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Zika Virus Disrupts the Nonsense-mediated mRNA Decay Pathway  

feat. A Clinical Application of Next Generation Sequencing 

Kristoffer Edgar Leon 

Abstract 

 

Zika virus (ZIKV) is a mosquito-borne illness responsible for an outbreak of microcephaly in 

Brazil in 2015. To better understand the molecular mechanisms behind the neurodevelopmental 

delay seen, we explored the pathways perturbed by ZIKV to establish an infection and cause 

the neurological sequelae seen in patients. We focused particularly on the Nonsense-mediated 

mRNA Decay (NMD) pathway: a cellular RNA quality control pathway responsible for degrading 

mRNAs with premature termination codons that also regulates a significant subset of normal 

mRNAs. To best study the impacts of ZIKV, we used neural progenitor cells (NPCs) derived 

from induced pluripotent stem cells. We found that during ZIKV infection, the viral Capsid 

protein interacted with and degraded UPF1, the master regulator of the NMD pathway, in the 

nucleus. UPF1 was a viral restriction factor, and removal of UPF1 from the cell leads to 

increased permissivity to ZIKV infection. We next found that ZIKV-mediated UPF1 degradation 

led to a loss of UPF1 occupancy on host transcripts, which caused a shift in cellular localization 

and trapped specific transcripts in the nucleus. An extracellular matrix protein involved in fetal 

development, FREM2, had mRNA retained in the nucleus, leading to decreased protein levels. 

Depletion of FREM2 in NPCs led to premature neuronal differentiation. Overall, it leads to a 

model system where ZIKV, using its capsid protein, causes destruction of UPF1 to promote a 

productive infection As we find UPF1 linked to many neurodevelopment pathways, we propose 

that the disruption of the NMD and the lack of host mRNA export contributes to virally induced 

neurodevelopmental disorders in ZIKV infection. Lastly, we show an example of how laboratory 

techniques used in the study of viral infections in vitro can be used in a clinical application. An 

outbreak of EV-A71 in Catalonia, Spain caused widespread brainstem encephalitis in a pediatric 
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population. To better understand the outbreak, we compare metagenomic next generation 

sequencing (mNGS) to quantitative PCR (qPCR) as a diagnostic tool in the CSF of patients. We 

show that mNGS is capable of identifying virus in samples that qPCR can’t. Using mNGS data, 

we obtained several full-length genomes, allowing for phylogenetic analyses and the 

identification of a single mutation potentially responsible for the enhanced neuroinvasive 

characteristics. We then used VirScan, a phage display library expressing a wide variety of 

human viral protein peptides, to identify patients exposed to virus and characterize which viral 

epitopes were the most immunoreactive, complementing the mNGS data. Overall, we show that 

this standard laboratory technique can play an important role in patient care, especially for viral 

detection in typically hard-to-diagnose body sites. This also applies to surveillance of current 

and future viral outbreaks. Given the circumstances—writing a dissertation regarding the 

molecular pathogenesis of a virus responsible for an epidemic concurrent with the COVID-19 

pandemic highlights the need for translation of cutting-edge laboratory techniques to improve 

virus detection and comprehension for more personalized therapeutics.  
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Chapter 1 
 
Introduction  
 
An 'Arms Race' between the Nonsense-mediated mRNA Decay Pathway and Viral 
Infections  
 

A version of this chapter was published as a review: 

Leon, K. & Ott, M. An 'Arms Race' between the Nonsense-mediated mRNA Decay Pathway and 

Viral Infections. Seminars in cell & developmental biology, doi:10.1016/j.semcdb.2020.05.018 

(2020). 

 

1. Introduction 

 

Transcripts with premature termination codons (PTCs) lead to the production of truncated 

proteins, which is potentially harmful for the cell (1, 2). To address this problem, the cell 

employs the NMD pathway, which is a translation-dependent process that targets PTC -

containing transcripts with a set of factors conserved from yeast to man (3). However, recent 

research has revealed that NMD plays a broader role in biology. This includes surveillance of 

non-PTC containing messenger RNAs (mRNAs) implicated in a wide swath of biological 

functions, including development, stem cell differentiation, stress response, and protection from 

viral infections (4-8).   

 

While our understanding of the NMD pathway is still evolving, it can be divided into at least two 

branches: one which is dependent on the Exon-Junction Complex (EJC-dependent or EJC-

enhanced) and one which operates in an EJC-independent manner. The current understanding 

of these models is summarized below. After transcription occurs, mRNAs are spliced and 

components of the exon-junction complex (EJC) are loaded onto mRNAs. The EJC consists of 

several proteins, including MAGOH, RBM8A, BTZ and eIF4A3 (7). Transcripts are then 
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transported out of the nucleus, where translation begins, displacing EJCs positioned along the 

transcript (9). If the transcript contains a PTC, translation will terminate with one or more 

downstream EJCs non-displaced, which triggers initiation of “EJC-dependent” NMD (reviewed in 

(3)) (Fig. 1.1A).  

 

The ribosome and retained EJC recruit core NMD proteins: the Up-Frameshift (UPF) proteins, 

which recognize and bind to the transcript, and Suppressors with Morphological Effects on 

Genitalia (SMG) proteins, which induce decay (6). The translation termination complex, which 

contains the helicase UPF1, the kinase SMG1, and the eukaryotic peptide chain release factor 

eRF1-3, provides the first signal for the NMD pathway. The remaining downstream EJC 

provides the second signal by binding to the UPF3 (or the partially redundant UPF3X) and 

UPF2 complex. The UPF2/3 complex acts as a bridge linking the EJC to the UPF1/SMG1 

complex, which then activates SMG1 to phosphorylate UPF1 (1). Phosphorylation of UPF1 

activates the Decay-Inducing Complex (DECID) pathway, which consists of decapping and 

deadenylation of the transcript by the deadenylase CCR4-NOT via the SMG5/7 heterodimer 

(10, 11), as well as endonucleolytic cleavage by SMG6 (12, 13). The resulting cleavage 

products are then further degraded, likely by the exoribonuclease XRN1 (14). 

 

Recent systems-wide approaches uncovered that NMD not only targets “faulty” transcripts, but 

also a large number of “normal” transcripts, potentially 10-20% of the human transcriptome (15-

20). Certain transcripts, especially those with long 3’ untranslated regions (UTRs) and GC-rich 

regions, are particularly susceptible to NMD degradation (21-23).  In addition, NMD triggered by 

events other than EJCs deposited downstream of stop codons (EJC-independent) is particularly 

relevant in interactions of NMD with positive-sense RNA viruses. 
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This target range and preference for “unusual” RNAs form the basis for the ability of the NMD 

pathway to also degrade incoming viral RNAs or viral transcripts (24). In turn, viruses have 

evolved mechanisms to circumvent this innate antiviral defense mechanism, either to protect the 

viral RNA from degradation or to turn members of the NMD pathway in enabling factors to 

enhance viral replication (5). Below, we summarize examples of how many different kinds of 

viruses interact with the NMD system, and the implications that these mechanisms may have for 

the development of anti-viral therapies.    

 

2. Positive Sense RNA Viruses 

 

2.1 Alphavirus 

 

Alphaviruses are small, enveloped viruses with a single strand positive-sense RNA genome. 

One of the first reports indicating a role for the NMD pathway in RNA virus infection came from 

the study of two alphaviruses, Semliki Forest Virus (SFV) and Sindbis Virus (SINV) (25). In a 

genome-wide screen in HeLa cells, UPF1 was identified as a restriction factor of SFV infection, 

and this function was confirmed in a model of SINV infection. UPF1 was found to act early in 

infection, and knockdown of UPF1 led to increased viral RNA synthesis and production of viral 

progeny. Downstream effectors of the NMD pathway, SMG5 and SMG7, were also found to 

restrict alphavirus infection. The study’s conclusion was that UPF1, SMG5, and SMG7 target 

the incoming viral RNA, leading to a decrease of all downstream viral events. Interestingly, the 

NMD pathway is known to target host transcripts with long 3’ UTRs, but deletion of the viral 3� 

UTR did not appear to impact UPF1-mediated viral RNA degradation (25).  However, alphavirus 

proteins are translated from two different open reading frames: the nonstructural proteins from 

the genomic RNA and the structural proteins from shorter so-called subgenomic RNAs.  Thus, 

when nonstructural proteins are translated, the remaining sequence encoding the structural 
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proteins forms a long 3� sequence including the template for the structural proteins, potentially 

allowing for recognition by the NMD despite the deletion of the shorter genomic 3� UTR  (26). 

UPF1 also acted as a viral restriction factor of SINV in a fly model system (27). These data 

indicate that the NMD pathway, relying on UPF1 and the SMG proteins, can target incoming 

viral RNA, serving as an intrinsic immune system against RNA viruses.  

 

2.2 Flavivirus 

 

Flaviviridae also contain a positive-sense single-stranded RNA genome as a possible target for 

NMD. Flaviviridae were first linked to the antiviral activity of NMD in a screen for protein-protein 

interactions between host proteins and proteins encoded by the Hepatitis C Virus (HCV)(28). 

HCV chronically infects liver cells, in most cases leading to life-long progressive, and ultimately 

terminal, liver disease (29). Our group found that one NMD-associated protein, WIBG (also 

called partner of Y14/RBM8A and Magoh, PYM), interacted robustly with the HCV capsid 

protein called core. A parallel RNAi screen found that knockdown of WIBG led to decreased 

HCV replication. WIBG is known to interact with two members of the exon-junction complex, 

RBM8A and MAGOH (9, 30, 31), and is thought to recycle these proteins back into the nucleus 

(9) (Fig. 1.1B, Fig. 1.2A). Binding of HCV core to WIBG disrupts this interaction, leading to an 

overall decrease in cellular NMD activity as shown by the enhanced RNA levels of select NMD 

targets (28). Thus, HCV evolved to disrupt the antiviral activity of NMD. However, unlike with 

alphaviruses, the knockdown of UPF1 did not enhance viral replication. In contrast, our data 

support a model wherein HCV has disrupts WIBG and the NMD pathway to support its own life 

cycle.  

 

Zika virus (ZIKV) is a mosquito-borne flavivirus that causes microcephaly in fetuses and a 

dengue-like fever in adults (32). Our group found that ZIKV has also evolved mechanisms to 



 5 

disrupt the NMD pathway, one of them being that the ZIKV capsid interacts with and degrades 

UPF1 in the nucleus (33) (Fig. 1.1B, Fig. 1.2A). Depletion of UPF1 results in a marked increase 

in the permissiveness of neural progenitor cells to viral infection, indicating that NMD is active in 

tissue-specific progenitor cells, possibly as an added protection of these cells from viral infection 

(33).  

 

WIBG, MAGOH, and UPF1 were all identified as restriction factors for Dengue Virus (DENV), 

ZIKV and West Nile Virus (WNV) infections in human cell lines (34), emphasizing that NMD is a 

common host response to many flaviviruses.  Furthermore, MAGOH and RBM8A proteins re-

localize from the cytoplasm to host membranes when WNV capsid protein is overexpressed 

(34), which may explain why NMD is disrupted in WNV-infected cells (Fig. 1.1B, Fig 1.2A). 

RBM8A was found to interact with viral RNA, dependent on the expression of WIBG or MAGOH 

proteins (34). Interaction of RBM8A with viral RNA is surprising because EJC deposition 

typically occurs in the nucleus, whereas flavivirus RNA replication occurs in the cytoplasm. 

Relocalization of EJC members from the nucleus to the cytoplasm during WNV infection could 

expose not only the viral RNA but also other cytoplasmic RNAs to members of the EJC. In 

addition, other members of the NMD pathway, such as UPF1, which is found in the nucleus and 

cytoplasm, could potentially recruit EJC family members to viral RNA. Flaviviruses are vector-

borne, and the interactions between NMD proteins and viral proteins likely occur in both the 

insect vectors and human hosts. Collectively, these data uncover multiple interactions of 

flaviviruses with the NMD pathway, from acute suppression of NMD in self-limiting diseases like 

ZIKV, DENV and WNV infections to chronic disruption of individual NMD-associated proteins, 

like WIBG in HCV infection.   
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2.3 Coronavirus 

 

Coronaviruses (CoV) comprise a group of large positive-stranded RNA viruses (~30 kb) that 

include SARS-CoV, MERS-CoV and the new SARS-CoV-2 causing the COVID-19 outbreak 

(35). Mouse Hepatitis Virus (MHV), a mammalian coronavirus, has been shown to be the target 

of the NMD pathway and replicate more efficiently when UPF1, UPF2, SMG5 or SMG6 proteins 

are individually knocked down (36). Furthermore, viral RNA transfected into cells that were 

rendered NMD-incompetent gained a significantly increased half-life, arguing that CoV RNA, like 

flavivirus and alphavirus RNA, may be a substrate for NMD-mediated degradation. Interestingly, 

the nucleocapsid of MHV, the N protein, which protects viral RNA from degradation, impairs the 

NMD pathway when co-transfected with an NMD reporter system (36), indicating an adaptation 

to actively antagonize the host response. Most recently, the SARS-CoV-2 nucleoprotein has 

also been shown to interact with UPF1 (37), highlighting that interaction of coronaviruses with 

the NMD pathway is conserved in both mice and humans.  

 

2.4 Alphaflexiviridae and Tombusviridae 

 

NMD is highly conserved among eukaryotes including plants (38). Potato virus X (PVX) is a 

positive-sense single-stranded RNA virus in the Alphaflexiviridae family that typically infects 

solanaceous crops, which include potatoes, tomatoes and peppers. PVX is also capable of  

infecting Nicotiana benthamiana, a permissive laboratory model and close relative of tobacco 

indigenous to Australia (39, 40). Using a standard Arabidopsis plant model system artificially 

expressing PVX, a screen was performed to identify restricting and enabling host factors. This 

screen identified UPF1, SMG7, and UPF3 as restriction factors, that when inactivated led to 

enhanced viral replication (41). In N. benthamiana, PVX replicated more efficiently when plants 

expressed a dominant negative mutant of UPF1. Furthermore, removal of the long 3’UTR from 
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the PVX genome also conferred protection from NMD-mediated degradation (Fig. 1.2B). 

Interestingly, PVX infection also impaired NMD activity and stabilized known NMD substrates in 

the Arabidposis model, although this function could not be confirmed in the Nicotiana system 

due to the lack of known NMD targets in these plants (41). This indicates that PVX may actively 

hamper NMD, as seen in other viral species.   

 

Similar enhancement of viral replication by dominant negative UPF1 was observed when N. 

benthamiana was infected with Turnip crinkle virus (TCV). This virus belongs to the family of 

tombusviridae, and unlike PVX lacks both a 5’ cap and a 3’ polyA tail (41). Interestingly, 

tombusviridae showed a spectrum of susceptibility to the antiviral activity of NMD, with Pea 

Enation Mosaic Virus 2 (PEMV2) being more sensitive than TCV (Fig. 1.2B). While the 3’UTR 

of TCV conferred protection against NMD degradation, the 3’UTR of PEMV2 did not appear to 

provide the same protection (42) (Fig. 1.2C). Furthermore, the PEMV2 long distance movement 

protein p26 protects viral and host mRNAs (Fig. 1.1B, 1.2B) against NMD in a N. benthamiana 

system. The authors found that PEMV2 infection can protect nearly half of the NMD-sensitive 

target RNAs, which consist of host transcripts with long, GC-rich 3’UTRs. P26 expression alone 

increased transcript abundance for about a third of the NMD-sensitive target RNAs (Fig. 1.1B) 

(43). This indicates that PEMV2 likely has multiples ways of perturbing the NMD pathway.  

