeiss Axiovert 200M microscope.  

 

Flow Cytometry Analysis  

Mock-infected and ZIKV-infected hNPCs at 72 h post-infection were collected, 

fixed in 66% ethanol on ice, and stored at 4°C for DNA content analysis. Cells were 

stained with a Propidium Iodine (PI) staining solution (Abcam, Cat # ab139418) according 
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to the manufacturer’s instructions. Stained samples were analyzed using a BD 

FACSCanto machine (BD Biosciences) and FACS Diva software. 

 

Transcriptome Analyses 

Mock-infected and ZIKV-infected hNPCs 56 h post-infection were used for global 

transcriptome analysis. RNA-seq libraries were generated from duplicated samples per 

condition using the Illumina TruSeq RNA Sample Preparation Kit v2 following the 

manufacturer’s protocol. An Agilent 2100 BioAnalyzer and DNA1000 kit were used to 

quantify amplified cDNA, and a qPCR-based KAPA library quantification kit (KAPA 

Biosystems) was used to accurately quantify library concentration. 12 pM diluted libraries 

were used for sequencing. 75-cycle paired-end sequencings were performed using the 

Illumina MiSeq and single-end sequencings were performed as technical replicates using 

Illumina NextSeq. Image processing and sequence extraction were performed using the 

standard Illumina Pipeline (BaseSpace). RNA-seq reads were aligned using tophat 

v2.0.13 (167). Significantly differentially expressed genes were identified using cuffdiff by 

comparing FPKMs between all pairs of samples with p < 0.05 (167). Gene ontology 

analyses on biological process were performed by The Database for Annotation, 

Visualization, and Integrated Discovery (DAVID) v6.7 (168).  
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Results 

 

ZIKV Productively Infects hNPCs 

We obtained a ZIKV stock from the infected rhesus Macaca cell line LLC-MK2. We 

passaged the virus in the mosquito C6/36 cell line and tittered collected ZIKV on Vero 

cells, an interferon-deficient monkey cell line commonly used to titer viruses. Sequences 

of multiple RT-PCR fragments generated from this stock (Figure 2.1) matched the 

sequence of MR766 (ZIKVM), the original ZIKV strain that likely passed from an infected 

rhesus monkey to mosquitoes (31).  

 
 

 
Figure 2.1. RT-PCR amplification of ZIKV MR766 genome from infected Vero cells. Vero 
cells were ZIKVM or mock infected for 56 h and viral genome amplified by RT-PCR using 
the following ZIKV MR766-genome specific primers: #1: 80-279; #2: 4082-4281; #3: 
1763-1952; #4: 1763-1850.  
 
 

We first tested our ZIKVM stock on several human and nonhuman cell lines of 

different tissue origins and observed varying levels of susceptibility to ZIKV infection 

(Table 2.2). Notably, the human embryonic kidney cell line HEK293T demonstrated low 

permissiveness for ZIKV infection, consistent with a previous report (164) (Table 2.2). 
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Table 2.2. Summary of ZIKV infection of different cell lines.  

 
*+/+: 65-100% of the cells infected at 56 h following ZIKVM infection; +/-: <10% of the 
cells infected at 56 h following ZIKVM infection 
 
 

As maternal ZIKV infection during pregnancy can cause fetal neurodevelopmental 

defects, we aimed to identify the direct target cells of ZIKV in the human neural lineage 

by using a highly efficient protocol to differentiate hiPSCs into hNPCs (165). The titer of 

ZIKV in infected humans is currently unknown. We performed infections at a low 

multiplicity of infection (MOI < 0.1) using ZIKV supernatant and the medium containing 

virus inoculum was removed after a 2 h incubation period. Infection rates were then 

quantified 56 h later with immunocytochemistry using an anti-ZIKV envelope antibody 

(Figure 2.2). The hNPCs were readily infected by ZIKV, with the infection spreading to 

approximately 90% of the cells 56 h after inoculation (Figure 2.2 and 2.5). 

As a control, we also exposed hESCs, hiPSCs, and immature cortical neurons to 

ZIKV under the same conditions to test the permissiveness of these cells to ZIKV 

infection. hNPCs were further differentiated into immature cortical neurons (165) and then 

challenged with ZIKV at day 1 and day 9 post-differentiation. Interestingly, immature 

cortical neurons exhibited much lower levels of ZIKV infection with less than 20% of the 

cells infected at 56 h (Figures 2.3 and 2.5), suggesting that hNPCs further differentiated 

along the neural differentiation pathway are not as permissive to ZIKV infection. 
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Figure 2.2. ZIKV infection of hiPSC-derived neural progenitor cells. Representative 
confocal images of forebrain-specific hNPCs 56 h after ZIKVM or mock infection, 
immunostained for ZIKV envelope protein using anti-flavivirus clone 4G2 (ZIKVE; green) 
and DAPI (blue). hNPCs were differentiated from the C1-2 hiPSC line. Scale bars 20 µM. 
 

 
Figure 2.3. ZIKV infection of hiPSC-derived immature cortical neurons. Representative 
confocal images of immature cortical neurons 56 h after ZIKVM or mock infection, 
immunostained for ZIKVE (green) and DAPI (blue). Immature neurons were differentiated 
from the C1-2 hiPSC line. Scale bars are 20 µM. 
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Similarly, hESCs and hiPSCs could also be infected by ZIKV, but the infection was 

limited to a few cells at the colony edge where reduced expression of the pluripotency 

marker NANOG was observed (Figure 2.4 and 2.5). 

 
 

 
Figure 2.4. ZIKV infection of hESCs and hiPSCs. Representative immunofluorescence 
images of hESCs (WA09) and hiPSCs (DF19-9-11T.H.) 72 h after ZIKVM or mock 
infection, immunostained for ZIKVE (green) and the pluripotency marker NANOG (red). 
Scale bars are 20 µM. 
 
 

To further validate our findings and test for donor variability, hNPCs were 

differentiated from a second hiPSC line and then infected with ZIKV under the same 

conditions. Quantitative analysis demonstrated similar infection results for hNPCs derived 

from hiPSC lines isolated from two different subjects, referred to as the hNPC C line and 

hNPC D line (Figure 2.5). Furthermore, quantitative analysis revealed differential infection 
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of cells along the neural differentiation pathway with hNPCs displaying the greatest 

permissiveness to ZIKV infection (Figure 2.5).  

 
 

 
Figure 2.5. Quantification of ZIKV infection efficiency for different cell types. Cell types 
include hESCs, hiPSCs, hNPCs derived from two different hiPSC lines, and immature 
neurons 1 d or 9 d after differentiation from hNPCs. Both hESCs and hiPSCs were 
analyzed 72 h after ZIKVM infection, whereas all other cell types were analyzed 56 h after 
ZIKVM infection. n=5 biological replicates. 
 
 

Together, these results establish that hNPCs, a constitutive population of the 

developing embryonic brain, are a direct cell target of ZIKV in the human neural lineage.  

ZIKV envelope immunostaining exhibited the characteristic intracellular “virus 

factory” pattern of flaviviruses (169) (Figure 2.2). We therefore tested infectivity using the 

supernatant from infected hNPCs and observed robust infection of Vero cells (Figure 2.6), 

indicating that productive infection of hNPCs leads to efficient secretion of infectious ZIKV 

particles. 
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Figure 2.6. Production of infectious viral particles by ZIKV-infected hNPCs. Supernatant 
from hNPC cultures 72 h after ZIKVM or mock infection were collected and used to 
inoculate Vero cells for 2 h. The Vero cells were further cultured for 48 h. Shown are 
representative immunofluorescence images of ZIKVE immunostaining (green) and DAPI 
(blue). Scale bars are 20 µM.  

 
 

ZIKV-Infected hNPCs Exhibit Increased Cell Death and Inhibited Growth 

Because hNPCs give rise to the cerebral cortex during early fetal brain 

development, which is damaged in microcephalic fetuses and newborns, we investigated 

the potential consequences of ZIKV infection on hNPCs ability to proliferate and survive. 