 

3. Retroviruses 

 

3.1 HTLV (Human T lymphotropic virus) 

 

The human T lymphotropic virus (HTLV) is a human oncogenic retrovirus that contains two 

single-stranded RNA copies in its virion (44). Similar to the other viruses discussed above, 

HTLV has an RNA genome, but fundamental differences in the HTLV lifecycle, including reverse 
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transcription of the viral genome and subsequent integration into the host, provide different 

avenues by which NMD proteins could target and interact with the virus. HTLV-1 infected cells 

exhibit suppressed NMD function (45), and viral RNA co-immunoprecipitates with UPF1 (46). 

The central role of UPF1 in virus-targeted NMD was demonstrated by the finding that HTLV-1 

mRNAs are sensitive to NMD degradation, which can be rescued by UPF1 knockdown (45). In 

contrast, ectopic UPF1 expression decreases the presence of viral RNA, whereas inhibition of 

NMD either with wortmannin (a PI3K inhibitor that targets SMG1 and is known to disrupt UPF1 

function (47)) or siRNA knockdown leads to enhanced levels of viral RNA (46). In addition, two 

HTLV-1 proteins, the transactivator protein Tax and the viral RNA binding protein Rex, directly 

influence the NMD pathway (45, 46, 48, 49)(Fig. 1.2D). 

 

Functional analysis showed that a reporter construct containing a PTC was significantly 

enriched in HTLV-1 infected cells, but only if those cell lines expressed Tax (45). Tax alone 

could stabilize PTC-containing reporter mRNAs, but also stabilized both NMD-susceptible host 

and HTLV-1 mRNAs (45). HTLV Tax protein interacts with three NMD proteins: UPF1, UPF2, 

and INT6 (45) (Fig. 1.1B, Fig. 1.2D). Tax interaction with UPF1 reduces the ability of UPF1 to 

interact with nucleic acids, which is thought to occur by steric hindrance of the RNA binding site. 

Tax also prevents translocation of UPF1 across nucleic acid substrates inducing substrate 

dissociation (49). Tax expression also reduces the interaction between INT6, a member of the 

eIF3 translation initiation factor, and UPF1. While UPF1 is known to interact with eIF3 to inhibit 

translation (50), the role of the INT6-UPF1 interaction is not fully understood. However, INT6 

appears to play an important role in the NMD, as Tax mutants unable to bind to INT6 do not 

disrupt NMD (45). Interestingly, Tax expression induces UPF1 re-localization to P-bodies, 

cytoplasmic foci of untranslated mRNAs and proteins involved with mRNA decay and translation 

inhibition (51), and causes P-body enlargement, indicating inhibition of mRNA decay.  
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Similar to Tax, the HTLV Rex protein, responsible for stabilizing and exporting viral mRNAs from 

the nucleus (52) (Fig. 1.1B), can significantly hamper normal cellular NMD function. This effect 

was seen both for the PTC reporter system and for endogenous substrates of the NMD pathway 

(46). Rex overexpression stabilizes viral RNA, possibly due to NMD inhibition, which leads to 

increased viral RNA and consequently protein production (46).  

 

Collectively, these data on both Tax and Rex indicate multiple pathways inhibit NMD, both on 

viral RNAs and on host RNAs. This leads to the hypothesis that not only are these viral proteins 

protecting viral RNA, but that disruption of the NMD pathway may result in a favorable 

environment for HTLV to replicate.  

 

3.2 HIV 

 

Like HTLV discussed above, HIV is a retrovirus with a single-stranded RNA genome that gets 

incorporated into the host genome. The first indication that UPF1 interacts with HIV was based 

on known links between HIV and the Staufen protein (53, 54). Staufen is a dsRNA-binding 

protein known to recruit UPF1 to specific RNAs (55). Staufen is also incorporated into HIV 

virions (53, 54), indicating that HIV could interact with UPF1. Indeed, UPF1 is incorporated into 

the HIV virion, and HIV viral RNA is destabilized when UPF1 is knocked down (56) (Fig. 1.2E). 

Furthermore, UPF1 overexpression enhances HIV replication and protein production, although 

interestingly, this effect is dependent on UPF1 ATPase activity, and independent of its role in 

NMD (56). Thus UPF1, separate from its role in the NMD pathway, appears to play a uniquely 

enabling role in the HIV life cycle. The necessity of UPF1 for HIV replication was independently 

confirmed by a group of researchers who found that HIV virions produced in UPF1-depleted 

cells showed reduced infectivity. Furthermore, the UPF1 ATPase region was also found to be 

responsible for proper virion infectivity (57).  
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UPF1 controls HIV replication at multiple levels, including nucleo-cytoplasmic shuttling of HIV 

RNA (Fig. 1.2E). Indeed, in the absence of the viral Rev protein, which exports unspliced viral 

RNAs from the nucleus (58), overexpression of UPF1 is sufficient to support viral export, and 

this requires the UPF1 nuclear localization sequence and nuclear export signal (59). In the 

same study, UPF2 and UPF3 were shown to be negative regulators of HIV, and UPF2 was 

excluded from HIV RNPs (59). This indicates that the canonical, NMD-related function of UPF1, 

including its interaction with UPF2 and UPF3, actually inhibits HIV replication by interfering with 

UPF1 recruitment to the HIV Genome. Blocking UPF2 interaction with UPF1 is thought to be 

particularly important for the production of infectious HIV virions.  

 

Multiple NMD factors also control HIV latency, wherein viral gene expression is transcriptionally 

silenced. Specifically, UPF1 can reverse latency by enhancing viral RNA levels and viral gene 

expression, whereas UPF2 and SMG6 promote latency by binding to UPF1 and hindering its 

proviral activities. UPF2 sequesters UPF1 and prevents association with viral RNAs, while 

SMG6, an endonuclease, is recruited to RNA bound by UPF1 and destabilizes the viral RNA 

(60). The same study showed that SMG6 and UPF2 negatively impact HIV reactivation from 

latency in both primary CD4+ T-cells and macrophages (60, 61). In turn, SMG6 and UPF2 

protein levels were decreased in infected macrophages. This underscores that the effects of 

NMD factors on HIV replication are complex, and point to UPF1 as a unique enabling factor for 

HIV independent of its role in NMD.  
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3.3 Rous Sarcoma Virus (RSV) 

 

Rous Sarcoma virus (RSV), which causes sarcoma in fowl, was the first virus discovered to 

have oncogenic properties (62). While early studies on RSV found that certain RNA elements of 

the genome determined stability of the viral RNA (63-65), it was only after NMD was better 

understood that it became clear that these elements were linked to UPF1 and the NMD pathway 

(66-69). It was found that RSV RNAs containing PTCs were degraded at a higher rate than wild 

type, and co-transfection of a dominant negative UPF1 prevented degradation of the PTC-

containing RSV RNAs, highlighting their status as NMD targets (66). Subsequent studies found 

that a 155-nucleotide element, known as the RNA Stability Element (RSE), in the 3’UTR of RSV 

RNAs conferred protection from NMD (67, 68) (Fig. 1.2C). The RSE contains polypyrimidine 

tracts that bind PTBP1, which excludes UPF1 from the target RNA (70). This evasion strategy is 

also relevant for several NMD-resistant host mRNAs (70). Furthermore, the RSE inhibited 

deadenylation and decay by XRN1 when inserted into 3’UTR of canonical NMD transcripts (69). 

This indicates that RSV has evolved a mechanism to escape the restriction imposed by the 

cellular NMD pathway and to successfully protect its genome and mRNAs from NMD attacks.  

 

3.4 Pararetroviruses 

 

Cauliflower Mosaic Virus (CaMV), a plant pararetrovirus in the family Caulimoviridae that infects 

the Cruciferae family, including Arabidopsis thaliana, also disrupts cellular NMD processes (71, 

72). Pararetroviruses are similar to mammalian retroviruses, in that reverse transcription of an 

RNA intermediate is required to replicate, but pararetroviruses have a DNA genome that does 

not integrate into the host genome but instead remains in nuclear episomes (73). The CaMV 

viral transactivator protein (TAV) binds and destabilizes the RNA decapping complex 

VARICOSE (VCS), which then leads to the accumulation of NMD substrates in the cell (Fig. 
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1.1A). Specifically, transcripts with PTCs, normally targeted and eliminated by the NMD 

pathway, are stabilized by TAV overexpression. The proposed model is that by inhibiting NMD, 

TAV increases viral RNA levels present within the cell (72). Even though the pararetrovirus has 

a DNA genome, the production of a significant number of RNA intermediates for replication 

produces NMD substrates. Thus, protection of viral RNA from the NMD pathway remains an 

important aspect of infection.  

 

  

4. Conclusions 

 

In the last several years, our understanding of the importance of NMD as a cell-intrinsic antiviral 

restriction pathway in animals and plants has expanded rapidly. With this, we have also come to 

recognize that viruses have evolved multiple mechanisms to evade the antiviral activity of NMD 

(Fig. 1.1, Fig. 1.2). These range from hijacking UPF1 to inhibiting the deadenylation step of 

NMD. Remarkably, viruses such as HIV and HCV have co-opted components of the NMD 

pathway, making the NMD factors required for viral replication. Understanding NMD and its 

nuances in response to viral infections can inform diverse fields. For example, Cas9 activity 

generates nonsense mutations that are subsequently depleted as transcripts by the NMD 

pathway (74), which is an important consideration for the therapeutic applications of the 

CRISPR/Cas9 technology.  

 

Understanding how viruses perturb NMD could also have implications for nonviral diseases. For 

example, in Duchenne’s Muscular Dystrophy, mutations in the dystrophin gene lead to truncated 

transcripts that are subject to NMD. Preservation of those transcripts could result in partially 

functional proteins, thus taking lessons from viral pathogens on how to inhibit NMD could lead to 

novel therapeutic approaches (75).  
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In other cases, there may be therapeutic benefit to amplifying NMD. For example, microcephaly 

is caused by haploinsufficiency of members of the EJC, which are required for EJC-dependent 

NMD (76, 77). In the context of ZIKV infection, the capsid protein interferes with NMD by 

degrading UPF1 in the nucleus (33) or binding WIBG (34). Thus, small-molecule therapeutics 

that could correct the UPF1 downregulation and prevent capsid:WIBG interactions could exert  

anti-viral and anti-pathogenesis effects, as active NMD would be restored to prevent the 

establishment of viral infection and maintenance of transcript homeostasis. 

 

As with many emerging fields, plenty of open questions remain. For example, is the interaction 

restricted to RNA viruses, or do DNA viruses such as herpesviruses also interact with NMD? In 

addition, little is known about the recognition of viral RNAs by NMD. What aspects of the NMD 

pathway are required to recognize “foreign” RNA, and what defines specificity towards aberrant 

RNA molecules? Spatial aspects are also important to clarify: many of the upstream factors of 

the canonical NMD pathway act in the nucleus, but many of the viruses described above, such 

as the flaviviruses, replicate in virally-induced compartments in the cytoplasm. Where does 

NMD of viral RNAs occur, and how do nuclear NMD factors interact with viral RNA?  

 

Much more work is required to fully understand the impact of viruses on NMD and vice versa. 

Until then, the findings that many viruses have evolved elaborate mechanisms to impair NMD or 

to subvert select NMD members into enabling factors promoting viral infection remain the 

strongest argument for a critical role of the pathway in the innate anti-viral response.  
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Figure 1.1 

 

A) Schematic of the NMD pathway: Initially, a spliced mRNA has the exon junction complex 
(EJC) loaded on to the mRNA. This includes the core members: RBM8A, eIF4A3, and MAGOH. 
When there is a PTC upstream of a retained EJC, UPF2 and UPF3 act as a bridge to recruit the 
UPF1/SMG1 complex and initiate the NMD pathway. UPF1 is then phosphorylated by SMG1, 
leading to the recruitment of the decapping and deadenylating complex created by 
SMG5/SMG7, resulting in exonucleolytic decay. SMG6 is recruited for a separate 
endonucleolytic decay pathway. In plants, the complex VARICOSE (VCS) is responsible for 
decapping mRNAs. 
 

B) Viral interactors overlaid on the NMD pathway: HTLV Rex and PEMVp62 protects mRNA 
from degradation by blocking NMD initiation on transcripts. WNV capsid interacts and interferes 
with RBM8A and MAGOH. HTLV Tax interferes with INT6 and UPF1 function, whereas ZIKV 
capsid blocks UPF1 function. WNV capsid and HCV core interfere with WIBG recycling of EJC 
factors. The CaMV TAV protein blocks decapping by interfering with the complex VCS.  
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Figure 1.2 

 

A) Zika Virus (ZIKV), West Nile Virus (WNV) and Hepatitis C Virus (HCV): Flavivirus 
structural proteins protect viral mRNA. ZIKV and WNV capsid degrade UPF1. HCV core and 
WNV capsid interact with WIBG to block interaction between WIBG and RBM8A/MAGOH. WNV 
capsid also relocalizes RBM8A and MAGOH. 
B) Potato Virus X (PVX) and Pea Enation Mosaic Virus 2 (PEMV2): Elements of the viral 
mRNA lead to NMD degradation. The 3’UTR contains elements responsible for NMD 
degradation, where removal of the 3’UTR protects viral RNA from the NMD. PEMV2 p62 
interacts with RNA to protect it from degradation.  
C) Rous Sarcoma Virus (RSV) and Turnip Crinkle Virus (TCV): Elements of the viral mRNA 
protect from NMD degradation. A segment of the 3’ UTR confers protection to viral mRNAs from 
the NMD and protect from RNA decay machinery. 
D) Human T-cell Lymphotropic Virus (HTLV): Two different HTLV proteins protect viral RNA 
from the NMD pathway. While Rex interaction with viral RNA confers protection, Tax plays a 
more active role by both inhibiting the ability of UPF1 to interact with RNA and properly 
translocate across bound RNA molecules. Furthermore, Tax inhibits INT6 interactions with 
UPF1.  
E) Human Immunodeficiency Virus (HIV): UPF1 is involved in the RNA export of HIV 
genomes from the nucleus into the cytoplasm and then loaded into infectious virions. The host 
protein UPF2 inhibits UPF1 interaction with viral RNA and inhibits viral replication.  
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Chapter 2  

The cellular NMD pathway restricts Zika virus infection and is targeted by the viral capsid 

protein 

 

A version of this chapter was published: 

Fontaine, K. A. et al. The Cellular NMD Pathway Restricts Zika Virus Infection and Is Targeted 

by the Viral Capsid Protein. mBio 9, doi:10.1128/mBio.02126-18 (2018). 

 

Introduction 

 

ZIKV is a mosquito-borne RNA virus that belongs to the Flaviviridae family. First isolated in 

Uganda in 1947, ZIKV remained relatively obscure for decades following its discovery because 

infection was associated with only mild disease. However, more severe clinical manifestations, 

including microcephaly, have been observed during the recent spread of ZIKV through the 

Americas (1). ZIKV infection induces cell cycle growth arrest and apoptosis in neural progenitor 

cells (NPCs) in in vitro studies and in vivo mouse models, with the latter resulting in cortical 

thinning and microcephaly (2-6). While it is now established that ZIKV infection during 

pregnancy is a causative agent of microcephaly (7), the molecular mechanisms underlying 

ZIKV-induced neuropathogenesis remain largely unknown.  

 

Similar to other flaviviruses, ZIKV contains a single-stranded, positive-sense RNA genome of 

~11 kb in size. The genome encodes a single polyprotein that is post-translationally processed 

by both host and viral proteases to produce 3 structural and 7 nonstructural proteins (8, 9). The 

flavivirus capsid, which is the first protein encoded in the genome, is a major structural element 

required for the encapsidation of the RNA genome during virion assembly (10). While flavivirus 

replication is known to occur in the cytoplasm, a significant portion of the viral capsid protein 
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localizes to the nucleus during infection (10, 11). Although the role of nuclear capsid during 

infection is less clear, several functions have been suggested. The capsid protein from dengue 

virus, a close relative of ZIKV, binds to core histones and inhibits nucleosome formation, thus 

implicating the protein in altering host gene expression (12). Furthermore, several flavivirus 

capsid proteins, including ZIKV capsid, localize to the nucleolus, with many interacting with 

nucleolar proteins to promote viral particle production (13-16). 

 

The nonsense-mediated mRNA decay (NMD) pathway was initially discovered as a highly 

conserved quality control system that destroys transcripts containing premature termination 

codons (PTCs)(17). Following splicing of pre-mRNAs, a multi-subunit protein complex called the 

exon-junction complex (EJC) is deposited onto mRNAs near the sites of exon-exon junctions. If 

a PTC is found ~50–55 nucleotides upstream of an EJC, the mRNA will be subjected to NMD-

mediated degradation initiated by the recruitment of the RNA helicase up-frameshift protein 1 

(UPF1). UPF1 plays a central role in the NMD pathway by linking the translation termination 

event to the assembly of a surveillance complex, resulting in NMD activation (18). Interestingly, 

microcephaly has been associated with genetic mutations that result in the impairment of the 

NMD pathway. While knockout of Upf1 and other NMD factors is embryonic lethal in mice (19), 

mice haploinsufficient for the EJC components Magoh, Rbm8a, and Eif4a3 exhibit aberrant 

neurogenesis and microcephaly (20-22).  

 

In addition to PTC-containing transcripts, it is now known that the NMD pathway recognizes a 

broader range of RNA substrates. Notably, the NMD controls the “normal” expression of ~10% 

of the cellular transcriptome and is regarded as a post-transcriptional mechanism of gene 

regulation (23). Furthermore, the NMD pathway also regulates viral infections. While it was first 

reported that UPF1 promotes the infectivity of HIV-1 progeny virions (24), replication of several 

human RNA viruses, including human T-cell lymphotropic virus type 1 (HTLV-1), Semliki Forest 
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virus and Sindbis virus, is enhanced following UPF1 knockdown, implicating UPF1 and the NMD 

pathway, either directly or indirectly, in the host antiviral response (25-28). As ZIKV infection 

and NMD impairment both promote microcephaly development, and we previously described 

disruption of the NMD pathway in cells infected with a related flavivirus, the hepatitis C virus 

(HCV) (29), we hypothesized that ZIKV infection manipulates the cellular NMD pathway, a 

process contributing to ZIKV-induced neuropathology.  

  

Results 

 

The NMD pathway is impaired during ZIKV infection. To determine if ZIKV infection affects 

NMD, we infected human hepatoma cells (Huh7) and human induced pluripotent stem cell 

(iPSC)-derived NPCs with ZIKV for 48 h. We isolated total RNA from infected cells and 

measured mRNA levels of three canonical NMD substrates: asparagine synthetase (ASNS), 

cysteinyl-tRNA synthetase (CARS), and SR protein SC35 (29). ASNS, CARS, and SC35 

transcripts were significantly elevated in Huh7 cells and NPCs following infection with Asian 

lineage ZIKV strain P6-740 (Fig. 2.1a). Levels of NMD substrates were also elevated in Huh7 

cells infected with the contemporary ZIKV clinical isolate PRVABC59 (Puerto Rico, 2015)(Fig. 

2.1a). We found that ZIKV-induced increase in NMD transcripts did not reflect a global increase 

in transcription, as mRNA levels of housekeeping genes, including glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH), were not altered in infected cells (Fig. 2.1a). Together, these results 

indicate that the NMD pathway is impaired in ZIKV-infected cells.   

 

NMD substrates are regulated through the ATP-dependent RNA helicase activity of UPF1, the 

central regulator of NMD (18). To determine if ZIKV infection broadly affects NMD, we utilized 

two publicly available RNA sequencing (RNA-Seq) datasets to compare genome-wide 

transcriptional alterations found during ZIKV infection (6) to those found following UPF1 
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knockdown (30). As shown in Figure 2.1b, there is a significant overlap in upregulated genes 

between these two datasets. Interestingly, several of the overlapping genes are canonical NMD 

substrates (31-35) involved in cell cycle arrest and induction of apoptosis, two conditions linked 

to ZIKV-associated neuropathology (5). These genes include DNA damage-inducible transcript 

3 (DDIT3)(36) and growth arrest and DNA damage-inducible protein 45 alpha and beta 

(GADD45A and GADD45B, respectively)(37). Via quantitative real-time RT-PCR, we confirmed 

that transcripts of each were upregulated following infection of Huh7 cells with ZIKV 

PRVABC59, while the mRNA levels of the housekeeping genes GAPDH, hypoxanthine 

phosphoribosyltransferase 1 (HPRT1), and lactate dehydrogenase A (LDHA) were not elevated 

(Fig. 2.1c). Combined, these data show that ZIKV infection is associated with dysregulated 

expression of NMD substrates relevant to ZIKV-mediated neuropathogenesis. 

 

ZIKV capsid interacts with the NMD pathway. We previously showed that the core protein of 

HCV and capsid protein of the related flaviviruses dengue virus and West Nile virus interact with 

within bgcn homolog (WIBG/PYM1), an EJC disassembly factor associated with NMD (29, 38). 

To examine potential interactions between ZIKV and the NMD pathway, we separately analyzed 

data generated from an affinity purification-mass spectrometry (AP-MS) screen to specifically 

query whether the capsid protein of ZIKV interacts with NMD-associated host factors (Shah et 

al., submitted). ZIKV-host protein-protein interaction (PPI) maps were generated in HEK293T 

cells using ZIKV proteins from the Ugandan 1947 strain MR 766 or the French Polynesian 2013 

strain H/PF/2013 as bait proteins.  

 

From this analysis, we found that ZIKV capsid proteins interacted with several factors of the 

NMD pathway, including multiple members of the EJC complex, as well as UPF1 and UPF3B, 

the latter an NMD effector that stimulates UPF1 helicase activity (Fig. 2.2a)(39). Importantly, the 

NMD host factors that interacted with each of the two different capsid proteins greatly 
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overlapped, revealing that the interaction between capsid and the NMD pathway is conserved 

across the Asian and African lineages of ZIKV (Fig. 2.2a). Next, we validated the binding of 

ZIKV capsid to select NMD host factors by co-immunoprecipitating FLAG-tagged capsid protein 

with endogenous UPF3B or UPF1 in HEK293T cells. Both UPF3B and UPF1 proteins co-

immunoprecipitated with ZIKV capsid, thus confirming the AP-MS results (Fig. 2.2b,c, 

respectively). UPF1 interacted with the viral capsid protein independently from its RNA-binding 

and ATPase/helicase capacities, as ZIKV capsid co-immunoprecipitated with UPF1 mutants 

deficient in these functions following overexpression (Fig 2.2d).  

 

ZIKV capsid degrades UPF1, the master regulator of NMD. Surprisingly, we consistently 

observed a decrease in UPF1, but not UPF3B, protein levels in the input lysate of ZIKV capsid-

transfected cells, pointing to a specific perturbation of endogenous UPF1 expression by ZIKV 

capsid (Fig. 2.2c). To confirm that UPF1 protein levels are dysregulated during ZIKV infection, 

we performed western blot analysis of infected Huh7 cells and NPCs. Cellular UPF1 protein 

levels were consistently downregulated by ~50% in ZIKV-infected Huh7 cells, whereas a ~25% 

reduction was observed in ZIKV-infected NPCs (Fig. 2.2e), mirroring the difference in infection 

efficiencies achieved in these two cell systems. UPF1 transcript levels were not decreased in 

ZIKV-infected cells or following ZIKV capsid overexpression, indicating that UPF1 is post-

transcriptionally downregulated during ZIKV infection (Supplemental Fig. 2.1a,b, respectively).  

 

Because ZIKV capsid and UPF1 both localize to the nucleus and the cytoplasm (13, 40) we 

performed fractionation studies in ZIKV capsid-transfected HEK293T cells to determine if UPF1 

is downregulated within a specific cellular compartment. Capsid expression markedly decreased 

nuclear UPF1 levels, whereas cytoplasmic levels were unchanged (Fig. 2.3a). We next 

examined a potential role for the autophagic and proteasomal pathways, both of which are 

known to mediate nuclear protein degradation, in ZIKV capsid-induced UPF1 downregulation. 
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As shown in Supplemental Figure 2.2, nuclear UPF1 levels in ZIKV capsid-transfected cells 

were not rescued by inhibition of cellular autophagy via bafilomycin A1 treatment. Instead, 

nuclear UPF1 levels were restored in a dose-dependent manner following treatment with the 

proteasome inhibitor bortezomib (Fig. 2.3b), indicating enhanced proteasomal degradation of 

nuclear UPF1 in the presence of ZIKV capsid. Although ZIKV capsid colocalized with 

endogenous UPF1 in the cytoplasm of transfected Huh7-Lunet cells (Mander’s colocalization 

coefficient of ~57%), we detected very little colocalization within the nucleus (~7%) 

(Supplemental Figure 2.3). We hypothesized that this was due to specific degradation of 

colocalizing UPF1 by ZIKV capsid in the nucleus. Indeed, when cells were treated with 

bortezemib, the fraction of nuclear UPF1 colocalizing with ZIKV capsid increased ~8-fold, while 

the fraction of nuclear capsid interacting with UPF1 remained unchanged (Figure 2.3c). These 

results demonstrate that ZIKV capsid interacts with UPF1 both in the cytoplasm and nucleus, 

but specifically targets nuclear UPF1 for proteasomal degradation.  

 

UPF1 is a restriction factor of ZIKV. To test the effect of lowered UPF1 levels on ZIKV 

infection, we further decreased UPF1 expression prior to ZIKV infection by transfecting NPCs 

with either non-targeting siRNA or a pool of UPF1-specific siRNAs. We then infected the 

transfected cells with ZIKV and measured viral RNA levels, as well as infectious titers, 48 h 

post-infection (hpi). UPF1 knockdown was successful in siRNA-treated cells, as confirmed by 

western blot analysis (Fig. 2.4a). The depletion of UPF1 in NPCs prior to infection resulted in a 

significant increase in both ZIKV RNA levels and infectious virus production (Fig. 2.4b,c, 

respectively), indicating that expression of UPF1 restricts ZIKV infection at or before the RNA 

replication stage. To differentiate between these two stages, we analyzed double-stranded RNA 

(dsRNA) intermediates representing presumed viral RNA replication centers in infected NPCs 

(Fig. 2.4d)(41). Using confocal microscopy and 3D reconstruction analyses, we observed no 

significant difference in the number and size of dsRNA foci per cell when comparing ZIKV-
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infected, UPF1-depleted NPCs to ZIKV-infected cultures expressing UPF1 (Fig. 2.4e,f). Instead, 

we found a significant increase in the number of infected cells in NPC cultures when UPF1 was 

depleted, indicating that UPF1 regulates permissivity of NPCs to ZIKV infection at an early 

stage prior to viral RNA replication (Fig. 2.4g). 

 

Discussion 

In summary, we identified the NMD pathway as a restriction mechanism for ZIKV infection in 

human NPCs. NMD was partially inactivated in ZIKV-infected NPCs through expression of the 

viral capsid protein and the resulting degradation of host nuclear UPF1. As further weakening 

NMD by depleting UPF1 resulted in a marked increase in the number of infected cells, we 

propose a model in which an evolutionary “arms race” between cellular NMD and ZIKV 

determines whether a cell is successfully infected (Fig. 2.4h).  

 

Downregulation of UPF1 by ZIKV capsid is not complete and is likely limited by the damaging 

effects of NMD disruption, as illustrated by the upregulation of genes involved in cell growth 

arrest and apoptosis. Indeed, knockout of UPF1 and other members of the NMD pathway is 

embryonic lethal in mice (19). However, mice haploinsufficent for NMD factors upstream of 

UPF1, including Magoh, Rbm8a, and Eif4a3, develop microcephaly (20-22). Thus, the reduction 

in nuclear UPF1 we observe in ZIKV-infected NPCs could contribute to the microcephaly 

phenotype caused by ZIKV infection in the fetal brain. While fetal and adult NPCs appear to be 

transcriptionally distinct (42), it has been shown that adult NPCs are also permissive to ZIKV 

infection (43). As the NMD pathway is a ubiquitous cellular surveillance mechanism, it is likely 

that ZIKV capsid targets UPF1 for degradation in any cell type that is susceptible to ZIKV 

infection. Accordingly, we have found that UPF1 is degraded following infection of both NPCs 

and hepatic Huh7 cells (Figure 2.2e). Therefore, we believe that the interaction between ZIKV 
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capsid and UPF1 occurs during infection of both fetal and adult NPCs, but that the loss of this 

stem cell population is far more deleterious in the developing brain.  

 

Why ZIKV capsid specifically downregulates nuclear UPF1, and how nuclear UPF1 contributes 

to ZIKV restriction remains unanswered. Several studies suggest that NMD is associated with 

the nucleus, although this issue remains controversial. Multiple transcripts, such as those 

encoding T cell receptor beta, triosephosphate isomerase and mouse major urinary protein, 

have been shown to be specifically degraded in purified nuclei or reduced in nuclear fractions 

(44). These data support the model that reducing nuclear UPF1 levels selectively disrupts NMD 

function in ZIKV-infected cells. In addition, UPF1 is involved in several other processes within 

the nucleus, including nuclear-associated RNA metabolism, cell cycle progression, and DNA 

replication, suggesting that ZIKV capsid could target nuclear UPF1 to disrupt these processes 

and program target cells for viral replication (40). Notably, viral RNA replication is thought to 

occur solely within the cytoplasmic compartment (45, 46). Using confocal microscopy and 3D 

reconstruction, we did not detect dsRNA foci localized within the nuclei of ZIKV-infected cells 

(data not shown), supporting our finding that UPF1 does not restrict viral RNA replication. While 

our results suggest a role for nuclear UPF1 in ZIKV restriction, it is possible that UPF1 also 

serves as a restriction factor of ZIKV within the cytoplasm. Previously, it was shown that UPF1 

suppresses alphavirus replication by degrading the incoming viral RNA following uncoating in 

the cytosol (28). Thus, ZIKV may possess an additional mechanism to prevent cytoplasmic 

UPF1 from targeting its incoming RNA genome for destruction.  