We detected a 29.9% ± 6.6% reduction in the total number of viable cells 72 h after ZIKV 

infection of hNPCs, as compared to mock infection (n=3). Interestingly, ZIKV infection led 

to significantly higher caspase-3 activation in hNPCs 72 h after infection, as compared to 

mock infection (Figure 2.7), suggesting that ZIKV induces cell death in hNPCs. 
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Furthermore, analysis of DNA content by flow cytometry identified similar perturbed cell 

cycle profiles in ZIKV-infected hNPCs derived from the C1-2 hiPSC line (Figure 2.8, (1)) 

or the D3-2 hiPSC line (Figure 2.8, (2)), indicating that ZIKV infection disrupts the cell 

cycle of hNPCs possibly at S phase. In total, ZIKV infection of hNPCs leads to the 

attenuated growth of this cell population that is due, at least partly, to both increased cell 

death and cell-cycle disruption.  

 
  

 
Figure 2.7. ZIKV-infected hNPCs exhibit increased cell death. Representative 
immunofluorescence images and quantification of cleaved-caspase-3 in hNPCs 72 h after 
ZIKVM or mock infection. Cells were immunostained with anti-ZIKVE (green), cleaved-
caspase-3 (Cas3; red), and DAPI (blue). hNPCs were differentiated from the C1-2 hiPSC 
line. Scale bars are 20 µM. Error bars are mean ± SD, images representative of three 
biological replicates (n > 700 cells per treatment, ∗∗∗∗p ≤ 0.0001; unpaired t-test).  
 
 



35 

 
Figure 2.8. Cell-cycle perturbation of hNPCs infected with ZIKV. Representative cell cycle 
profiles of hNPCs derived from (1) the C1-2 hiPSC line or (2) the D3-2 hiPSC line 72 h 
after ZIKVM or mock infection. Samples were stained with PI and analyzed by flow 
cytometry. For the mixture samples, mock and infected hNPCs were mixed at a ratio of 
1:1 following PI staining. 
 
 

ZIKV-Infected hNPCs Exhibit Differential Gene Expression 

We next employed RNA-sequencing to investigate the impact of ZIKV infection on 

hNPCs at the molecular level. Our genome-wide analyses identified a large number of 

differentially expressed genes in hNPCs upon ZIKV infection, including 3,443 upregulated 

genes and 3,421 downregulated genes (Figure 2.9).  
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Figure 2.9. Scatter plot of global transcriptome changes between mock- and ZIKV-
infected hNPCs. hNPCs (C1-2 line) were infected with ZIKVM or mock-infected for 56 h. 
Log2 FPKM (Fragments Per Kilobase of transcript per Million mapped reads) from RNA-
seq data are plotted, and genes with significant differential expression values are 
highlighted. Upregulated genes are shown in red and downregulated genes are shown in 
blue.  
 
 

Gene Ontology analyses revealed an enrichment of downregulated genes in cell-

cycle-related pathways (Figure 2.10, (1)), which is consistent with our flow cytometry 

findings (Figure 2.8), and together suggest that cell cycle pathways are disrupted during 

ZIKV infection. Upregulated genes were primarily enriched in transcription, protein 

transport, and catabolic processes (Figure 2.10, (2)). Consistent with the increased 

caspase-3 activation we observed during ZIKV infection (Figure 2.7), RNA-sequencing 

analysis revealed the upregulation of genes, including caspase-3, involved in the 

regulation of the apoptotic pathway (Figure 2.10, (2)). These global transcriptome data 
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sets support our cell biology findings in ZIKV-infected hNPCs, as well as provide a 

valuable resource for the field. 

 
 

        
Figure 2.10. hNPCs exhibit differential gene expression upon ZIKV infection. RNA-seq 
analysis of hNPCs (C1-2 line) 56 h after ZIKVM or mock infection. Genes with significant 
differences in expression between infected and uninfected hNPCs were subjected to GO 
analyses. The top 10 most significant terms are shown for downregulated (1) and 
upregulated (2) genes, respectively. The -log10 P values are indicated by bar plots. An 
additional term of regulation of programmed cell death is also shown for upregulated (2) 
genes. 
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Discussion 

 

It is not known whether specific strains of ZIKV circulating in geographically diverse 

parts of the world differ in their ability to impact neural development, and the strain we 

used had been discovered prior to the current reports of the epidemiologic link between 

ZIKV and microcephaly. Nevertheless, our results clearly demonstrate that ZIKV can 

directly infect hNPCs in vitro with high efficiency and that infection of hNPCs leads to their 

attenuated population growth through ZIKV-induced cell-cycle perturbation and caspase-

3-mediated apoptosis. Furthermore, infected hNPCs release infectious viral particles, 

which presents a significant clinical challenge for developing effective therapeutics to 

arrest or block the impact of ZIKV infection.  

Our findings that ZIKV-infected hNPCs exhibit cell-cycle disruption and a 

downregulation of genes involved in cell-cycle-related functions highlight the potential 

involvement of cell cycle pathways in ZIKV biology. Furthermore, our cell cycle analysis 

results suggest that ZIKV-induced cell-cycle disruption of hNPCs occurs during S phase. 

Nevertheless, the method we used to stain DNA content (PI analysis) limits our ability to 

measure cellular proliferation and cell cycle progression and thus cannot be used to 

determine if hNPCs are arrested in S phase. In future studies, the hiPSC/hNPC model 

can be utilized to further investigate and elucidate the mechanism by which ZIKV induces 

cell-cycle perturbation. Additionally, future studies using the hiPSC/hNPC model can 

determine whether various ZIKV strains impact hNPCs differently and, conversely, 

whether a single ZIKV strain differentially affects hNPCs from hiPSCs of various human 

populations.  
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Flaviviruses tend to have broad cellular tropisms and multiple factors contribute to 

pathogenic outcomes, including specific cellular response and tissue accessibility. While 

DENV infects cells of several lineages and hematopoietic cells play an essential role in 

the associated pathogenesis (170), WNV infects epithelial cells of multiple tissues and 

can be neuroinvasive (171). We note that, in addition to neural cells, ZIKV infects other 

human cell types, including skin cells and fibroblasts (164). As these three flaviviruses 

share similar genome characteristics and replication strategy but lead to very different 

clinical outcomes, it would be interesting in future studies to determine the 

permissiveness and potential impact of DENV and WNV infection on hNPCs as well.  

The capacity of ZIKV to infect hNPCs and attenuate their growth underscores the 

urgent need for more research into the role of these cells in ZIKV-related neuropathology. 

The finding that ZIKV also infects immature cortical neurons raises critical questions 

about pathological effects on neurons and other neural cell types in the brain, as well as 

potential long-term consequences. Intriguingly, an early animal study showed ZIKV 

infection of neurons and astrocytes in mice and observed enlarged astrocytes (172). Our 

study also raises the question of whether ZIKV infects neural stem cells in adult humans 

(173).  

In summary, our results fill a major gap in our knowledge about ZIKV biology and 

serve as an entry point to establish a mechanistic link between ZIKV and microcephaly. 

Our study also provides a tractable experimental system for modeling the impact of ZIKV 

on neural development and for investigating underlying cellular and molecular 

mechanisms. Of equal importance, our hNPC model and robust cellular phenotype 
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comprise a readily scalable platform for high-throughput screens to prevent ZIKV infection 

of hNPCs and to ameliorate its pathological effects during neural development.  
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CHAPTER THREE 
 
 

ZIKA VIRUS INFECTION INDUCES DNA DAMAGE RESPONSE AND S-
PHASE ARREST IN HUMAN CORTICAL NEURAL PROGENITORS 

THAT ENHANCES VIRAL REPLICATION 
 
 

Introduction 

 

The results from this chapter are currently submitted in Hammack et al. 2018 and 

under revision at Cell Reports. Christy Hammack and Sarah Ogden contributed equally 

to this study and performed and analyzed all experiments unless otherwise specified. 

Zhexing Wen provided the hNPCs for this study. Joseph Madden performed the WNV 

infections shown in Figures 3.3 and 3.4. Angelica Medina conducted the serum starvation 

experiments shown in Figure 3.27.  