 

Our data reveal that nuclear UPF1 is degraded by ZIKV capsid in a proteasome-dependent 

manner. While the nuclear proteasome has not been specifically linked to microcephaly, it plays 

critical roles in the regulation of chromatin structure, gene expression, DNA repair, and protein 

quality control (47). Thus, the co-opting of the nuclear proteasome by ZIKV capsid to degrade 
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UPF1 could disrupt its normal proteasomal activity and further contribute to the cytopathic 

effects associated with ZIKV infection. Furthermore, given that the flavivirus capsid protein can 

translocate cell membranes directly (48), it is possible that capsid released from apoptotic, 

ZIKV-infected cells can enter neighboring, uninfected cells to degrade UPF1 and increase the 

permissivity of the cell to ZIKV infection. Studies are ongoing to determine the precise molecular 

mechanism of ZIKV capsid-mediated UPF1 degradation and how UPF1 depletion enhances 

ZIKV replication, directly or indirectly. Ultimately, these data may help inform new therapeutic 

approaches, as reinforcement of the antiviral properties of the NMD pathway is expected to 

enhance resistance of NPCs to ZIKV infection and to promote normal neurodevelopment in 

infected fetuses.  

 

Materials and Methods 

Viruses and cells. Two Asian lineage strains of ZIKV, P6-740 (ATCC VR-1845) and 

PRVABC59 (ATCC VR-1843), were used for all experiments. ZIKV stocks were propagated in 

Vero cells (ATCC) and titers were determined by plaque assays on Vero cells. Huh7 cells 

(ATCC), Huh7-Lunet cells (Ralf Bartenschlager, Heidelberg University) and Vero cells were 

maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal bovine serum (FBS), 

2 mM L-glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin. HEK293T cells (ATCC) 

and the GFPu-1 cell line (ATCC CRL-2794) were maintained in DMEM/H21 medium 

supplemented with 10% FBS, 100 U/mL penicillin, 100 µg/mL streptomycin, and 1 mM sodium 

pyruvate or DMEM with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin, and 100 µg/mL 

streptomycin.  Human iPSC-derived NPCs were generated and maintained as described 

previously (49). All of the human fibroblast cell lines used to generate iPSCs came from the 

Coriell Institute for Medical Research and Yale Stem Cell Center. The iPSCs used in these 

studies were the CTRL2493nXX, CS2518nXX, and Cs71iCTR-20nXX lines. CTRL2493nXX was 

derived from the parental fibroblast line ND31845 that was biopsied from a healthy female at 71 
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years of age. CS2518nXX was derived from the parental fibroblast line ND30625 that was 

biopsied from a healthy male at 76 years of age. CS71iCTR-20nXX was derived from the 

parental fibroblast line ND29971 that was biopsied from a female at 61 years of age. For virus 

infections, NPCs plated on Matrigel-coated (Corning) multi-well plates or Huh7 cells were 

infected with ZIKV at a multiplicity of infection (MOI) of 0.1 or 1 for 2 h at 37°C. Infected cells 

were harvested at 48 hpi for all analyses.   

 

Affinity purification, mass spectrometry, and AP-MS scoring. The ZIKV capsid open 

reading frames (ORFs) from the Ugandan 1947 strain MR 766 or the French Polynesian 2013 

strain H/PF/2013 were cloned into pCDNA4_TO with a C-terminal 2xStrep II affinity tag for 

expression in human cells. The viral capsid proteins (three biological replicates), as well as GFP 

(two biological replicates) and empty vector (ten biological replicates) as negative controls, were 

expressed in HEK293T cells and affinity purifications were performed as previously described 

(50). Briefly, clarified lysates were incubated with Strep-Tactin Superflow (IBA) overnight at 4°C. 

Proteins were eluted with 50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA containing 2.5 mM 

Desthiobiotin (IBA) for 30 min at 4°C. Lysates and affinity purified eluates were analyzed by 

western blot and silver stain PAGE to confirm expression and purification. Purified protein 

eluates were digested with trypsin for LC-MS/MS analysis. Samples were denatured and 

reduced in 2M urea, 10 mM NH4HCO3, 2 mM DTT for 30 min at 60°C, then alkylated with 2 mM 

iodoacetamide for 45 min at room temperature. Trypsin (Promega) was added at a 1:100 

enzyme:substrate ratio and digested overnight at 37°C. Following digestion, samples were 

concentrated using C18 ZipTips (Millipore) according to the manufacturer's specifications. 

Peptides were resuspended in 15 µL of 4% formic acid and 3% ACN, and 1-2 µL of sample was 

loaded onto a 75 µm ID column packed with 25 cm of Reprosil C18 1.9 μm, 120Å particles (Dr. 

Maisch GmbH). Peptides were eluted into a Q-Exactive Plus (Thermo Fisher) mass 



 33 

spectrometer by gradient elution delivered by an Easy1200 nLC system (Thermo Fisher). The 

gradient was from 4.5% to 32% acetonitrile over 53 min. All MS spectra were collected with 

oribitrap detection, while the 20 most abundant ions were fragmented by higher energy 

collisional dissociation (HCD) and detected in the orbitrap. All data was searched against the 

SwissProt Human protein sequences, combined with ZIKV sequences and GFP. Peptide and 

protein identification searches, as well as label-free quantitation, were performed using the 

MaxQuant data analysis algorithm and all peptide and protein identifications were filtered to a 

1% false-discovery rate (51, 52). SAINTq (53) was used to calculate the probability of bait-prey 

interactions for both Ugandan ZIKV capsid and French Polynesian ZIKV capsid against the 

negative controls, including GFP and empty vector, with protein intensities as input values. We 

applied a combined threshold of probability of interaction (AvgP) greater than 0.90 and 

Bayesian False Discovery Rate of less than 0.05. 

 

Quantitative real-time reverse transcription-PCR (qRT-PCR). Total cellular RNA was 

isolated from Huh7 cells and NPCs using the RNeasy Mini Kit (Qiagen). cDNA was synthesized 

with oligo(dT)18 (ThermoFisher Scientific) primers, random hexamer (Life Technologies) 

primers, and AMV reverse transcriptase (Promega). The cDNA was then used in SYBR Green 

PCR Master Mix (ThermoFisher Scientific) according to manufacturer’s instructions and 

analyzed by qPCR (Bio-Rad ABI 7900). The primers used for ASNS, CARS, SC35 1.7, GAPDH, 

HPRT1, LDHA, and 18S rRNA have been described previously(29). The additional primers used 

were ZIKV PRVABC59 forward primer 5’- GAG ACG AGA TGC GGT ACA GG -3’, ZIKV 

PRVABC59 reverse primer 5’- CGA CCG TCA GTT GAA CTC CA -3’, UPF1 forward primer 5’- 

CTG CAA CGG ACG TGG AAA TAC -3’, UPF1 reverse primer 5’- ACA GCC GCA GTT GTA 

GCA C -3’, DDIT3 forward primer 5’- CTG CTT CTC TGG CTT GGC TG -3’, DDIT3 reverse 

primer 5’- GCT CTG GGA GGT GCT TGT GA -3’, GADD45A forward primer 5’- GAG CTC CTG 

CTC TTG GAG AC -3’, GADD45A reverse primer 5’- GCA GGA TCC TTC CAT TGA GA -3’, 
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GADD45B forward primer 5’- TGA CAA CGA CAT CAA CAT C -3’, and GADD45B reverse 

primer 5’- GTG ACC AGA GAC AAT GCA G -3’. Relative levels of each transcript were 

normalized by the delta threshold cycle method to the abundance of 18S rRNA or GAPDH, with 

mock-infected cells or vector-transfected cells set to 1. 

 

Western blot analysis. Cells were lysed in RIPA lysis buffer (50 mM Tris-HCl, pH 8, 150 mM 

NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, supplemented with Halt™ protease 

inhibitor cocktail (ThermoFisher Scientific)) to obtain whole cell lysates or lysed using the NE-

PER nuclear and cytoplasmic extraction kit (ThermoFisher Scientific) to obtain cytoplasmic and 

nuclear fractions. Proteins were separated by SDS-PAGE and transferred to nitrocellulose 

membranes (Bio-Rad). Blots were incubated with the indicated primary antibody: anti-UPF3B 

(ab134566, Abcam), anti-UPF1 (12040, Cell Signaling Technology, Inc.), anti-ZIKV Capsid (C) 

(GTX133304, GeneTex), anti-Flag (F7425, Sigma-Aldrich), anti-β-actin (A5316, Sigma-Aldrich), 

anti-ZIKV Envelope (E) (GTX133314, GeneTex), anti-SP1 (sc-14027, Santa Cruz 

Biotechnology), anti-GAPDH (5174, Cell Signaling Technology, Inc.), anti-Myc tag (ab9106, 

Abcam), anti-Strep tag (ab18422, Abcam), and anti-p62 (ab56416, Abcam). Proteins were 

visualized by chemiluminescent detection with ECL and ECL Hyperfilm (Amersham). 

Differences in band intensity were quantified by densitometry using ImageJ. 

 

Immunoprecipitations. Cells were lysed in either RIPA lysis buffer or IP lysis buffer (150mM 

NaCl, 50mM Tris pH 7.4, 1mM EDTA, 0.5% NP-40 substitute, supplemented with Halt™ 

protease inhibitor cocktail (ThermoFisher Scientific)) at 4°C and passed through a G23 needle. 

Clarified lysates were immunoprecipitated with Flag M2 agarose (Sigma), anti-Myc tag (ab9106, 

Abcam), or normal rabbit IgG (sc-2027, Santa Cruz Biotechnology) overnight, washed in lysis 

buffer, and resuspended in Laemmli buffer for SDS-PAGE. Western blot analysis of 

immunoprecipitated proteins was performed as described above.  
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Immunofluorescence. Transfected Huh7-Lunet cells or infected NPCs were collected at 48 h 

and plated onto 22 × 22 mm #1.5 coverslips. Cells were fixed in 4% paraformaldehyde, 

permeabilized with 0.1% Triton X-100, and blocked in 3% bovine serum albumin. Cells were 

then immunostained with the indicated antibodies: anti-Strep Tag (Abcam, ab184224), anti-

UPF1 (Abcam, ab109363), human anti-DENV mAb 1.6D (Sharon Isern and Scott Michael, 

Florida Gulf Coast University), which recognizes the ZIKV envelope protein, anti-dsRNA mAb J2 

(SCICONS), and the appropriate fluorophore-conjugated secondary antibodies. Coverslips were 

mounted onto glass slides using Vectashield® Mounting Medium with DAPI (Vector 

Laboratories) and analyzed by fluorescence microscopy (Zeiss Axio Observer ZI) or confocal 

microscopy (Zeiss LSM 880). For acquiring high-resolution images, cells were imaged on the 

Zeiss LSM 880 with Airyscan using a 20x/0.8 or 63x/1.4 M27 oil immersion objective. A total of 

15-20 (20x objective) or 60-80 (63x objective) Z-slices were acquired every 0.88 μm or 0.15 μm, 

respectively. The resulting Z-stack was reconstructed and rendered in 3D using Imaris software 

(Bitplane). Viral dsRNA foci were reconstructed via the Imaris spot detection function, which 

provided an analysis of total number and mean volume of foci within a cell, for images acquired 

using the 20x objective. Strep-tagged ZIKV capsid, UPF1, and dsRNA channels acquired using 

the 63x objective were reconstructed using the Imaris surfaces package. The Imaris 

colocalization function was used to determine overlap of fluorescence. Thresholding for 

background fluorescence was determined by the Imaris automatic thresholding tool that utilizes 

the Costes approach (54). The thresholded Mander's correlation coefficient (MCC) measures 

the fraction of voxels with fluorescence positive for one channel that also contain fluorescence 

from another channel. The MCC is typically more appropriate for analysis of three-dimensional 

colocalization (33). 
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Statistical analysis. Statistical differences between groups were analyzed using either a two-

tailed unpaired Student’s t-test or a two-tailed ratio paired Student’s t-test, as stated in the figure 

legends. Hypergeometrical tests were used to calculate the probability of an overlap in gene 

dysregulation between ZIKV-infected NPCs and UPF1-depleted cells and to calculate the 

probability of ZIKV capsid bait-prey interactions. Data are represented as mean ± s.e.m. 

Statistical significance was defined as *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001.   
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Figures 

 

Figure 2.1. ZIKV infection disrupts the NMD pathway.  

(a) Transcript levels of NMD substrates and housekeeping genes from Huh7 cells or NPCs 
mock-infected or infected with ZIKV strain P6-740 or the contemporary clinical isolate 
PRVABC59. Cells were infected at a multiplicity of infection (MOI) of 0.1 or 1 and harvested at 
48 hpi. Data are represented as mean ± s.e.m. P values were calculated by unpaired Student’s 
t-test. *P ≤ 0.05; **P ≤ 0.01; ns, not significant. n= 3 independent experiments. 
(b) Venn diagram showing overlap of significantly upregulated genes associated with ZIKV 
infection of NPCs and UPF1 knockdown in HeLa cells. RNA-Seq analyses of mock-infected or 
ZIKV-infected NPCs harvested at 56 hpi and control siRNA-treated or UPF1 siRNA-treated 
HeLa TO cells harvested at 72 h post-transfection (hpt). The GeneProf hypergeometric 
probability calculator was then used to generate a hypergeometric P value. ****P ≤ 0.0001.  
(c) Transcript levels of housekeeping genes and select genes involved in cell cycle growth 
arrest and apoptosis that were identified in (b). Huh7 cells were mock-infected or infected with 
ZIKV PRVABC59 at an MOI of 0.1 or 1 and harvested at 48 hpi. Data are represented as mean 
± s.e.m. P values were calculated by unpaired Student’s t-test. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 
0.001; ns, not significant. n= 3 independent experiments.  
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Figure 2.2. The capsid protein of ZIKV interacts with the NMD pathway.  

(a) Ugandan ZIKV capsid (Ug Cap, MR 766) and French Polynesian ZIKV capsid (Fp Cap, 
H/PF/2013) PPI maps that show significant enrichment for host NMD-associated factors 
(purple), as identified by AP-MS (SAINTq probability score > 0.9 and FDR < 0.05). Ten 
interactions between Fp Cap and host NMD factors (hypergeometrical test, P value = 7.16 x 10-
10) and eight interactions between Ug Cap and host NMD factors (P value = 3.45 x 10-7) were 
identified.  
(b) Co-immunoprecipitation (co-IP) and western blot analysis of HEK293T cells transfected with 
vector or Flag-tagged ZIKV capsid (H/PF/2013, Asian lineage) and harvested at 48 hpt to 
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immunoprecipitate endogenous UPF3B. The upper band detected in the IP Capsid blot 
represents a non-specific artifact.  
(c) Co-IP and western blot analysis of HEK293T cells transfected with vector or Flag-tagged 
ZIKV capsid and harvested at 48 hpt to immunoprecipitate endogenous UPF1. 
(d) Myc-tag co-IP and western blot analysis of HEK293T cells transfected with Strep-tagged 
ZIKV capsid and Myc-UPF1 (WT), Myc-UPF1-C126S (RNA-binding mutant), or Myc-UPF1-
G495R/G497E (ATPase/helicase mutant) and harvested at 48 hpt to immunoprecipitate ZIKV 
capsid.   
(e) Western blot analysis of UPF1 levels in mock-infected and ZIKV-infected (PRVABC59, MOI 
of 1) Huh7 cells or mock-infected and ZIKV-infected (P6-740, MOI of 1) NPCs harvested at 48 
hpi, with β-actin and ZIKV envelope (ZIKV E) or ZIKV capsid (ZIKV C) protein serving as loading 
and infection controls, respectively. Densitometric analyses were performed using ImageJ to 
quantify relative band intensities. Data are represented as mean ± s.e.m. P values were 
calculated by unpaired Student’s t-test. **P ≤ 0.01; ***P ≤ 0.001. n= 3 independent experiments.  
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Figure 2.3. ZIKV capsid degrades UPF1, the master regulator of NMD, via a proteasome-
dependent mechanism.  
 
(a) Western blot analysis of UPF1 levels in subcellular fractionated HEK293T cells transfected 
with vector or Flag-tagged ZIKV capsid (H/PF/2013, Asian lineage) for 48 h. GAPDH was used 
as a cytoplasmic marker and SP1 as a nuclear marker to ensure optimal fractionation. 
Densitometric analyses were performed using ImageJ to quantify relative band intensities. Data 
are represented as mean ± s.e.m. P values were calculated by unpaired Student’s t-test. **P ≤ 
0.01; ns, not significant. n= 3 independent experiments. 
(b) Western blot analysis of nuclear UPF1 levels in fractionated HEK293T cells transfected with 
vector or Flag-tagged ZIKV capsid for 48 h. Cells were treated with DMSO or increasing 
concentrations of the proteasome inhibitor bortezomib for 24 h before harvest. Densitometric 
analyses were performed using ImageJ to quantify relative band intensities. Data are 
represented as mean ± s.e.m. P values were calculated by one-way ANOVA with multiple 
comparisons. *P ≤ 0.05; ns, not significant. n= 3 independent experiments. 
(c) Representative 3D confocal microscopy images of the nuclei of Huh7-Lunet cells transfected 
with Strep-tagged ZIKV capsid. Cells were treated at 24 hpt with DMSO or 10 nM bortezomib 
and processed for immunostaining at 48 hpt with antibodies against Strep-tag (turquoise) and 
endogenous UPF1 (purple). DAPI (blue) was used to stain and define the nuclei. Each channel 
was reconstructed digitally for visualization of the 3D colocalization. The thresholded Mander’s 
correlation coefficients were determined and P value was calculated by unpaired Student’s t-
test. **P ≤ 0.01. n = 8 cells per condition. Scale bar represents 3 μm. 
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Figure 2.4. UPF1 knockdown enhances the permissivity of NPCs to ZIKV infection. 

(a) Western blot analysis of UPF1 levels in NPCs transfected with non-targeting siRNA (siNT) or 
a pool of UPF1-specific siRNAs (siUPF1) at 96 hpt. Densitometric analyses were performed 
using ImageJ to quantify relative band intensities. Data are represented as mean ± s.e.m. P 
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value was calculated by unpaired Student’s t-test. **P ≤ 0.01. n= 3 independent experiments 
using one NPC line.  
(b) ZIKV RNA levels in siNT-treated or siUPF1-treated NPCs infected with ZIKV strain 
PRVABC59 at an MOI of 0.1 or 1 and harvested at 48 hpi. Data are represented as mean ± 
s.e.m. P value was calculated by two-tailed ratio paired Student’s t-test. ***P ≤ 0.001. n= 3 
independent experiments using one NPC line.   
(c) Released infectious virus from siNT-treated or siUPF1-treated, ZIKV-infected (MOI of 1) 
NPCs harvested at 48 hpi. Data are represented as mean ± s.e.m. P value was calculated by 
unpaired Student’s t-test. **P ≤ 0.01. n= 3 independent experiments using one NPC line.   
(d) Representative confocal microscopy images of a ZIKV-infected, siNT-treated NPC or a 
ZIKV-infected, siUPF1-treated NPC with the nuclei stained with DAPI (blue) and ZIKV dsRNA 
foci stained with the anti-dsRNA mAb J2 (teal). 3D image rendering and reconstructed dsRNA 
foci were produced using the Imaris spot detection function. Scale bar represents 2 μm.  
(e) Number of dsRNA foci were averaged for each cell. Data are represented as mean ± s.e.m. 
P value was calculated by two-tailed ratio paired Student’s t-test. ns, not significant. n = 3 
independent experiments using two NPC lines, with 3-10 cells analyzed per condition for each 
experiment.   
(f) Measurement of dsRNA foci volume were averaged for each cell. Data are represented as 
mean ± s.e.m. P value was calculated by two-tailed ratio paired Student’s t-test. ns, not 
significant. n = 3 independent experiments using two NPC lines, with 3-10 cells analyzed per 
condition for each experiment. 
(g) Infection rates of siNT-treated or siUPF1-treated, ZIKV-infected (MOI of 1) NPCs measured 
at 48 hpi. Fixed cells were subjected to the anti-DENV mAb 1.6D, which also recognizes the 
ZIKV envelope protein (55). Data are represented as mean ± s.e.m. P value was calculated by 
two-tailed ratio paired Student’s t-test. **P ≤ 0.01. n = 3 independent experiments using two 
NPC lines.  
(h) Model of the interaction between the capsid protein of ZIKV and UPF1 of the NMD pathway.  
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Supplemental Figure 2.1. UPF1 is not transcriptionally downregulated during ZIKV 
infection or following ZIKV capsid overexpression. 
 
(a) UPF1 transcript levels from Huh7 cells mock-infected or infected with ZIKV strain 
PRVABC59 at an MOI of 0.1 or 1 and harvested at 48 hpi. Data are represented as mean ± 
s.e.m. P values were calculated by unpaired Student’s t-test. ns, not significant. n= 3 
independent experiments. 
(b) UPF1 transcript levels from HEK293T cells transfected with vector or Strep-tagged ZIKV 
capsid (H/PF/2013, Asian lineage) and harvested at 48 hpt. Data are represented as mean ± 
s.e.m. P values were calculated by unpaired Student’s t-test. ns, not significant. n= 3 
independent experiments. 
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Supplemental Figure 2.2. ZIKV capsid-induced UPF1 degradation is not dependent on 
autophagy.   
 
Western blot analysis of nuclear UPF1 levels in fractionated HEK293T cells transfected with 
vector or Flag-tagged ZIKV capsid for 48 h. Cells were treated with DMSO or the autophagy 
inhibitor bafilomycin A1 (Baf) (10 nM) for 24 h before harvest. Levels of p62, which is degraded 
by autophagy, were monitored to confirm autophagic inhibition following bafilomycin A1 
treatment.  
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Supplemental Figure 2.3. ZIKV capsid colocalizes with endogenous UPF1.  

Representative 3D confocal microscopy images of Huh7-Lunet cells transfected with vector or 
Strep-tagged ZIKV capsid. Cells were processed for immunostaining at 48 hpt and probed with 
antibodies against Strep-tag (turquoise) and endogenous UPF1 (purple). DAPI (blue) was used 
to stain the nuclei. Each channel was reconstructed digitally for visualization of the 3D 
colocalization. The thresholded Mander’s correlation coefficient for ZIKV capsid was 0.57 (n = 
17), indicating that approximately 57% of the voxels positive for capsid fluorescence were also 
positive for UPF1 fluorescence. Scale bar represents 5 μm.   
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Chapter 3 
 
ZIKV prevents host mRNA export from the nucleus by disrupting UPF1 function 
 

A version of this paper is published: 

Leon, K. E. et al. Zika Virus Infection Prevents Host mRNA Nuclear Export by Disrupting UPF1 

Function. bioRxiv, 2020.2012.2003.410837, doi:10.1101/2020.12.03.410837 (2020). 

 

Introduction 

Zika virus (ZIKV) is a mosquito-borne, enveloped virus with a positive sense, single stranded RNA 

genome (1). ZIKV is a member of the Flaviviridae family that includes Dengue virus (DENV), West 

Nile virus (WNV) and Hepatitis C virus (HCV). In 2015, an outbreak of ZIKV in Brazil was linked 

to a dramatic increase in the number of infants born with microcephaly (2, 3). It was subsequently 

shown that in utero ZIKV infects neural progenitor cells (NPCs), resulting in neurodevelopmental 

delays that ultimately cause a range of birth defects including microcephaly, ocular damage, and 

contractures, collectively known as congenital Zika syndrome (4-8). NPCs are critical for brain 

development as they differentiate into the glial and neuronal cells that compose the majority of 

the brain parenchyma (9). Proposed molecular mechanisms by which ZIKV disrupts NPC function 

and differentiation include perturbation of the ANKLE2/VRK1, centrosomal organization, 

autophagy, apoptosis and unfolded protein response pathways (10-14). However, it remains 

unknown how ZIKV manipulates multiple cellular pathways at once to cause such widespread 

developmental reprogramming.  

 

We and others previously showed that ZIKV infection suppressed the host nonsense-mediated 

mRNA decay (NMD) pathway (15, 16). NMD is an RNA quality control mechanism that targets 

faulty host transcripts for degradation and acts as an antiviral pathway on many viral species, 

particularly single-stranded RNA viruses (17, 18). Different models of the NMD pathway have 



 54 

been described, but the exon-junction complex (EJC)-mediated NMD pathway is the best defined 

(19, 20). This pathway is classically triggered by premature termination codons in mRNAs, but 

can be also be initiated by normal 3’UTRs (21).  

 

EJCs are normally loaded onto mRNAs in the nucleus (22); the RNAs are then exported to the 

cytoplasm to undergo translation, leading to proper displacement of the EJCs (23). Non-displaced 

EJCs recruit the master regulator and helicase up-frameshift protein 1 (UPF1), which induces a 

recruitment cascade activating NMD-mediated degradation of the faulty transcript (24, 25). 

However, the NMD pathway and UPF1 also target non-faulty mRNAs, especially those with long 

and GC-rich 3’ untranslated regions (UTRs), a feature found in many viral RNAs (26-29). Because 

knockdown of UPF1 enhances replication of many RNA viruses including ZIKV, WNV, DENV, 

Rous Sarcoma virus, Potato virus X, Pea Enation Mosaic virus 2, and Turnip Crinkle virus, NMD 

is recognized as a bone fide antiviral restriction pathway, often targeted by viruses including ZIKV 

for inactivation (17). 

 

ZIKV inactivation of the antiviral activity of NMD through interactions between the ZIKV capsid 

protein and UPF1 has been previously described (15, 16). Similar interactions of capsid proteins 

with the NMD pathway were subsequently confirmed in other flaviviruses (16). However, ZIKV is 

unique in that infection or ZIKV capsid expression selectively downregulated UPF1 expression in 

the host nucleus (15), which is unusual as viral RNA replication occurs exclusively in the host 

cytoplasm. Thus, it remains unclear why nuclear UPF1 is targeted during ZIKV infection.  

 

Here we show that UPF1 occupancy of host transcripts is globally decreased during infection with 

many of these transcripts downregulated in the cytoplasm. ZIKV infection or UPF1 knockdown 

resulted in polyadenylated transcript accumulation in the nucleus, causing decreased protein 

levels of FREM2, a UPF1 target, and consequent perturbation of NPC differentiation. We propose 
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that by targeting nuclear UPF1 and trapping host mRNAs in the nucleus, ZIKV has evolved a 

mechanism to “shut off” host mRNA function while promoting translation of its own proteins. This 

mechanism describes a new central role for UPF1 in mRNA export connected to many cellular 

pathways associated with neurodevelopment.  

 

Results 

ZIKV infection decreases UPF1 interaction with the 3’UTR of host transcripts 

 

While ZIKV inhibits NMD by capsid-mediated degradation of UPF1, the functional impact of UPF1 

loss is still unknown. We first aimed to define the UPF1-RNA binding landscape by performing 

infrared crosslinking immunoprecipitation and RNA sequencing (irCLIP-Seq) in human induced 

pluripotent stem cell-derived NPCs (30). UPF1 is an RNA helicase and ATPase found associated 

with many transcripts (31). To identify differences in UPF1 binding during infection, NPCs were 

mock-infected or infected with ZIKV (isolate PRVABC59) at an MOI of 1 for 48 hours, followed by 

UV-crosslinking of transcripts with proteins and immunoprecipitation of UPF1 (Figure 3.1A). 

RNA-protein complexes were separated by SDS-PAGE, and mass spectrometry was performed 

on the excised bands to confirm UPF1 enrichment (Figure 3.S1A) before RNA was extracted and 

submitted to next-generation sequencing (Figure 3.1A). 

 

In mock-infected NPCs, UPF1 bound 6778 transcripts, predominantly at the 3’UTR, as previously 

reported (27, 29). In ZIKV-infected NPCs, this number decreased to 4557 transcripts, with a 

marked decrease in binding at the 3’UTR (Figure 3.1B). Overall, a greater than 4-fold decrease 

in binding was observed in 3% of UPF1 target transcripts. Notably, known NMD-resistant 

transcripts such as glyceraldehyde-3-phosphate dehydrogenase (GAPDH) maintained UPF1 

interaction, highlighting that ZIKV infection did not impact all transcripts uniformly (Figure 3.1C).  
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In infected samples, UPF1 also interacted with ZIKV RNA, again mostly within the 3’UTR, 

supporting the model that UPF1 targets the viral RNA to restrict infection (Figure 3.1D). To 

determine if viral RNA sequestered UPF1 away from host RNA, leading to decreased UPF1 

occupancy during infection, we quantified the percent of UPF1-bound reads mapping to host vs. 

viral RNAs. The majority of sequences isolated with UPF1 pulldown mapped to the host 

transcriptome; viral reads only accounted for 0.33% of all mapped reads, excluding a “sponge” 

effect of viral RNA for UPF1 (Figure 3.1E). 