ZIKV’s impact on neural progenitor cells (163), which give rise to the fetal cortex 

during early brain development, likely contributes to the severe neurodevelopmental 

complications, such as microcephaly, observed in congenitally infected fetuses and 

newborns (103, 130). In chapter two, we demonstrated that hNPCs are a direct target of 

ZIKV and that infection of hNPCs leads to their attenuated growth that is due, at least 

partly, to both cell-cycle perturbation and apoptosis (163). These findings were 

recapitulated in 3D cerebral organoids (174–176) and the developing fetal brain in 

pregnant mice (177, 178). Additionally, global transcriptome analyses of ZIKV-infected 

hNPCs and murine fetal brain tissues revealed a dysregulation of cell-cycle-related genes 

(163, 177, 178), further highlighting the involvement of cell cycle pathways in ZIKV 

biology.  
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Here, we were interested in further exploring the mechanism by which ZIKV 

perturbs the cell cycle in hNPCs. Recently, it was demonstrated that ZIKV infection leads 

to increased γH2A.X signals (179); 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. 

In this chapter, we investigate ZIKV’s ability to induce or suppress checkpoint 

signaling pathways in hNPCs and disrupt DNA replication and progression through S 

phase using both the prototype ZIKVM Uganda strain and a more recent Puerto Rican 

strain of ZIKV. Additionally, we test for the presence of DNA damage repair proteins and 

measure physical breaks in DNA using the comet assay. We also test two clinically 

important flaviviruses closely related to ZIKV, DENV and WNV, to determine their ability 

to infect hNPCs and the potential impact of their infections on cell cycle pathways. Finally, 

we study the effect that aphidicolin/thymidine-mediated S-phase arrest has on ZIKV and 

related flaviviruses replication.  

 

Methods 

 

Cell Lines 

The human glioblastoma SNB-19 cell line (from NCI-60 collection) was a kind gift 

from Dr. David Meckes (Florida State University, Tallahassee, FL). SNB-19 cells were 

cultured in Roswell Park Memorial Institute (RPMI-1640) medium supplemented with 10% 

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% 
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FBS and incubated at 28°C in 5% CO2. Vero cells (ATCC) were cultured in Dulbecco’s 

modified Eagle medium supplemented with 10% FBS and incubated at 37°C in 5% CO2. 

Baby hamster kidney 21, strain WI2 (BHK) cells were obtained from Dr. Tadeusz Wiktor 

(Wistar Institute, Philadelphia, PA) and maintained in minimum essential medium (MEM) 

supplemented with 2.5% fetal calf serum (FCS) and 10 μg/ml gentamicin and incubated 

at 37°C in 5% CO2.  

 

Culture of Human iPSCs and Differentiation into Cortical Neural Progenitor Cells  

Human iPSC lines (C1-2 and C3-1) were previously generated from skin biopsy 

samples and have been fully characterized and passaged on MEF feeder layers (165). 

All studies followed institutional IRB protocols approved by Emory University School of 

Medicine. Human iPSCs were differentiated into forebrain-specific hNPCs following 

previous protocols (165). Briefly, hiPSCs 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 µM Dorsomorphin 

and 2 µM A-83, in non-treated polystyrene plates for 4 d with a daily medium change. 

After 4 d, EB medium was replaced by neural induction medium (NPC medium) consisting 

of DMEM/F12, N2 supplement, NEAA, 2 µg/ml heparin and 2 µM 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 d 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 37⁰C for 10 min and placed onto 
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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 (165).  

 

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 Dr. 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 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 and then fresh media was added and 

cells were cultured for seven days, filtered with a 0.45 μm 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 a 

MOI of 0.1 and harvesting culture fluid at 32 h post-infection. Clarified culture fluid was 

aliquoted and stored at -80ºC. The titers of amplified viruses were determined by focus-

forming unit (FFU) or plaque-forming unit (PFU) assays as described in the following 

section.  

 

Virus Infectivity Titration Assays 

ZIKV titers were determined by focus-forming unit (FFU) assay and DENV titers 

were determined by plaque-forming unit (PFU) assay on Vero cells. For the PFU assay, 
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culture supernatants were collected, serially diluted, and incubated with a confluent 

monolayer of Vero cells for 2 h at 37⁰C prior to addition of a 2% methylcellulose overlay 

mixed 1:1 with 2x DMEM. After 48-72 h of incubation, cells were washed with PBS, fixed 

in 4% paraformaldehyde, and stained with a solution of 0.5% crystal violent for 20 min 

and rinsed with ddH2O. For the FFU assay, cells were blocked in PBTG (PBT (PBS, 0.5% 

Tween-20, 1% BSA), 0.2% BSA, 5% normal goat serum) and then incubated overnight 

at 4⁰C 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 horse radish peroxidase (HRP) (Santa Cruz 

Biotechnology, Cat # sc-2005) for 1 h at RT and then washed three times with PBS prior 

to incubation with DAB peroxidase substrate (Vector Labs, Cat # 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 

37⁰C prior to addition of a 1% molten Sea ME agarose (Lonza) overlay mixed 1:1 with 2X 

MEM. After 72 h, the agarose plug was removed, and the cells stained with 0.05% crystal 

violet in 10% ethanol.  

 

BrdU Pulse-Labeling and Analysis by Flow Cytometry   

Cells were pulse-labeled with 100 µM BrdU (Sigma-Aldrich, Cat # B5002) for 30 

min at 37⁰C 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 drop-wise while mixing to fix the 

cells at a final concentration of 75% ethanol at -20⁰C overnight. For analysis by 2D flow 
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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 µg anti-BrdU (BD Pharmingen, Cat # 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 µg goat-anti-mouse IgG FITC (Sigma-

Aldrich, Cat # F0257) in PBT for 30 min. After washing with PBT, samples were 

resuspended in PI staining solution (Abcam, Cat # ab139418) and incubated for 30 min 

at 37⁰C prior to analysis 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 3X Halt protease and phosphatase inhibitor cocktail (Thermo 

Fisher Scientific, Cat # 78440) and 10 µM MG132 (Calbiochem, Cat # 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 4-12% precast gradient 

gels (BioRad) using MES running buffer, or on SDS-18% polyacrylamide gels optimized 

for the resolution of histone proteins. Proteins were transferred to 0.2 µm 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 
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followed by two washes in TBS prior to detection of the fluorescent signals using a LiCor 

Odyssey infra-red imager. Primary antibodies were obtained commercially and used at a 

1:1000 dilution (Table 3.1). Rabbit polyclonal antibodies against histone H4 were 

developed in the laboratory and have been described previously (180).  

 
 

Table 3.1. Antibodies for the detection of cell cycle checkpoints and regulators.  

 
 
 

Immunofluorescence Staining  

Cells were seeded on coverslips and fixed with 4% paraformaldehyde, 

permeabilized with PBT (0.2% Triton-X-100 in PBS), and were then either blocked in 

PBTG (PBT, 0.2% BSA, 5% normal goat serum) (ZIKV, 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, Cat # PA5-

38465), anti-phospho-H2A.X (Ser140) (Thermo Fisher Scientific, Cat # MA1-2022), anti-

KI67 (Abcam, Cat # ab15580), anti-flavivirus envelope (Clone D1-4G2-4-15 produced 

from hybridoma ATCC HB-112), anti-WNV NS3 (R&D Systems, Cat # AF2907), anti-

nestin (Millipore, Cat # MAB5326) or anti-cleaved caspase-3 (Cell Signaling, Cat # 9661). 
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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, Cat # F0257), 

goat-anti-rabbit IgG FITC (Sigma-Aldrich, Cat # F0382), goat-anti-mouse Cy3 (Invitrogen, 

Cat # A10521), goat-anti-rabbit Cy3 (Invitrogen, Cat # 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 with Hoescht 33342 to stain the nucleus and mounted using 

Prolong Gold Antifade Mountant (Thermo Fisher Scientific, Cat # p36930). ZIKV or DENV 

infected cells and KI67 stained cells were imaged using an Olympus BX61 fluorescence 

microscope (20x objectives). Phospho-H2A.X and phospho-53BP1 stained slides were 

imaged using a Zeiss LSM 880 confocal microscope (63x 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 (181). 

Briefly, 8 x 103 hNPCs resuspended in 400 µl D-PBS (VWR, Cat # 02-0119-1000) were 

mixed with 1.2 mL molten 1% low gelling temperature agarose (Sigma-Aldrich, Cat # 

A4018) and 1.2 mL of the mixture was overlaid onto slides scored and pre-coated with 

1% low gelling temperature agarose. Slides were immersed in 4⁰C neutral lysis buffer 

(2% sarkosyl, 0.5 M Na2EDTA, 0.5 mg/mL proteinase K, pH 8.0) and incubated at 37⁰C 
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for 18-20 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 0.6V/cm. Slides were briefly rinsed in ddH2O and stained 

with 1X SYBR gold (Thermo Fisher Scientific, Cat # S11494) for 30 min. Excess stain 

was rinsed away with ddH2O and slides were imaged using an Olympus BX61 microscope 

(10X objective). Comet tail moment was quantified using CASPlab software 

(http://casplab.com).  