 

Selective reduction of UPF1 target transcripts in the cytoplasm of infected NPCs 

 

During ZIKV infection, we saw a widespread decrease in UPF1 occupancy of host transcripts. To 

understand the consequences of the loss of UPF1, we sought to define the changes in the 

abundance of transcripts identified in the irCLIP-Seq experiment. We performed whole 

transcriptome sequencing of ZIKV-infected NPCs followed by differential expression analysis. As 

expected, genes associated with the interferon response were predominantly upregulated upon 

infection, consistent with previous RNA-seq studies of ZIKV-infected NPCs (32, 33) (Figure 3.2A, 

Supplemental Figure 3.2C). The NMD pathway and UPF1 are associated with RNA degradation, 

and we previously found that ZIKV infection upregulated select NMD target mRNAs (15). We thus 

expected that transcripts that had lost UPF1 interaction upon infection would be selectively 

upregulated. However, the abundance of transcripts which lost UPF1 occupancy upon infection 

was not significantly changed, indicating that the majority of UPF1 targets were not automatic 

subjects of NMD (Figure 3.2B). Metascape analysis of transcripts with stable abundance but loss 

of UPF1 binding showed a characteristic enrichment for neural and neurodevelopmental 

functions, underscoring the relevance of UPF1 binding for proper neurodevelopment. Axon 

guidance, which is essential for appropriate establishment of neural circuits in the brain, 

represented the top pathway identified (Figure 3.2C) (34).  
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Since transcript abundance was not affected by UPF1 occupancy, we next hypothesized the loss 

of UPF1 binding may instead impact the subcellular localization of cellular mRNAs. This was 

based on the knowledge that UPF1 translocates between the nucleus and cytoplasm (35), and 

our previous observation that UPF1 is selectively downregulated in the cell nucleus upon infection 

(15). To test this hypothesis, we fractionated ZIKV-infected NPCs into cytoplasmic and nuclear 

compartments and performed RNA sequencing and differential expression analysis with each 

fraction. We confirmed successful fractionation by comparing the log2 fold change of known 

cytoplasmic (GAPDH) and nuclear (ANRIL) transcripts, which showed 3.2-fold enrichment of 

GAPDH in the cytoplasmic fraction and a 2.3-fold increase of ANRIL in the nuclear fraction, as 

expected (Supplemental Figure 3.2A). Upon ZIKV infection, we identified 585 and 312 

significantly upregulated mRNAs in the cytoplasm and nucleus, respectively (Figure 3.2D). These 

upregulated transcripts were predominantly interferon response genes (Supplemental Figure 

3.2D). In contrast, downregulated genes were overwhelmingly cytoplasmic, with 912 genes 

downregulated in the cytoplasm compared to 22 in the nuclear fraction (Figure 3.2E). A significant 

overlap was found between the 912 transcripts with reduced cytoplasmic expression and the 331 

transcripts that lost UPF1 occupancy without changing overall abundance (Figure 3.2F). In 

contrast, considerably less overlap existed with transcripts that were upregulated in the cytoplasm 

and had lost UPF1 binding (Supplemental Figure 3.2B). Moreover, of the top 53 genes with the 

most significant decrease in UPF1 interaction upon infection, all but 6 were exclusively 

downregulated in the cytoplasm (Figure 3.2G). These results show a selective loss of UPF1 

target mRNAs in the cytoplasm of infected cells. As total abundance of these transcripts was 

unchanged, we considered the possibility that they accumulate in the nucleus upon ZIKV 

infection.   
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ZIKV infection, ZIKV capsid expression or UPF1 knockdown results in accumulation of 

host transcripts in the nucleus  

 

To test the hypothesis that transcripts were selectively accumulating in the nucleus in ZIKV-

infected cells, we analyzed global transcript localization using RNAscope analysis with a polyA 

tail probe. We first optimized the technology in Huh7-Lunet cells, a hepatoma cell line frequently 

used to study flavivirus infection (36), and NPCs, both infected with ZIKV at an MOI of 1. In both 

cell types, polyadenylated RNA fluorescence was significantly increased in the nucleus upon 

infection, supporting the model that mRNA location rather than abundance is perturbed in ZIKV-

infected cells (Figure 3.3A,B). To understand if this effect was UPF1-mediated, we leveraged the 

previously demonstrated ability of ZIKV capsid to specifically degrade nuclear UPF1 (15), and 

used Huh7-Lunet cells expressing ZIKV capsid protein in a tetracycline-inducible manner. 

Induction of capsid expression by addition of doxycycline led to reduced levels of nuclear UPF1 

(Figure 3.3C). This also led to a similar accumulation of polyadenylated RNAs in the cell nucleus, 

mirroring the effect observed in ZIKV-infected cells (62% nuclear fluorescence in vector vs 78% 

in capsid overexpressing cells) (Figure 3.3D). Furthermore, siRNA-mediated knockdown of UPF1 

in NPCs also resulted in retention of polyadenylated RNAs in the nucleus (36% nuclear 

fluorescence in control vs 40% in siUPF1 NPCs) (Figure 3.3E, Supplemental Figure 3.3). 

Collectively, these data indicate that UPF1 regulates nuclear mRNA export, a function perturbed 

upon nuclear UPF1 degradation during ZIKV infection.    

 

Depletion of UPF1 leads to nuclear retention of FREM2 mRNA, depletion of FREM2 protein, 

and shifts in NPC differentiation 

 

Next, we focused on FREM2, the transcript with the largest fold decrease in UPF1 interaction in 

the irCLIP studies (Figure 3.1B). FREM2 is an extracellular matrix protein involved in cell-cell 
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interactions that is important in many developmental pathways including tissue and vascular 

morphogenesis (37, 38). The FREM2 transcript was also specifically downregulated in the 

cytoplasm of infected NPCs (Figure 3.2G). We confirmed select cytoplasmic downregulation of 

FREM2 mRNA expression upon infection by qPCR (Figure 3.4A). Using RNAscope, we found 

enrichment of the FREM2 transcript in the nucleus of cells treated with UPF1-targeting siRNAs 

as compared to cells treated with non-targeting control siRNAs, where it was found in both the 

cytoplasm and the nucleus (Figure 3.4B). FREM2 protein levels were significantly decreased in 

UPF1 siRNA-treated cells (42% decrease in siUPF1 compared to the siNT control), supporting 

the model that nuclear mRNA retention leads to reduced translation of UPF1 target transcripts 

during ZIKV infection (Figure 3.4C). 

 

To determine the functional consequences of reduced FREM2 expression, we used siRNAs to 

knockdown FREM2 in NPCs (Supplemental Figure 3.4).  FREM2 knockdown increased the 

percentage of cells expressing the neural marker βIII-Tubulin by 44%, and decreased the 

percentage of cells expressing the pluripotency marker Sox2 by 51% (Figure 3.4D). These results 

indicate that by preventing FREM2 nuclear export and protein expression, ZIKV infection may 

promote premature neuronal differentiation of NPCs, thus reducing the number of NPCs that 

determine brain and ultimately head size.  

 

Discussion 

In this study, we identified a novel mechanism by which ZIKV infection prevents RNA export from 

the nucleus, a phenotype described in other viral infections, but not seen previously with 

flaviviruses (39-42). Many transcripts lost UPF1 occupancy during ZIKV infection, especially in 

the 3’UTR, consistent with the finding that UPF1 expression is downregulated in ZIKV infection. 

Loss of UPF1 binding altered transcript localization with only a minor effect on transcript 

abundance, underscoring the functional significance of the role of UPF1 in mRNA export. The 
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accumulation of mRNA in the nucleus induced by ZIKV infection could be recapitulated both by 

ZIKV capsid expression, which is known to degrade nuclear UPF1, and by UPF1 knockdown, 

linking the new function of UPF1 with its nuclear localization. Lastly, we show that when UPF1 is 

unable to export FREM2 mRNA from the nucleus, FREM2 protein abundance decreases, which 

may disrupt neural differentiation. The majority of these experiments were performed in human 

NPCs, the natural target cells of ZIKV in fetuses, providing a physiologically relevant view into 

pathways and transcripts disrupted by ZIKV infection and how that might lead to congenital Zika 

syndrome.   

 

UPF1 is an RNA helicase involved with a plethora of functions within the cell. Besides its function 

in NMD, UPF1 also plays important roles in several other RNA decay pathways (43), as well as 

telomere maintenance (44), and ubiquitination (45). While this study was underway, a study in 

fruit flies connected nuclear UPF1 function with co-transcriptional binding and export of mRNAs 

from the nucleus (46). UPF1 is also required for HIV RNA export from the nucleus (47).  

Here we show a role of nuclear UPF1 in mRNA export in mammalian cells, which is disrupted by 

ZIKV infection. While the precise mechanisms of UPF1-mediated nuclear export are not yet clear, 

two findings underscore its significance: 1) most transcripts were not upregulated in NPCs after 

loss of UPF1 binding, which points to another major function of UPF1 in cells other than NMD, 

and 2) many polyadenylated transcripts were retained in the nucleus upon UPF1 knockdown, 

demonstrating that the effect of UPF1 on mRNA export is widespread. Additional studies are 

needed to determine whether specific features of these mRNAs, such as the 3’UTR sequence or 

structure, underlie their targeting for export by UPF1 (48). Similarly, additional studies are needed 

to determine the features that lead to UPF1 enrichment in the ZIKV 3’UTR. Interestingly, a non-

coding subgenomic flavivirus RNA (SfRNA) is derived from the 3’ UTR of ZIKV and is known to 

be resistant to XRN1 degradation (49). The production of an SfRNA is shared among flaviviruses 

and antagonizes the interferon response. UPF1 potentially interacts with ZIKV SfRNA, which 
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could play an important role in NMD evasion. These avenues of research would be important to 

explore in future studies. 

 

The host shutoff effect is a common viral strategy to reduce host gene expression, potentially for 

the purposes of competing with cellular resources and evading immune responses. Flaviviruses 

have been reported to cause host shutoff by translational repression (50). The host shutoff 

described here is achieved by retention of host transcripts in the nucleus. We confirm that a single 

viral protein, the capsid protein, is sufficient to specifically degrade nuclear UPF1 and cause 

nuclear mRNA retention. This underscores the importance of the localization of ZIKV capsid to 

the cell nucleus (51), which is independent from its function as a structural component of the virion 

as the virus replicates exclusively outside of the nucleus (52). Our study also highlights the 

significance of nuclear UPF1, which is less studied than cytoplasmic UPF1, although it has been 

associated with cell cycle progression, DNA replication, telomere maintenance, and mRNA 

release (35, 46). 

 

Nuclear retention of host mRNAs caused by the disruption of UPF1 function could contribute to 

the neurodevelopmental defects seen during fetal ZIKV infections. Since UPF1 depletion impacts 

many mRNAs, it may represent a central mechanism explaining pleotropic effects of ZIKV 

infection on diverse cellular pathways. We pursued FREM2 as a top UPF1 target, and show that 

it is downregulated at the protein level when UPF1 is unable to perform its role as a nuclear mRNA 

export regulator. FREM2 is both a member of the FRAS/FREM complex and regulates its 

formation (37). The FRAS/FREM complex is found in cellular basement membranes and is 

expressed differentially during development (38). FREM2 itself is important for proper 

development of the eye and FREM2 mutation is associated with Fraser syndrome, in which 

cryptopthalamos (a congenital defect where the eyes are covered completely by skin and often 

associated with small or missing eyeballs) is commonly seen (53). As developmental defects in 
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the eyes are also seen in children with congenital Zika syndrome, the retention of the FREM2 

transcript in the nucleus could be directly involved in pathogenesis (54, 55).  

 

Surprisingly, our studies in NPCs and Huh7 hepatoma cells indicate that at least in these cell 

types the role of UPF1 in nuclear export affects more mRNAs than its known function in NMD. 

How this function is regulated and whether it involves known UPF1 interacting proteins such as 

the EJC or the known RNA export pathways such as CRM-1, remains to be determined. The 

finding that ZIKV has evolved a mechanism to selectively target nuclear UPF1 and the mRNA 

export function of the protein underscores its central yet so far underappreciated role in biology.  

 

Materials and Methods 

Cell Culture and Viruses 

Human iPSC-derived NPCs were generated and maintained as described previously (56). The 

human fibroblast cell line used to generate iPSCs came from the Coriell Institute for Medical 

Research and Yale Stem Cell Center. The iPSCs used in these studies was the CTRL2493n17 

line. CTRL2493n17 was derived from the parental fibroblast line ND31845 that was biopsied from 

a healthy female at 71 years of age. iPSCs were cultured and maintained in complete mTESR 

(StemCell Techologies). NPCs were differentiated and maintained using EFH media (Stemline 

Neural Stem Cell Media [Sigma Aldrich], EGF [R&D Biosystems], rhFGF basic [R&D Biosystems]. 

Heparin Sulfate [Sigma Aldrich]). NPCs were dissociated and plated onto Matrigel-coated plates 

(Corning) prior to infecting with ZIKV (MOI of 1) or treating with siRNAs. Experiments were 

harvested 48 hours post infection and up to 7 days after siRNA treatment. Huh7-Lunet cells (Ralf 

Bartenschlager, Heidelberg University), and Vero cells were maintained in Dulbecco’s modified 

Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS), 2 mM l-glutamine, 100 U/ml 

penicillin, and 100 µg/ml streptomycin. 
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N-terminally Strep TagII tagged ZIKV Capsid was cloned to pLVX-TetOne-Puro Vector (Clontech, 

Cat: 631849) using BamHI & EcoRI cut sites. We used a 2nd generation lentiviral system to 

generate a stably expressing ZIKV Capsid Huh7-Lunet cell line. After transduction, Huh7-Lunet 

cells were selected with puromycin (2ug/ml) for one weeks and later clonally expanded. Clones 

with the highest and specific expression were used for the experiment. 

 

The strain PRVABC59 of ZIKV (ATCC VR-1843) was used for all experiments. ZIKV stocks were 

propagated in Vero cells (ATCC), and titers were determined by plaque assays on Vero cells. 

ZIKV infections were performed by adding viral inoculum to DMEM with 2% FBS or EFH followed 

by a two-hour incubation at 37C with a rock every 15 minutes. After infection was completed, 

inoculum was aspirated and then fresh DMEM with 10% FBS or EFH was added to the cells. 

Infected cells were cultured for 48 hours prior to harvesting for all sequencing and IF experiments. 

 

Antibodies and other reagents 

Primary antibodies used were anti-UPF1 (Bethyl laboratories, A300-38A, CST, 12040S and 

Abcam, ab109363), anti-FREM2 (Invitrogen, PA5-20982), anti-FLAG (Abcam, ab18230), anti-

Actin (CST, 4967S), anti-GFAP (Abcam, ab53554), anti-Nestin (Abcam, ab22035) and anti-Beta 

III tubulin (Abcam, ab18207).  Secondary antibodies used include goat anti-rabbit Alexa 488 

(Invitrogen, A-11008), goat anti-mouse Alexa 488 (Invitrogen, A-11001), goat anti-rabbit Alexa 

594 (Invitrogen, A-11012), goat anti-mouse Alexa 594 (Invitrogen, A-11005), donkey anti-goat 

Alexa 647 (Invitrogen, A-21447), donkey anti-rabbit Alexa 488 (Invitrogen, A-21206), donkey anti-

mouse Alexa 594 (Invitrogen, A-21203). The RNAScope Multiplex Fluorescent V2 Assay (ACD, 

323100) was used with RNAscope Probes include polyA RNA (ACD, 318631) and FREM2 (ACD, 

482841). Opal570 (Akoya Biosciences, FP1488001KT) was used for visualization of RNAscope 

probes. Accell siRNA was used for knockdown of FREM2 (Dharmacon, E-021693-00-0010) and 

UPF1 (Dharmacon, E-011763-00-0010) according to manufacturer’s instructions. Non-targeting 
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siRNAs used were cat. D-001910-10-20 (Dharmacon). Huh7-Lunets were treated with 60 ng/mL 

of Leptomycin B (Cayman Chemical) for 16 hours. 

 

Infrared Crosslinking and Immunoprecipitation 

irCLIP was performed as in Zarnegar et al. 2016 (57). HeLa cells grown as described above and 

UV crosslinked to a total of 0.35 J/cm2. Whole-cell lysates were generated in CLIP lysis buffer 

(50 mM HEPES, 200 mM NaCl, 1 mM EDTA, 10% glycerol, 0.1% NP-40, 0.2% Triton X-100, 0.5% 

N-lauroylsarcosine) and briefly sonicated using a probe-tip Branson sonicator to solubilize 

chromatin. Each experiment was normalized for total protein amount, typically 1 mg, and partially 

digested with RNase A (ThermoFisher Scientific, EN0531) for 10 minutes at 37°C and quenched 

on ice. UPF1 (Bethyl laboratories, A300-38A) IP’s were performed using 15 µg of each antibody 

with 50 µL Protein G Dynabeads (ThermoFisher Scientific), for 8 hours at 4°C on rotation. 