 

S-phase Cell Synchronization  

SNB-19 cells at 1 x 105 were seeded into 12-well plates. The next day, 2 mM 

thymidine (Sigma-Aldrich, Cat # T1895) was added in fresh media for 16 h to synchronize 

cells in S phase. Cells were washed with PBS two times and fresh media was added for 

12 h to release cells back into the cell cycle. Following release, either 2 mM thymidine or 

12 µM aphidicolin (Sigma-Aldrich, Cat # A4487) was added in fresh media for 16 h to 

block cells in early S phase. Nuclear DNA was stained with propidium iodine (PI) solution 

(Abcam, Cat # 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-polyacrylamide gel electrophoresis (PAGE) 

and transferred to PVDF membrane (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 

http://casplab.com/
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with the following primary antibodies: anti-ZIKV NS1 (BioFront Technologies, Cat # BF-

1225-36), anti-DENV NS3 (Genetex, Cat # GTX124252), or anti-GAPDH (Santa Cruz 

Biotechnology, Cat # 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 software.  

 

Quantitative Real-Time PCR 

Total cellular RNA was purified from mock-, ZIKVM- or DENV- infected SNB-19 

cells using the RNeasy Plus Kit (Qiagen) per the manufacturer’s instructions. cDNA was 

synthesized from purified RNA using random hexamers and the SuperScript III First-

Strand Kit (Invitrogen). For viral RNA quantification, qRT-PCR was performed using 

SYBER Green qPCR Master Mix (Thermo Fisher Scientific) per the manufacture’s 

protocol and genome specific primers for ZIKV MR766 or DENV-2 16881 (Table 3.2). All 

qRT-PCR results were normalized to GAPDH mRNA in the same sample and relative 

viral RNA copies were calculated using the ΔΔCt method.  

 
Table 3.2. Genome-specific qRT-PCR primers for ZIKV MR766 or DENV-2 16881. 

 
 
 

Serum Starvation  

SNB-19 cells at 1 x 105 were seeded in standard culture medium (10% FBS, RPMI) 

and the next day the medium was replaced with fresh standard full (10% FBS) or reduced 
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(1% or 0.1% FBS) serum media. After 24 h, cultures were infected with each respective 

virus by direct inoculation into the existing culture medium. At 24 h post-infection, culture 

supernatants were collected for viral titer analysis and samples were trypsinized and 

collected for western blot analysis. In a second experiment, 1 x 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 media. At 24 h post-

infection, cells were trypsinized and collected for western blot analysis.  

 

Statistical Analysis  

Quantified data were reported as mean ± 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 p-value using one-way ANOVA with Bonferroni 

correction. P-value significance indicated as follows: n.s. = not significant, ∗p ≤ 0.05; ∗∗p 

≤ 0.01; ∗∗∗p ≤ 0.001; ****p ≤ 0.0001.  

 

Results 

 

ZIKV Infection Causes DNA Damage and Activation of the DDR 

In the last chapter, we demonstrated that infection of hNPCs with the prototype 

ZIKVM Uganda strain led to a perturbation of the host cell cycle as measured in DNA 

content using PI staining. To determine if infection by an epidemic strain of ZIKV interferes 
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with active DNA replication and proliferation, we infected hNPCs for 48 h with a Puerto 

Rican strain of ZIKV (PRVABC59) (ZIKVPR) or with ZIKVM (MOI 0.2), and then labeled 

these cells with a nucleoside analogue, 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 50-60% of that in mock-infected 

hNPCs (Figure 3.1). In contrast, DENV infection (MOI 0.05) did not significantly alter the 

ratio of cells in late S versus early S phase compared to mock-infected hNPCs (Figure 

3.1). 

 
Figure 3.1. Cell cycle profiles of hNPCs after ZIKV or DENV infection. Representative cell 
cycle profiles and quantifications of BrdU pulse-labeled hNPCs. hNPCs were infected  
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Figure 3.1- continued  
with ZIKVM (MOI 0.2), ZIKVPR (MOI 0.2), or DENV (MOI 0.05) for 48 h. The same mock- 
infected cells were used for the ZIKVPR and DENV representative images. Error bars are 
mean ± SD, average of two biological replicates (∗p ≤ 0.05; ∗∗p ≤ 0.01; unpaired t-test). 

 
 

Immunofluorescence analysis showed comparable infection efficiencies for 

ZIKVPR, ZIKVM, and DENV, with over 60% of hNPCs infected in each population at 48 h 

(Figure 3.2). We also observed a significant attenuation of the cell proliferation marker, 

KI67, in hNPCs infected with ZIKV, but not for DENV (Figure 3.2), consistent with previous 

studies in ZIKV-infected mice and brain organoids (174, 178).  

 
 

 
Figure 3.2. Infection rate and ki67 protein expression in ZIKV- and DENV-infected hNPCs. 
Representative immunofluorescence images and quantifications of viral infection of 
hNPCs using anti-flavivirus envelope (4G2; orange) and anti-KI67 (green) staining 48 h 
post-infection. KI67+ cell quantification is percentage of infected cells. Scale bars are 50 
µm. Error bars are mean ± SD, average of two biological replicates (n > 500 cells per 
treatment, ∗p ≤ 0.05; ∗∗p ≤ 0.01; ∗∗∗p ≤ 0.001; one-way ANOVA). 
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Like ZIKV, WNV is classified as a neurotropic flavivirus due to its ability to infect 

cells of the central nervous system in vivo. Yet, while WNV infection can cause severe or 

fatal neurological complications in children and adults, infection with this virus has not 

been associated with fetal neurological defects. It is unknown if WNV is capable of 

infecting neural progenitors or the nature of its impact. Thus, we next determined whether 

the ability of ZIKV to perturb the cell cycle in hNPCs was shared by WNV. We first tested 

the permissiveness of hNPCs to the WNV NY99 strain (MOI 0.5) and observed efficient 

infection, with approximately 60% of hNPCs infected at 24 h (Figure 3.3).  

 
 

 
Figure 3.3. WNV infection of hiPSC-derived neural progenitor cells. Representative 
immunofluorescence images of hNPCs infected with WNV (MOI 0.5) for 24 h and stained 
with anti-WNV NS3 (green) and anti-nestin (white). Scale bars are 26 µm. 
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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 

when compared to mock-infected hNPCs at 24 h post-infection (Figure 3.4).  

 
 

 
Figure 3.4. Cell cycle profile of hNPCs following WNV infection. Representative cell cycle 
profiles and quantifications of BrdU pulse-labeled hNPCs. hNPCs were infected with 
WNV (MOI 0.5) for 24 h. Error bars are mean ± SD, average of two biological replicates 
(n.s.> 0.05; unpaired t-test). 
 
 

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 observed increased phosphorylated ATM and its 

substrate Chk2 in ZIKV-infected hNPCs by 48 h post-infection (Figure 3.5), suggesting 

activation of the ATM/Chk2 checkpoint. Interestingly, we did not detect Chk1 

phosphorylation in ZIKV-infected hNPCs (Figure 3.5). In contrast to ZIKV, we did not 

detect checkpoint activation in DENV-infected hNPCs (Figure 3.5).  
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Figure 3.5. Western blot images of cell cycle checkpoint and γH2A.X protein expression 
in ZIKV- and DENV-infected hNPCs. hNPCs were infected with ZIKVPR (MOI 0.2) or 
DENV (MOI 0.05) and protein expression analyzed over a time course (hpi= hours post-
infection). Images representative of two biological replicates. Positive controls include 
cells treated with 1 mM hydroxyurea (HU) for 22 h. 
 
 
 

 
Figure 3.6. Western blot images of cell cycle regulators protein expression in ZIKV- and 
DENV-infected hNPCs. hNPCs were infected with ZIKVPR (MOI 0.2) or DENV (MOI 0.05) 
and protein expression analyzed over a time course (hpi= hours post-infection). Images 
representative of two biological replicates. Positive controls include 10 Gy irradiated cells. 
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Activated Cdk/cyclin complexes regulate transition throughout the cell cycle. 

Activated Chk1/Chk2 transducers degrade cdc25 phosphatase proteins that are required 

for Cdk activity and consequently, cyclins are degraded resulting in cell-cycle arrest. We 

detected reduced protein levels of several downstream targets of the ATM/Chk2 signaling 

pathway, including cdc25A, cyclin E, and cyclin A, in ZIKV-infected but not DENV-infected 

hNPCs (Figure 3.6), further confirming activation of this pathway and also suggesting 

ZIKV-infected hNPCs are arrested in S phase.  

The retinoblastoma (Rb) protein is a tumor suppressor that inhibits cell cycle 

progression. When intracellular or extracellular signals stimulate entry into the cell cycle, 

the Rb protein becomes hyperphosphorylated allowing cell cycle progression to proceed 

into S phase. We observed similar levels of hyperphosphorylated Rb protein in virus- and 

mock- infected hNPCs (Figure 3.6), 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 γH2A.X. To determine 

if γH2A.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. There was 

an apparent increase in γH2A.X signals between 36 h and 48 h for cells infected with 

ZIKV while these signals showed only a minimal increase in the DENV-infected cells by 

48 h (Figure 3.5). We confirmed these results with an immunofluorescence assay that 

detects the nuclear γH2A.X foci at 48 h after infection and observed an approximately 4-
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fold increase in γH2A.X foci in ZIKV-infected as compared to mock-infected hNPCs 

(Figure 3.7).  

 
 

 
Figure 3.7. Analysis of the DNA damage marker, γH2A.X, in hNPCs following ZIKV or 
DENV infection. Representative immunofluorescence images and quantification of 
γH2A.X foci in hNPCs infected for 48 h with ZIKVM (MOI 0.2) or DENV (MOI 0.05). Cells 
were stained with anti-γH2A.X (green) and nuclear foci counted. Scale bar is 20 µm. Error 
bars are mean ± SD (n > 500 cells per treatment, ∗p ≤ 0.05; ∗∗p ≤ 0.01; one-way ANOVA). 

 
 

In chapter two, we demonstrated that ZIKV infection induces caspase-3-mediated 

apoptosis in hNPCs, which causes DNA fragmentation and is marked by γH2A.X foci. 

Thus, to ensure that the DNA damage we are detecting is not due solely to virus-induced 

apoptosis, we excluded cells expressing cleaved caspase-3 and detected an 

approximately 3-fold increase in γH2A.X foci in ZIKV-infected as compared to mock-

infected hNPCs, but no significant difference in DENV-infected hNPCs (Figure 3.8). 

Downstream of γH2A.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, but no 

significant difference in DENV-infected hNPCs (Figure 3.9). These data suggest that DNA 

damage signaling is activated during ZIKV infection of hNPCs. 
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Figure 3.8. Analysis of the DNA damage marker, γH2A.X, in hNPCs following ZIKV or 
DENV infection excluding apoptotic cells. Quantification of γH2A.X foci in cleaved 
caspase-3 negative (c-Cas3-) hNPCs infected for 48 h with ZIKVPR (MOI 0.2) or DENV 
(MOI 0.05). Cells were stained with anti-γH2A.X and anti-cleaved caspase-3 and nuclear 
foci counted in cells negative for caspase-3 staining. Error bars are mean ± SD (n > 500 
cells per treatment, ∗p ≤ 0.05; ∗∗p ≤ 0.01; ∗∗∗p ≤ 0.001; ∗∗∗∗p ≤ 0.0001; one-way ANOVA). 
 
 
 

 
Figure 3.9. Analysis of the DSB repair marker, p-53BP1, in hNPCs following ZIKV or 
DENV infection. Representative immunofluorescence images and quantification of 
phosphorylated 53BP1 foci in hNPCs infected for 48 h with ZIKVPR (MOI 0.2) or DENV 
(MOI 0.05). Cells were stained with anti-phospho-53BP1 (green) and nuclear foci 
counted. Scale bars are 20 µm. Error bars are mean ± SD, images representative of two 
biological replicates (n > 500 cells per treatment, ∗p ≤ 0.05; ∗∗p ≤ 0.01; ∗∗∗p ≤ 0.001; one-
way ANOVA). 
 
 

Some RNA viruses are capable of directly activating checkpoint signaling 

pathways in the absence of physical DNA damage (154). The neutral comet assay is a 
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sensitive method that combines gel electrophoresis with fluorescence microscopy to 

directly visualize and measure DNA DSBs in individual eukaryotic cells (181). Using this 

assay, we detected a significant increase in mean tail moment in ZIKV-infected as 

compared to mock- and DENV-infected hNPCs (Figure 3.10, (1)), indicating that ZIKV, 

but not DENV, infection induces physical DNA breaks in hNPCs.  

 
 

 
Figure 3.10. Comet assay analysis of ZIKV- and DENV-infected hNPCs. (1). 
Representative immunofluorescence images and quantification of tail moment in hNPCs 
infected for 48 h with ZIKVPR (MOI 0.2) or DENV (MOI 0.05). Following neutral comet 
assay lysis and single-cell electrophoresis, infected hNPCs were stained with SYBR Gold  
and tail moment measured. Scale bars are 50 µm. Error bars are mean ± SD, average of 
three biological replicates (n > 50 comets per replicate, ∗p ≤ 0.05; ∗∗p ≤ 0.01; ∗∗∗p ≤  
0.001; one-way ANOVA); (2). Cluster plot analysis of neutral comet assay. Error bars are 
mean ± SD, sum of three biological replicates (n = 160 comets per treatment). 
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Cluster plot analysis of the neutral comet assay showed increased outliers 

amongst the individual comets in the virus-infected compared to mock-infected hNPCs 

(Figure 3.10, (2)), possibly due to apoptotic cells. Nonetheless, the data clearly 

demonstrates an overall trend of increased tail moment in the ZIKV-infected hNPCs. 

Our BrdU analysis (Figure 3.1) and previous DNA content analysis (Figure 2.8) 

results strongly indicate a disruption in S phase during ZIKV infection of hNPCs. Yet, 

while the ATR/Chk1 checkpoint is typically activated in S phase at stalled replication forks, 

Chk1 phosphorylation was not detected in ZIKV-infected hNPCs (Figure 3.5), suggesting 

that the ATR/Chk1 signaling pathway is not initiated upon ZIKV infection. Thus, we next 

investigated the intriguing possibility that ZIKV infection suppresses ATR activation.  

We infected hNPCs with ZIKV or DENV for 44 h and then treated the cells with 1 

mM HU, 0.6 µM aphidicolin (APH), or 12 µM APH for an additional 4 h to activate the 

ATR/Chk1 signaling pathway. As previously shown, Chk1 phosphorylation was not 

detected in the mock- or virus-infected untreated hNPCs; however, Chk1 phosphorylation 

was detected in the mock- and DENV-infected hNPCs following treatment with HU or 

APH (Figure 3.11). In contrast, ZIKV-infected hNPCs exhibited reduced phosphorylation 

of Chk1 after both HU and APH treatment (Figure 3.11), suggesting that ZIKV does 

indeed suppress activation of the ATR/Chk1 signaling pathway.  
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Figure 3.11. ZIKV infection suppresses activation of the ATR/Chk1 signaling pathway in 
hNPCs. hNPCs were infected with ZIKVPR (MOI 0.2) or DENV (MOI 0.05) for 44 h and 
then treated with 1 mM HU, 0.6 µM APH, or 12 µM APH for 4 h prior to collection for 
western blot analysis. For the 22 h HU samples, hNPCs were infected at the same MOIs 
for 26 h and then treated with 1 mM HU for 22 h prior to collection for western blot analysis. 
Images representative of two biological replicates. 
 
 

ZIKV Infection Arrests the Progression of DNA Replication  

Next, we analyzed the kinetics of ZIKV-mediated perturbation of DNA replication 

in a highly permissive glioblastoma cell line, SNB-19, that is easier to manipulate in vitro 

than hNPCs. To do this, we first characterized the SNB-19 cell line to confirm similar 

findings to those we had observed in hNPCs. Infection of SNB-19 cells by ZIKV (MOI 0.4) 

or DENV (MOI 0.1) resulted in greater than 80% of cells infected at 24 h (Figure 3.12).  