Samples were washed sequentially in 1 mL for 1 minute each at 25°C: 1× high stringency buffer 

(15 mM Tris-HCl, pH 7.5, 5 mM EDTA, 2.5 mM EGTA, 1% Triton X-100, 1% sodium 

deoxycholate, 120 mM NaCl, 25 mM KCl), 1× high salt buffer (15 mM Tris-HCl pH 7.5, 5 mM 

EDTA, 2.5 mM EGTA, 1% Triton X-100, 1% sodium deoxycholate, 1 M NaCl), 2× NT2 buffer 

(50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM MgCl2, 0.05% NP-40). After the NT2 wash, RNA-

protein complexes were dephosphorylated with T4 PNK (NEB) for 45 minutes in an Eppendorf 

Thermomixer at 37°C, 15 seconds 1400rpm, 90 seconds of rest in a 30 µL reaction, pH 6.5, 

containing 10 units of T4 PNK, 0.1 µL SUPERase-IN (ThermoFisher Scientific), and 6 µL of PEG-

400 (16.7% final). Dephosphorylated RNA-protein complexes were then rinsed once with NT2 

buffer and 3’-end ligated with T4 RNA Ligase 1 (NEB) overnight in an Eppendorf Thermomixer at 

16°C, 15 seconds 1400rpm, 90 seconds of rest in a 60 µL reaction containing 10 units T4 RNA 

Ligase, 1.5 pmol pre-adenylated-IR800-3’biotin DNA-adapter, 0.1 µL SUPERase-IN, and 6 µL of 

PEG400 (16.7% final). The following day, samples were again rinsed once with 500 µL NT2 buffer 
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and resuspended in 30µL of 20 mM DTT, 1x LDS (ThermoFisher Scientific) in NT2 buffer. 

Samples were heated to 75°C for 10 min, and released RNA-protein complexes were separated 

on 4-12% Bis-Tris SDS-PAGE (1.0mm X 12 well) at 200V for 45 min. Resolved RNP complexes 

were wet-transferred to nitrocellulose at 550 mA for 45 minutes at 4°C. 

 

Nitrocellulose membranes were imaged using an Odyssey CLx scanner (LiCor), RBP-RNA 

complexes were excised using scalpels, and RNA was recovered by adding 0.1 mL of Proteinase 

K reaction buffer (100 mM Tris, pH 7.5, 50 mM NaCl, 1 mM EDTA, 0.2% SDS) and 5 µL of 

20mg/mL Proteinase K (ThermoFisher Scientific). Proteins were digested for 60 minutes at 50°C 

in an Eppendorf Thermomixer. Next, 200 µL of saturated-phenol-chloroform, pH, 6.7 was added 

to each tube and incubated for 10 minutes at 37°C in an Eppendorf Thermomixer, 1400 rpm. 

Tubes were briefly centrifuged and the entire contents transferred to a 2 mL Heavy Phase Lock 

Gel (5Prime, 2302830). Samples were centrifuged for 2 minutes at >13000 rpm. The aqueous 

layer was re-extracted with 1 mL of chloroform (inverting 10 times to mix; no vortexing) in the 

same 2 mL Phase Lock Gel tube and centrifuged for 2 minutes at >13000 rpm. The aqueous layer 

was then transferred to a new 2 mL Heavy Phase Lock Gel tube and extracted again with an 

additional 1 mL of chloroform. After 2 minutes centrifugation at >13000 rpm, the aqueous layer 

was transferred to a siliconized 1.5 mL tube and precipitated overnight at -20°C by addition of 10 

µL 5M NaCl, 3 µL Linear Polyacrylamide (ThermoFisher Scientific) and 0.8 mL 100% ethanol. 

RNA fragments were pelleted at >13000 rpm for 45 minutes at 4°C, washed once with 1 mL of 

ice cold 75% ethanol and air dried.  

 

RNA pellets were resuspended in 12 µL water 1 µL of 3 µM cDNA and 1 µL of 10mM dNTPs and 

heated to 70°C for 5 minutes then rapidly cooled to 4°C. cDNA Master Mix (4 µL 5x Super Script 

IV (SSIV) Buffer, 1 µL 100mM DTT, 1 µL SSIV, 6 µL total) was added to the annealed RNA and 
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incubated for 30minutes at 55°C. cDNA:RNA hybrids were captured by addition of 5 µL of MyOne 

Streptavidin C1 Dynabeads (ThermoFisher Scientific) that had been rinsed and suspended in 50 

µL of Biotin-IP buffer (100mM Tris, pH 7.5, 1M NaCl, 1mM EDTA, 0.1% Tween), and end over 

end rotation for 45 minutes at room temperature. Beads were placed on a 96-well magnet and 

washed sequentially twice with 100 µL of Biotin IP buffer and 100 µL ice-cold 1xPBS. Beads were 

resuspended in 10 µL of cDNA elution buffer (8.25 µL water, 1 µL of 1 µM P3 short oligo, and 

0.75 µl of 50 mM MnCl2) and heated to 95°C for 10 minutes, ramp 0.1 degree/second to 60°C 

forever. Next 5 µL of circularization reaction buffer was added (3.3 µL water, 1.5 µL 10x Circligase-

II buffer, and 0.5 µL of Circligase-II (Epicentre)). cDNA was circularized for 2 hours at 60°C. cDNA 

was purified with 30 µL of AMPure XP beads (Beckman Coulter) and 75 µL of isopropanol. 

Samples were incubated for 20 minutes at 25°C, washed twice with 100 µL 80% ethanol, air dried 

for 5 minutes, and eluted in 14 µL of water. Elution took place at 95°C for 3 minutes and the eluent 

was immediately transferred to a 96-well magnet. Eluted cDNA was transferred to a new PCR 

tube containing 15 µL of 2X Phusion HF-PCR Master Mix (NEB), 0.5 µL of 30 µM P3/P6 PCR1 

oligo mix and 0.5 µl of 15x SYBR Green I (ThermoFisher Scientific). Real-time quantitative PCR 

was performed: 98°C 2 min, 15 cycles of 98°C 15 seconds, 65°C 30 seconds, 72°C, 30 seconds, 

with data acquisition set to the 72°C extension. PCR1 reactions were cleaned up by adding of 4.5 

µL of isopropanol, 54 µL of AMPure XP beads and incubation for 10 min. Beads were washed 

once with 80% ethanol, dried for 5 min, and eluted in 15 µl of water. Illumina flow cell adaptors 

were added by adding 15 µL 2X Phusion HF-PCR Master Mix and 0.4 µL P3solexa/P6solexa 

oligo mix and amplified:  98°C 2 min, 3 cycles of 98°C 15 seconds, 65°C 30 seconds, 72°C, 30s 

seconds. Final libraries were purified by addition of 48 µL of AMPure XP beads and incubation 

for 5 min. Beads were washed twice with 70% ethanol, dried for 5 min, and eluted in 20 µL of 
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water. 1-2µL of libraries were quantitated by HS-DNA Bioanalyzer. Samples were deep 

sequenced on the Illumina NextSeq machine: single-end, no index, high-output, 75-bp cycle run. 

 

Whole transcriptome RNA sequencing was performed using the methods described above for 

RNA extraction, library preparation and sequencing. 

 

Nuclear/cytoplasmic RNA fractionation and sequencing 

Fractionation was performed using the Cytoplasmic and Nuclear RNA Purification Kit (Cat. # 

2100, Norgen Biotek Corp). Purified RNA was treated with DNase I followed by library preparation 

using the NuGEN V2 RNA-Sequencing Library Preparation kit (Tecan Genomics). Both RNA and 

library quality were analyzed via a Bioanalyzer (Agilent). Sequencing was performed on a 

NextSeq 500 (Illumina): single-end, no index, high-output, 75-bp cycle run.  

 

IF and RNAscope protocol 

For immunofluorescence and RNAscope, infected NPCs were collected at 48 hr and plated onto 

22- by 22-mm no. 1.5 coverslips. Cells were then fixed with 4% PFA in PBS for 15 minutes. For 

the RNAscope protocol, we followed manufacturer’s instructions for adherent cell lines. Briefly, 

we first dehydrated the cells using 50%, 70% and then 100% ethanol in PBS. This was followed 

by a rehydration of the cells using 70% and then 50% of ethanol in PBS. Lastly, cells were fully 

rehydrated in PBS. Cells were then permeabilized by hydrogen peroxide, followed by protease 3 

treatment. Next, we hybridized the RNAscope probes to the cells for 2 hours or O/N at 40C. Probe 

amplification was then performed, followed by labelling with Opal570 (Akoya Biosciences). Nuclei 

were stained using Hoechst 33258 (Thermofisher).  

 

For immunofluorescence, cells were fixed, permeabilized by 0.1% Triton X-100 (Sigma Aldrich), 

blocked with 3% bovine serum albumin (Sigma Aldrich) in PBS. Cells were then immunostained 
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with the indicated antibody, followed by the appropriate secondary. Lastly, nuclei were stained 

with Hoechst 33258.  

 

Microscopy was performed on an LSM880 with Airyscan (Zeiss) or an Olympus FV3000RS. On 

the LSM880, imaging of Huh7-Lunet cells was performed with 20x magnification objective, while 

NPCs were imaged with a 63x oil objective. On the FV3000RS, the 20x objective was used for 

imaging NPCs. All images were taken as a Z-stack.  

 

Western blot analysis 

Cells were lysed in RIPA lysis buffer (50 mM Tris-HCl [pH 8], 150 mM NaCl, 1% NP-40, 0.5% 

sodium deoxycholate, 0.1% SDS, supplemented with Halt protease inhibitor cocktail [Thermo 

Fisher Scientific]) to obtain whole-cell lysates or lysed using the NE-PER nuclear and cytoplasmic 

extraction kit (Thermo Fisher Scientific) to obtain cytoplasmic and nuclear fractions. Proteins were 

separated by SDS-PAGE and transferred to nitrocellulose membranes (Bio-Rad). Proteins were 

visualized by chemiluminescent detection with ECL and visualized on a ChemiDoc MP Imaging 

System (Bio-Rad). 

 

Computational and Statistical Analyses 

For western blot analysis, differences in band intensity were quantified by densitometry using 

ImageJ (58). Student’s t-test was used for statistical analysis of Western Blots. Imaris (Oxford 

Instruments) was used for analysis of confocal images, using the surface function for polyA mRNA 

analysis and dot function identifying specific transcripts by RNA-scope. Nuclei were also bounded 

and identified by the surface function of Imaris. PolyA RNA-scope experiments were statistically 

analyzed using a linear mixed model to account for individual cell values across multiple biological 

replicates. Data are represented as means plus standard errors of the means (SEM). Gene set 

overlap statistics were performed using a hypergeometric test. Statistical significance was defined 
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as follows: *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. Biological replicates are defined 

as the same experimental design but performed sequentially, with a different cell passage number 

and on different days.  

 

Analysis of RNA sequencing data 

PCR duplicates were removed using unique molecular identifiers in the RT primer region. The 

adaptor and barcode sequences were trimmed and reads were mapped step-wise to viral (ZIKV), 

repetitive and finally non-repetitive (GRCh38) genomes. Bowtie2 indexes were generated using 

the ‘bowtie2-build’ command in Bowtie2 for the ZIKV (KU501215.1) RNA genome sequences. 

The specific parameters used for the FAST-iCLIP pipeline were as follows: -f 18 (trims 17 nt from 

the 5′ end of the read), -l 16 (includes all reads longer than 16 nt), –bm 29 (minimum MAPQ score 

from bowtie2 of 29 is required for mapping; unique mapping only), –tr 2,3 (repetitive genome) and 

–tn 2,3 (non-repetitive genome) RT stop intersection (n,m; where n = replicate number and m = 

number of unique RT stops required per n replicates). Using the –tr/tn 2,3 parameters, a minimum 

of six RT stops are required to support any single nucleotide identified as a crosslinking site. 

 

Analysis of the sequencing data was performed using a custom analysis pipeline, with the peak 

finding software uploaded to Github (https://github.com/ChangLab/FAST-iCLIP/tree/lite). Other 

analyses were performed by aligning the reads to the human genome using STAR, followed by 

gene counts using Bedtools (59). Only reads in the canonical 3’UTR of the human transcripts 

were counted. The count distribution across the metagene of the CDS and 3’UTRs was visualized 

using deeptools (60). Log2 fold changes were calculated by comparing RPKM values between 

Mock and ZIKV infected cells. Genes with fewer than 10 total read counts were excluded from 

analysis.  

 

Heat maps and XY plots were produced using Prism 8 (GraphPad).  
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For total RNA and cytoplasmic/nuclear fractionated sequencing, reads were aligned to the human 

genome using the STAR aligner (61) (version 2.7.5) followed by HTSeq (62) (version 0.12.3) to 

obtain counts and then using the DeSeq2 (63) (version 1.28.1) pipeline to determine log2 fold 

changes in transcripts. Volcano plots were produced using the R-package, Enhanced Volcano 

(https://github.com/kevinblighe/EnhancedVolcano).  
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Figures 

 

 

Figure 3.1: UPF1 interactions with many host transcripts are lost during ZIKV infection of 
NPCs 
A) irCLIP schematic describing the workflow to obtain sequencing data. After 48 hrs of ZIKV 
infection, UPF1 and RNA are crosslinked using UV light, followed by UPF1 pulldown and protease 
degradation to expose the UPF1-bound RNA for sequencing. B) Metagene profile of all transcripts 
sequenced from the irCLIP experiment. The graphs show  Reads Per Kilobase of transcript, per 
Million mapped reads (RPKM) values for positions in the CDS and the 3’UTR. Experiment was 
produced from 2 biological replicates. Representative metagene plots (FREM2, NELL2, POU3F4, 
MDFIC) of loci found to have a loss of UPF1 interaction. C) A metagene plot of GAPDH, a 
transcript resistant to UPF1 degradation, and ACTB are shown as negative controls. D) Metagene 
plot of reads mapping to the ZIKV genome, with the 3’UTR marked. E) Tabular breakdown of read 
map percentages from the UPF1-CLIP experiment. 
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Figure 3.2: Loss of UPF1 interaction during ZIKV infection causes mRNA downregulation 
in the cytoplasm 
A) Volcano plot of whole transcriptome RNA sequencing of ZIKV infected NPCs compared to 
Mock, n=2 biological replicates. B) X-axis shows ZIKV: Mock log2 fold change in whole 
transcriptome sequencing, Y-Axis shows ZIKV:Mock log2 fold change from the UPF1 CLIP 
experiment. The green transcripts are >2 log2 fold change in the UPF1-CLIP and <2 log2 fold 
change in total RNA. C) Metascape analysis of transcripts identified to have a significant loss of 
UPF1 interaction in ZIKV infected cells compared to Mock. D) Volcano plot of sequencing from 
ZIKV-infected NPCs compared to Mock fractionated into cytoplasmic and nuclear fractions, n=2 
biological replicates. E) Number of differentially expressed genes from sequencing of ZIKV-
infected NPCs compared to Mock fractionated into cytoplasmic and nuclear fractions. F) Overlap 
of transcripts found to be significantly downregulated in the cytoplasm and those with greater than 
a 2 log2 fold decrease in the UPF1 CLIP. Statistics performed by hypergeometric probability test, 
***, P ≤ 0.001. G) A heatmap showing log2 fold changes of transcripts identified in the CLIP 
experiment in cytoplasmic and nuclear fractions.  
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Figure 3.3: ZIKV-mediated degradation of UPF1 leads to mRNA retention in the nucleus. 
A and B) During ZIKV infection (ZIKV ENV, green), polyA RNA (red) is shifted toward the nucleus 
(Hoechst, blue) in Huh7-Lunet cells. Statistics produced by a Linear Mixed Model. 3 biological 
replicates, n=25 cells (A) or 15 cells (B) per condition per replicate. C) Tetracycline-inducible 
Capsid expression in Huh7-Lunet cells was used to degrade nuclear UPF1. Leptomycin B (LMB) 
was used to increase UPF1 degradation. Statistics performed by Student’s t-test, n=3, and 
representative western blot shown. D) Capsid overexpression in Huh7-Lunet cells results in an 
increased ratio of polyA RNAs (red) in the nucleus. N=3 biological replicates, 25 cells per condition 
per replicate. E) Knockdown of UPF1 in NPCs results in an increased ratio of polyA RNAs (red) 
in the nucleus. NPCs were treated with siNT and siUPF1 for 96 hours. Statistics produced by a 
Linear Mixed Model. n=3 biological replicates, 15 cells per condition per replicate. *, P ≤ 0.05; **, 
P ≤ 0.01; ***, P ≤ 0.001. Error bars are SEM.  
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Figure 3.4: UPF1 knockdown leads to retention of FREM2 mRNA and decreased protein 
production, which causes premature differentiation of NPCs.  
A) qPCR of FREM2 in cytoplasmic and nuclear fractions in ZIKV infected NPCs. B) RNAscope of 
FREM2 in UPF1 knockdown NPCs. NPCs were treated with siRNAs for 96 hours prior to 
harvesting for microscopy. Number of nuclear puncta compared to cytoplasmic as calculated by 
Imaris. 3 biological replicates, 10 cells per biological replicate per condition averaged. Statistics 
produced by Student’s t-test. C) Western blot of siNT and siUPF1 treated NPCs. NPCs were 
treated with siRNAs for 96 hours prior to harvesting for microscopy. Densitometric analyses of 
FREM2 were performed using ImageJ to quantify relative band intensities. D) siNT and siFREM2 
treated NPCs stained for βIII-Tubulin, Soxs2 and Vimentin. NPCs were treated with siRNAs for 7 
days prior to analysis. Statistics produced by Student’s t-test. *, P ≤ 0.05; **, P ≤ 0.01; ***, P 
≤ 0.001. Error bars are SEM.  
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Supplemental Figure 3.1 
 