ZIKV, but not DENV, infection significantly decreased the ratio of cells in late S 

versus early S phase (Figure 3.13), similar to that observed in hNPCs, and this decrease 

was inversely correlated with ZIKV infection MOI (Figure 3.14). Additionally, these cells 

exhibited significantly reduced cell proliferation (Figure 3.15, (1)) and attenuation of KI67 

staining (Figure 3.15, (2)) in populations infected with ZIKV, but not DENV, comparable 

to ZIKV-infected hNPCs.  
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Figure 3.12. ZIKV and DENV infection of the glioblastoma cell line, SNB-19. SNB-19 cells 
were infected with ZIKVM (MOI 0.4), ZIKVPR (MOI 0.4), or DENV (MOI 0.1) for 24 h prior 
to analysis. Representative immunofluorescence images and quantification of infected 
SNB-19 cells stained with flavivirus envelope (4G2; green) antibody. Scale bars are 50 
µm. Error bars are mean ± SD (n > 500 cells per treatment). 
 
 

 
Figure 3.13. Cell cycle profile of SNB-19 cells after ZIKV or DENV infection. SNB-19 cells 
were infected with ZIKVM (MOI 0.4), ZIKVPR (MOI 0.4), or DENV (MOI 0.1) for 24 h prior 
to analysis. 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, average of two biological replicates (∗p ≤ 0.05; ∗∗p ≤ 0.01; one-way ANOVA).  

 
 
 

 
Figure 3.14. Cell cycle profile of SNB-19 cells infected with increasing ZIKV MOI. SNB-
19 cells were infected with ZIKVM for 24 h prior to BrdU pulse-labeling. 
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Figure 3.15. Growth rate and ki67 protein expression in ZIKV- and DENV-infected SNB-
19 cells. SNB-19 cells were infected with ZIKVM (MOI 0.4), ZIKVPR (MOI 0.4), or DENV 
(MOI 0.1) for 24 h prior to analysis. (1). Time course of SNB-19 cell proliferation for 
infected or mock-infected cells. Error bars are mean ± SD, average of three biological 
replicates (∗p ≤ 0.05; one-way ANOVA); (2). Quantification of KI67-positive SNB-19 cells  
in the infected population. Cells were stained with anti-KI67 and anti-flavivirus envelope 
24 h post-infection and counted for double positive cells. Error bars are mean ± SD (n > 
500 per treatment, ∗p ≤ 0.05; ∗∗p ≤ 0.01; ∗∗∗p ≤ 0.001, ****p ≤ 0.0001; one-way ANOVA). 
 
 

To determine the timing of 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. A difference in cell cycle profiles between mock- and ZIKV-infected cells 

was detectable by BrdU-labeling at around 18 h post-infection (Figure 3.16), 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 

infected SNB-19 cells for 2 h with ZIKV or DENV prior to treatment 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 drug removal. 

After thymidine treatment, but before release, the BrdU profiles were similar for both 
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infected and uninfected cells (Figure 3.17). 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 post-release. 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 post-release (Figure 3.17).  

 
 

 
Figure 3.16. Cell cycle progression of BrdU pulse-labeled SNB-19 cells during ZIKV 
infection. SNB-19 cells were BrdU pulse-labeled for 30 min and then washed with PBS 
two times prior to infection with ZIKVM (MOI 0.4) for up to 24 h. Cells were collected at 
the indicated times post-infection. Profiles are representative of two biological replicates. 
 
 

 
 

 



66 

 
Figure 3.17. Cell cycle synchronization and progression of ZIKV- and DENV-infected 
SNB-19 cells through S phase. SNB-19 cells were infected with ZIKVM (MOI 0.4) or DENV 
(MOI 0.1) for 2 h followed by treatment with 2 mM thymidine for 16 h. At 18 h post-
infection, 0 h samples were collected and all other cells were released from thymidine 
block prior to BrdU pulse-labeling for 30 min at the indicated times post-release. Cell cycle 
profiles shown are representative of two biological replicates. 
 
 

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. 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 by 12 h (Figure 3.18), suggesting that these cells had cycled through to the 

G1 phase. In contrast, the early S phase BrdU-labeled cells in the ZIKV-infected 
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population were less efficient at increasing their DNA content while a small subset of the 

late S phase BrdU-labeled cells progressed to a 2C DNA content (Figure 3.18).  

 
 

 
Figure 3.18. Cell cycle progression of BrdU pulse-labeled SNB-19 cells after ZIKV or 
DENV infection has been established. SNB-19 cells were infected with ZIKVM (MOI 0.4) 
or DENV (MOI 0.1). At 18 h post-infection, cells were pulse-labeled for 30 min, washed 
with PBS two times, and collected at the indicated times post-labeling. Cell cycle profiles 
shown are representative of two biological replicates. 
 
 

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. 
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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, APH (Figure 3.19, (1)). PI analysis 

revealed that both treatments arrested cells in early S phase (Figure 3.19, (2)).  

 
 

 
Figure 3.19. SNB-19 cells treated with S-phase inhibitors to arrest cells in S phase. (1). 
Schematic of two treatment conditions used to synchronize SNB-19 cells in S phase; (2). 
Representative flow cytometry analysis of SNB-19 cells treated as indicated in (1). 
Samples were stained with PI and analyzed by flow cytometry.   
 
 

Following treatment of SNB-19 cells with the S-phase inhibitors or DMSO, we 

analyzed several steps of the flavivirus infectious life cycle to test if virus was enhanced 

at any of these steps in S-phase arrested cells. With either S-phase inhibitor treatment 
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strategy, intracellular ZIKV protein levels were significantly enhanced by 24 h after 

infection as compared to the levels in DMSO-treated cells (Figure 3.20). In contrast, these 

drug treatments did not significantly alter intracellular DENV protein levels (Figure 3.20). 

 
 

 
Figure 3.20. Intracellular viral protein levels in SNB-19 cells treated with DMSO or S-
phase inhibitors. SNB-19 cells were infected for 24 h with ZIKVPR (MOI 0.2), ZIKVM (MOI 
0.2), or DENV (MOI 0.05). 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. Quantification of viral protein band intensities, relative to those 
of GAPDH, mean of three biological replicates ± SD (∗p ≤ 0.05; ∗∗p ≤ 0.01; ∗∗∗p ≤ 0.001; 
one-way ANOVA). 
 
 

An infection time course analysis revealed that ZIKV RNA remained at similar 

levels between 4 h and 16 h and then increased by 24 h for the S-phase inhibitor-treated 

samples only (Figure 3.21, (1)), indicating that detectable enhancement occurred later in 
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the virus life cycle, consistent with our previous time course (Figure 3.16). In contrast, 

these drug treatments did not significantly alter DENV RNA levels (Figure 3.21, (2)). 

 
 

 
Figure 3.21. Intracellular viral RNA levels in SNB-19 cells treated with DMSO or S-phase 
inhibitors. (1). SNB-19 cells were infected for 4 h to 32 h with ZIKVM (MOI 0.2). Time 
course of relative intracellular viral RNA copies in ZIKVM- infected SNB-19 cells as 
measured by qPCR. Error bars are mean ± SD of three biological replicates (∗p ≤ 0.05; 

∗∗p ≤ 0.01; ∗∗∗p ≤ 0.001; ****p ≤ 0.0001; two-way ANOVA); (2). Time course of 
intracellular viral RNA copies in DENV-infected (MOI 0.05) SNB-19 cells as measured by 
qPCR. Error bars are mean ± SD of three biological replicates (p > 0.05; two-way 
ANOVA). 
 
 

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 drug-treated cells 

compared to DMSO-treated cells (Figure 3.22). In contrast, these drug treatments did not 

significantly alter DENV infectious titers (Figure 3.22).  

We also tested the potential effect of drug-induced S-phase arrest on WNV 

infectious particle production. Interestingly, both drug 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 (Figure 3.23).  
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Figure 3.22. ZIKV and DENV infectious titers from SNB-19 cells treated with DMSO or S-
phase inhibitors. SNB-19 cells were infected for 48 h with ZIKVPR (MOI 0.2), ZIKVM (MOI 
0.2), or 36 h with DENV (MOI 0.05). Infectivity titers of culture supernatants at 48 h post-
infection as measured by focus-forming units (ZIKVPR and ZIKVM) or at 36 h post-infection 
as measured by plaque-forming units (DENV) on Vero cells. Error bars are mean ± SD of 
three biological replicates (∗p ≤ 0.05; ∗∗p ≤ 0.01; one-way ANOVA). 
 
 
 

 
Figure 3.23. WNV infectious titers from SNB-19 cells treated with DMSO or S-phase 
inhibitors. SNB-19 cells were infected with WNV (MOI 0.5) and 12 h and 24 h post-
infection infectivity titers of culture supernatants were measured by plaque-forming units 
on BHK cells. Error bars are mean ± SD of three biological replicates (∗p ≤ 0.05; ∗∗p ≤ 
0.01; ∗∗∗p ≤ 0.001; one-way ANOVA). 
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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 (1% FBS or 0.1% FBS compared to 

our standard 10% FBS) for 24 h to accumulate cells in G0/G1 phase prior to infection. PI 

staining confirmed that the reduced serum medium led to an increase in G0/G1 phase 

cells (Figure 3.24).  

 
 

 

 
Figure 3.24. SNB-19 cells cultured in reduced serum to accumulate cells in G0/G1 phase. 
Flow cytometry analysis of SNB-19 cells cultured for 24 h in 10%, 1%, and 0.1% serum 
media respectively. Samples were stained with PI and analyzed by flow cytometry. 
 
 

In contrast to the results in S-phase arrested cells, the reduced serum conditions 

markedly decreased intracellular ZIKV, but not DENV, protein expression (Figure 3.25), 

so that the more the cells were accumulated in G0/G1 phase, the less ZIKV NS1 protein 

that was being produced. Likewise, the reduced serum conditions significantly decreased 

ZIKV, but not DENV, infectious titers (Figure 3.26).  
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Figure 3.25. Intracellular viral protein levels in SNB-19 cells cultured in reduced serum. 
SNB-19 cells were infected for 24 h with ZIKVPR (MOI 0.2), ZIKVM (MOI 0.4), or DENV 
(MOI 0.05). Western blot images of intracellular viral protein expression in serum-starved 
SNB-19 cells 24 h post-infection. Following culturing for 24 h in standard (10% FBS) or 
reduced (1% or 0.1% FBS) serum media, cells were infected by direct addition of virus  
culture to the existing culture media. Viral protein was detected by anti-ZIKV NS1 or anti-
DENV NS3 for each respective sample. Quantification of viral protein band intensities, 
relative to those of GAPDH, mean ± SD of three biological replicates (∗p ≤ 0.05; ∗∗p ≤ 

0.01; ∗∗∗p ≤ 0.001; ∗∗∗∗p ≤ 0.0001; one-way ANOVA). 
 

 
Figure 3.26. ZIKV and DENV infectious titers from SNB-19 cells cultured in reduced 
serum. SNB-19 cells were infected for 36 h with ZIKVPR (MOI 0.2), ZIKVM (MOI 0.4), or  
48 h with DENV (MOI 0.05). Infectivity titers of culture supernatants 36 h (ZIKVM and 
ZIKVPR) or 48 h (DENV) post-infection as measured by focus-forming units (ZIKVM and 
ZIKVPR) or plaque-forming units (DENV) on Vero cells. Error bars are mean ± SD of three 
biological replicates (∗p ≤ 0.05; ∗∗p ≤ 0.01; ∗∗∗p ≤ 0.001; ∗∗∗∗p ≤ 0.0001; one-way 
ANOVA).  
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Because reduced serum in culture medium can deplete serum proteins required 

for efficient viral entry (182, 183), we infected cells with virus in standard serum medium 

to allow entry before adding the reduced serum medium. We observed a similar, albeit 

less dramatic, decrease in intracellular ZIKV protein levels, but no effect on intracellular 

DENV protein levels (Figure 3.27). Overall, these results indicate that an S-phase arrest 

environment, during which cellular DNA replication is inhibited, fosters ZIKV replication, 

while a G0/G1 arrest environment is detrimental.  

 
 

 
Figure 3.27. Intracellular viral protein levels in SNB-19 cells cultured in reduced serum 
following infection in standard media. Western blot images of intracellular viral protein 
expression in SNB-19 cells 24 h post-infection. Following a 2 h infection in standard serum  
medium (10% FBS) with ZIKVPR (MOI 2), ZIKVM (MOI 2), or DENV (MOI 0.25), the media 
was changed to standard serum media (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. Quantification of viral protein band 
intensities, relative to those of GAPDH, mean ± SD of three biological replicates (∗p ≤ 
0.05; ∗∗p ≤ 0.01; ∗∗∗p ≤ 0.001; ∗∗∗∗p ≤ 0.0001; one-way ANOVA). 
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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 leading to an S-phase arrest and the halting of 

host DNA replication (Figure 3.28). Our data suggest that this S-phase arrest state 

provides a beneficial environment for ZIKV replication in proliferating neural cells (Figure 

3.28).  

 

 
Figure 3.28. Model depicting the effects of ZIKV infection on cell cycle regulation and 
progression in hNPCs. In this study, we show that ZIKV infection of neural progenitors  
induces DNA DSBs and activates the ATM/Chk2 checkpoint while suppressing the 
ATR/Chk1 checkpoint. Activation of this signaling cascade leads to the downregulation of 
cell cycle regulatory proteins, culminating in a S-phase arrest environment that fosters 
ZIKV replication. Illustrated by Sarah C. Ogden. 
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Additionally, while DENV and WNV can also efficiently infect hNPCs, ZIKV 

uniquely disrupts the cell cycle of hNPCs amongst these flaviviruses. 

Many viruses capable of modulating the host cell cycle employ the strategy of DDR 

induction; however, the mechanisms of DDR activation differ in their requirement for DNA 

damage. Some viral protein kinases can directly bind to components of the DDR pathway 

to activate downstream signaling cascades (151, 152), while other viruses trigger the 

DDR by inducing physical breaks in host DNA (i.e. nicks and DSBs) or replication stress 

(156, 157, 160). 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 mechanisms 

for DDR induction during ZIKV infection. Recently, it was shown that DENV infection 

causes leakage of mitochondrial DNA (mtDNA) into the cytoplasm (184). Although ZIKV 

infection may similarly cause mtDNA leakage, ATM activation by cytoplasmic DNA has 

not been reported (185, 186). 

Physical breaks in DNA can occur by indirect or direct mechanisms. Viruses can 

trigger the production of ROS, which are a known cause of nicks or DSBs in host DNA 

(187, 188). While ZIKV can transcriptionally upregulate ROS-related genes, such as 

NOX1 (189, 190), and DENV and WNV have been shown to induce ROS, these viruses 

simultaneously upregulate antioxidative responses, negating DNA damaging redox 

imbalances in the cell (191–193).  

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 
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DNA replication or repair factor (161, 194). Failure to remove the stress can result in 

collapsed replication forks and subsequent DSBs (195), a process that is accelerated in 

the absence of ATR signaling (196) and leads to ATM activation (131). 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 in chapter two that 

ZIKV infection of hNPCs led to a general downregulation of numerous cell-cycle-related 

genes (163, 190), 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 demonstrate 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 (197). Either 

possibility would almost certainly result in activation of the ATM/Chk2 signaling pathway 

and arrest of cell cycle progression in S phase, consistent with our observations in 

hNPCs.  

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 
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infection of hNPCs and growth retardation of these cells, which likely plays an 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 provide a handle for 

dissecting virus-specific disease mechanisms.  
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CHAPTER FOUR 
 
 

CONCLUSION 
 

 
In the second chapter, we investigated the target cells of ZIKV in the human neural 

lineage and the consequences of infection on these cells at the cellular and molecular 

level. We demonstrated that ZIKV efficiently and productively infects hNPCs, but less 

efficiently infects other cells along the neural differentiation pathway, including immature 

cortical neurons and pluripotent stem cells. ZIKV-infected hNPCs exhibited cell-cycle 

perturbation and increased caspase-3 activation indicating that ZIKV induces cell death. 

These factors likely contribute to the overall attenuated growth of this cell population we 

observed during ZIKV infection. We next employed global transcriptome analyses to 

determine ZIKV’s impact on hNPCs at the molecular level. RNA-sequencing analysis 

revealed extensive differential gene expression upon ZIKV infection of hNPCs. Consistent 

with our flow cytometry findings, we observed an enrichment of downregulated genes in 

cell-cycle-related pathways, while upregulated genes were primarily enriched in 

transcription, protein transport, and catabolic processes using gene ontology enrichment 

analysis. We also observed the upregulation of genes, including caspase-3, involved in 

the regulation of the apoptotic pathway, consistent with ZIKV-induced caspase-3-

mediated apoptosis.  

In the third chapter, we investigated the molecular mechanisms by which ZIKV 

induces cell-cycle perturbation. We demonstrated that ZIKV’s disruption of the cell cycle 

in hNPCs was unique among the flaviviruses tested, including DENV and WNV, however 

similar among the two strains of ZIKV tested, including the prototype Uganda strain and 
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a Puerto Rican strain. ZIKV-infected hNPCs exhibited increased phosphorylated ATM 

and its substrate Chk2 and reduced protein expression of several downstream substrates 

of ATM, supporting activation of the ATM/Chk2 signaling pathway by ZIKV. Additionally, 

when challenged with ATR-activating drugs, ZIKV-infected hNPCs showed reduced 

phosphorylation of Chk1, suggesting ZIKV blocks activation of the ATR/Chk1 signaling 

pathway in hNPCs. We further demonstrated increased γH2A.X and 53BP1 foci in ZIKV-

infected hNPCs, indicating activation of the DSB repair signaling pathway, and directly 

showed increased physical breaks in DNA using the comet assay. We next analyzed the 

kinetics of ZIKV-mediated cell-cycle disruption and found that cell cycle progression was 

effectively halted in early S phase resulting in the termination of DNA replication in ZIKV-

infected cells. Finally, S-phase inhibitors increased ZIKV, but not DENV or WNV, 

replication suggesting that an S-phase arrest environment uniquely fosters ZIKV 

replication and providing a basis for perturbation of the cell cycle by ZIKV.  

Collectively, our data suggest that ZIKV infection of hNPCs induces DSBs in DNA 

that activates an ATM/Chk2-dependent DDR pathway, while suppressing activation of the 

ATR/Chk1 signaling pathway. Furthermore, ZIKV infection causes an S-phase arrest that 

enhances ZIKV replication but is detrimental to the growth of hNPCs. As these hNPCs 

play a crucial role in the fetal cortex neurodevelopmental pathway, their growth 

retardation and apoptosis by ZIKV may contribute to microcephaly and other severe fetal 

neurological abnormalities.  

Virus-specific mechanisms for regulating or interfering with the progression of the 

host cell cycle have been reported and offer several potential mechanisms by which ZIKV 

activates the DDR in hNPCs. Viruses have been shown to directly bind to DDR factors to 
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activate the DDR signaling pathway (152, 153). The RNA virus, RVFV, activates the 

ATM/Chk2 signaling pathway and its downstream effectors in the absence of virus-

induced DNA breaks (154), suggesting a direct mechanism for DDR activation. Similar to 

RVFV, our data shows that ZIKV activates the DDR through an ATM/Chk2-dependent 

signaling pathway; nevertheless, our comet assay results clearly indicate activation of the 

DDR via ZIKV-induced breaks in DNA. Likewise, the comet assay was used to 

demonstrate activation of the DDR due to virus-induced DNA breaks during IAV infection 

(156, 157). While our data shows that ZIKV infection causes an S-phase arrest, IAV 

infection induces a G0/G1 arrest (155). This difference in the phase that cell-cycle arrest 

occurs in during infection could be due to different sources of the DNA breaks. For 

example, while IAV infection results in ROS accumulation that generates nicks in DNA 

(158), our data suggests that ZIKV infection may cause DNA replication stress that leads 

to a specific S-phase arrest. Similarly, IBV infection induces DNA replication stress that 

causes an accumulation of ssDNA and cell-cycle arrest in S phase (160).  

Typically, replication stress induces ATR/Chk1 activation, as is observed during 

IBV infection (160), however our data clearly shows that ZIKV activates the ATM/Chk2 

signaling pathway in the absence of detectable activation of Chk1. Thus, we hypothesized 

that ZIKV suppresses the ATR/Chk1 signaling pathway. This has been shown to occur 

during RVFV infection, which causes a downregulation of the ATR pathway and an S-

phase arrest (154). 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, which would almost certainly result in 

activation of the ATM/Chk2 signaling pathway and arrest of cell cycle progression in S 
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phase, consistent with our observations in hNPCs. Further investigation into the 

mechanism by which ZIKV suppresses activation of the ATR/Chk1 signaling pathway and 

the possible role of ZIKV-mediated depletion of a crucial replication factor(s) in triggering 

replication stress and subsequent DNA DSBs would provide valuable insight into virus-

host interactions. 

An intriguing question is why this growth arrest fosters ZIKV replication. During 

DNA virus infection, DDR factors are recruited to nuclear virus replication centers (198), 

thereby shifting cellular resources from host to viral DNA replication and repair to facilitate 

efficient viral lytic replication (148). 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. 

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

RNA viruses. For example, enterovirus-71 (EV71) infection causes S-phase arrest and 

mimicking this environment with S-phase inhibitors leads to increased virus progeny 

(199). Likewise, IBV activates the ATR/Chk1 signaling pathway and inhibition of ATR by 

RNA interference and ATR inhibitors decreases IBV replication (160), suggesting virus-

mediated activation of ATR promotes viral replication. We observed that treatment of 

ZIKV-infected SNB-19 cells with ATM inhibitors decreased ZIKV replication and therefore 

this kinase may be required for efficient viral replication (data not shown). Currently, it 

remains unclear how ZIKV may directly utilize this DDR activation and S-phase arrest 
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state to promote viral infection, but it is possible that ZIKV requires DDR factors or some 

other aspects of the host DNA replication machinery for efficient 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. Although the majority of RNA viruses replicate exclusively in the 

cytoplasm, their viral proteins can be transported to the nucleus where they disrupt 

cellular functions (200). ZIKV NS2A, NS2B, NS4A, and NS4B are small, hydrophobic 

proteins that contain multiple transmembrane domains and thus are primarily located 

within the ER membrane bilayer; whereas, C, NS3, and NS5 proteins are released into 

the cytoplasm (201). Interestingly, comparative analysis of pre-epidemic and epidemic 

ZIKV strains revealed putative nuclear localization signals (NLS) in C, NS1, and NS5 

(RdRp) for both pre-epidemic and epidemic strains as well as in NS3 for the prototype 

pre-epidemic strain (201). The putative NLS in ZIKV proteins suggest the ability of these 

viral proteins to be shuttled between the cytoplasm and nucleus, as has been 

demonstrated for DENV NS5 during infection (203). In subcellular fractionation and 

immunofluorescence studies recently performed in our lab, ZIKV NS5 was observed to 

be primarily located in the nuclear fractions and in the nucleus (data not shown). These 

data indicate that ZIKV NS5 is a plausible candidate for causing the observed cell-cycle 

perturbation in ZIKV-infected hNPCs. 

The transient expression of virus gene products is commonly employed in studies 

to identify crucial viral proteins that arrest the cell cycle. For example, transient expression 

of the RdRp-containing protein from EV71 (199) and hepatitis C virus (HCV) (202) was 
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shown to induce S-phase arrest. The transient expression of ZIKV NS5 and other viral 

proteins in future studies can be used to uncover the viral product responsible for the cell-

cycle arrest phenotype in hNPCs and may be useful in the development of highly effective 

anti-ZIKV therapeutics. Additionally, 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. 

The S-phase arrest we observe in hNPCs during ZIKV infection can certainly 

contribute to ZIKV-induced neurodevelopmental growth defects, but we acknowledge that 

other mechanisms may be simultaneously contributing to this outcome. Additionally, other 

cell types such as microglia and astrocytes are also affected during development, and the 

scope of this study does not address how crosstalk between different infected cell types 

may influence infection outcomes. Nonetheless, our study clearly demonstrates ZIKV’s 

ability to efficiently infect and attenuate the growth of hNPCs in vitro, the cells responsible 

for the development of the cerebral cortex in the growing fetus. Importantly, our work 

contributes to the link between maternal ZIKV infection and fetal microcephaly by 

providing a deeper understanding of Zika pathogenesis and of the mechanisms of ZIKV’s 

impact at the cellular and molecular level.  
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