Electrophoresis of RNA pulled down with UPF1, visualized using the IR handle ligated to the 
RNAs. The region bounded by the red box indicates the part of the gel excised and then analyzed 
by irCLIP and AP-MS. AP-MS analysis is indicated in Supplemental File 1.  
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Supplemental Figure 3.2 

A) Log2 fold change from the fractionated RNA-sequencing between the nucleus and 
cytoplasm for markers of successful fractionation in the mock infected samples: GAPDH 
for cytoplasm and ANRIL for nucleus.  

B) Comparison of transcripts increased in the cytoplasm and transcripts that lost interaction 
with UPF1 as determined by CLIP. Only 6 transcripts overlapped between the two groups. 

C) Metascape Analysis of significantly upregulated transcripts found in the bulk RNA 
sequencing of Figure 2A. The top 400 upregulated genes were used to produce this GO 
clustering. 

D) Metascape Analysis of significantly upregulated transcripts found in the cytoplasmic and 
nuclear fractionated RNA sequencing of Figure 2D. The top 400 and 300 upregulated 
genes were used to produce this GO clustering. 
 
 
 
 
 

Supplemental Figure 2
A B C

Bulk

CytoplasmD Nucleus



 78 

 

Supplemental Figure 3.3 
Western blot for UPF1 in siNT and siUPF1 treated cells. Actin is shown as a loading control.  

 

Supplemental Figure 3.4 
Western blot for FREM2 in siNT and siFREM2 treated NPCs after 7 days. Densitometric analyses 
of FREM2 were performed using ImageJ to quantify relative band intensities 
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Chapter 4 

Genomic and Serologic Characterization of Enterovirus A71 Brainstem Encephalitis 

 
A version of this chapter was published: 
 
Leon, K. E. et al. Genomic and serologic characterization of enterovirus A71 brainstem 
encephalitis. Neurol Neuroimmunol Neuroinflamm 7, doi:10.1212/nxi.0000000000000703 
(2020). 
 
Foreword 
 
While the majority of my dissertation has been focused on ZIKV, another project I wanted to 

highlight used many of the same tools, especially RNA sequencing, as a clinical diagnostic for 

patients suffering from severe neurological disease. This chapter is included to highlight how 

traditional laboratory techniques can be used to advance the field of medicine and how 

traditional virology can inform clinical practice.   

 
Introduction 

 

In early 2016, an outbreak of enterovirus A71 (EV-A71) in Catalonia caused more than 100 

pediatric cases of neurological disease, ranging from aseptic meningitis to brainstem 

encephalitis with or without myelitis (1). qRT-PCR for EV with genotyping of peripheral blood, 

respiratory, and gastrointestinal samples, but not cerebrospinal fluid (CSF), identified EV-A71 in 

40 out of 57 subjects. Other EVs were also found in 7 out of 57 subjects, including echovirus 30 

(E-30), Coxsackievirus (CV) B1, and CV A10. While unable to type the EVs, the BioFire 

FilmArray Meningitis/Encephalitis panel detected EV in the CSF of 4 out of 20 subjects with 

brainstem encephalitis (2). The EV-A71 strain detected in this study was subtyped as 

subgenogroup C1, and phylogenetic analyses showed it was closely related to an EV-A71 strain 

associated with a 2015 German case of brainstem encephalitis (3-5). EV-A71 and other EV-

related neurologic disease outbreaks were also reported in France and Denmark in 2016 (6-7). 

While EV-A71 was detected in peripheral body sites of many of these cases, EV-A71 was only 
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identified in the CSF of 0.02% of subjects in the German study, 3% in the Danish study, and 

14% in the French study.  

 

Despite the presence of EV in peripheral samples, questions remained about the Catalonia 

outbreak. Since pan-EV qRT-PCR was negative in the CSF of subjects with brainstem 

encephalitis (1,8), concern persisted that neurological symptoms may have been caused by a 

para-infectious mechanism or an unidentified co-infection. In addition, standard qRT-PCR 

assays on peripheral samples recovered small segments of the EV-A71 genome, thereby 

limiting the ability to assess for viral mutations that may have modulated neurovirulence. 

 

To address these concerns, we deployed metagenomic next-generation sequencing (mNGS) on 

samples from the 2016 Catalonia outbreak. mNGS is an unbiased assay that can 

simultaneously identify nucleic acid from viruses, fungi, bacteria and parasites in subjects with 

neurological symptoms. As opposed to traditional PCR assays that amplify limited and usually 

highly conserved regions of a microbe’s genome, the entire genome of a pathogen can often be 

recovered with mNGS. This makes it possible to identify genomic changes in the virus that may 

correlate with increased neurovirulence or reveal strain divergence (9). Here, we deployed 

mNGS on CSF, nasopharyngeal (NP), plasma, and stool samples from children affected by 

neurologic disease during the 2016 Catalonia outbreak. This allowed us to screen for all EVs 

and for possible co-infections while simultaneously comparing EV genomes for any differences 

between subjects with brainstem encephalitis and other manifestations of neurologic disease 

(i.e. meningitis with or without encephalitis with self-limited and short-lasting symptoms). We 

supplemented our investigations with an enhanced version of a previously published assay that 

comprehensively assesses for anti-viral antibodies using phage display (VirScan) and 

performed orthogonal confirmation with EV ELISA (10-12). 
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Methods 

Cohort 

The cohort consisted of 20 pediatric cases of EV-related neurological diseases. Specifically, we 

selected 10 children diagnosed with brainstem encephalitis or encephalomyelitis and 10 

children with aseptic meningitis or uncomplicated encephalitis. Cases were recruited from the 

Hospital Sant Joan de Deu, University of Barcelona between April and June 2016. The Hospital 

Sant Joan de Deu is a 300-bed tertiary care hospital for high-complexity patients across a 

catchment area with a pediatric population of ~300,000 and has participated in a Spanish EV 

molecular surveillance network since 2010. EV-related neurological disease was defined as the 

detection of EV by a pan-EV qRT-PCR assay or BioFire FilmArray Meningitis/Encephalitis panel 

(8,13-14) in at least one sample from a subject suffering acute neurological disease in the 

absence of another clear cause (1). Case definitions of the World Health Organization’s Guide 

to Clinical Management and Public Health Response for Hand-Foot-and-Mouth Disease 

(HFMD), detailed in Table e-1, were followed by a group of trained pediatricians to classify 

cases.  

 

Case demographics and clinical syndromes are described in Table 1. De-identified samples 

from encephalomyelitis/brainstem encephalitis (n=10) and meningitis/encephalitis (n=10) were 

transferred to UCSF on dry ice and stored at -80oC. Specimens from cases included CSF, 

serum, NP, and stool samples (Figure 1 and Table e-2). Among the 60 samples, 35 were EV-

negative by clinical pan-EV qRT-PCR (Table e-2). Subjects 1-10 were negative by the BioFire 

FilmArray Meningitis/Encephalitis panel (2). All EV-positive subjects (by clinical PCR) were 

genotyped at the Enterovirus Unit of the Spanish National Centre for Microbiology according to 

a previously described procedure (15). For VirScan controls, we used CSF from pediatric 

subjects with other neurologic diseases (ONDs). VirScan and available clinical data has been 

previously published on this control cohort (10). 
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Standard Protocol Approvals, Registrations, and Patient Consents 

The institutional ethics board approved the study and informed consent was obtained from 

parents or caretakers (1). 

 

Metagenomic Sequencing Library Preparation 

After samples were thawed, RNA was immediately extracted. The plasma, stool and NP 

samples were homogenized with OMNI-International’s 2.8 mm ceramic bead kit and the 

TissueLyser II (Qiagen) for 5 min at 15 Hz. RNA isolation from the CSF samples (250 

uL/sample), the plasma samples (250 uL/sample), the NP swab samples and two water controls 

was performed using the Direct-zol RNA MicroPrep with TRI reagent (Zymo Research) into 20 

uL of nuclease-free water (ThermoFisher Scientific). Homogenized stool samples (250 

uL/sample) were extracted using the RNeasy PowerMicrobiome Kit (Qiagen) on a Qiacube 

(Qiagen) into 100 uL of RNase-free water along with a water control. Sequencing libraries were 

prepared as described previously (18). The libraries were subjected to Depletion of Abundant 

Sequences by Hybridization (DASH), described previously, to remove human mitochondrial 

cDNA (17). The pooled library was size-selected using Ampure beads (Beckman Coulter), and 

concentration and quality were determined using a Fragment Analyzer (Advanced Analytical 

Technologies). Samples were sequenced on an Illumina HiSeq 4000 instrument using 140/140 

base pair (bp) paired-end sequencing.  

 

Sequencing libraries produced from the CSF samples were prepared together (including a water 

control). Sequencing libraries from the plasma, stool and NP swab samples were prepared 

together with their respective water controls. The water controls for CSF and NP samples 

contained no EV reads (i.e., sequences). The stool water control, which had been pooled for 

sequencing with stool samples containing EV reads, had 0.7 EV reads per million (rpM). To 
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differentiate whether the EV reads present in the stool water control stemmed from sample 

contamination during library preparation or from sequencer contamination due to barcode 

hopping (18), we re-sequenced the same stool water control library independent of the stool 

samples. When sequenced separately, we found no EV reads in the stool water control. This 

suggested that the EV reads originally detected in the stool water control resulted from barcode 

hopping and not from sample contamination during library preparation. To remove any potential 

that physical cross contamination had occurred between libraries, we re-sequenced a subset of 

the original libraries with pathogen abundance below 0.7 rpM and only considered a case 

positive if the pathogen was detected in both sequencing runs. If a pathogen was only detected 

in a sample in one of the two sequencing runs, it was considered to have 0 EV reads in that 

sample.  

 

mNGS Bioinformatics 

Sample sequences were analyzed for pathogens using a custom pathogen identification 

pipeline as previously described (19). Sequences that mapped to the EV genus were 

assembled de novo using the Geneious version 10.2.3 and St. Petersburg genome Assembler 

(SPAdes) version 3.10.0 (20). Phylogenetic trees were created in Geneious using a MUltiple 

Sequence Comparison by Log-Expectation (MUSCLE) or Multiple Alignment using Fast Fourier 

Transform (MAFFT) alignment algorithm followed by the Geneious Tree Builder tool with 

Neighbor-Joining build method (3, 21). Bootstrapping was performed with 100 replicates. 

Statistics comparing the degree of concordance between research-based mNGS results and 

standard clinical diagnostic testing and comparing direct and indirect testing methods results 

were performed using Mann-Whitney and McNemar’s statistical tests. 
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Pan-viral CSF Serologic Testing with VirScan 

We constructed a T7 bacteriophage display library comprising 481,966 sixty-two amino acid 

peptides with 14 amino acid overlap tiled across full-length vertebrate, mosquito-borne, and tick-

borne viral genomes downloaded from UniProt and RefSeq databases in February 2017, as 

previously described (VirScan) (10-11). VirScan libraries were incubated with 2 uL of CSF 

overnight, immunoprecipitated with protein A/G beads (ThermoFisher Scientific) for two rounds 

and sequenced as previously described (10). We normalized individual peptide counts and 

expressed them as reads per 25,000 reads sequenced (rpqK). A sample was considered EV 

positive if the total EV rpqK value was greater than the mean signal in the OND controls plus 

one standard deviation. 

 

Enterovirus ELISA Validation 

To validate our VirScan results, we generated recombinant EV viral protein 1 (VP1) from EV-A71 

and EV-D68, given that complex and cross-reactive serologic responses to EVs are known to 

occur in subjects, and performed two independent ELISAs on each sample and considered the 

higher value as previously described (10). Signal was measured as the optical density (OD) at 

450 nm and reported after background subtraction (background OD = 0.05). A sample was 

considered positive if the OD was greater than three times the background. 

 

Data Availability 

Assembled viral sequences have been deposited in Genbank, and non-human reads have been 

deposited in the BioProject Database.  
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Results 

Traditional Clinical Testing versus Research mNGS 

We obtained an average of 21.8 million (range 4.53-61.1 million) 140 bp paired-end reads per 

sample (Table e-2). The non-human sequence reads have been deposited at the National 

Center for Biotechnology Information (NCBI) Sequence Read Archive, BioProject 

(PRJNA504776). 

 

As expected, EV-A71 was the most common virus detected across all samples (Fig. 1A). In the 

CSF, however, EV-A71 detection remained low relative to NP and fecal testing. By pan-EV 

qRT-PCR, 0/20 cases were positive in the CSF versus 10/16 in NP and 9/15 in fecal samples 

(p-value < 0.001 for both comparisons by Fisher’s exact test). With mNGS, 3/20 cases were 

positive in the CSF versus 13/16 in NP and 10/15 in fecal samples (p-value < 0.001 and p = 

.003 Fisher’s exact test). There was no statistically significant difference observed in the number 

of samples testing positive by NP or fecal testing (p = 1.0 for qRT-PCR and p = 0.43 for mNGS 

by Fisher’s exact test). When EV-A71 was present in the CSF, the number of reads detected 

was lower than for the other two EVs we found, highlighting the difficulty of detecting EV-A71 in 

CSF (Figure 1B). The mean read count for E-30 was greater in the CSF than that for EV-A71 

(mean rpM 107.28, range 16.24-337.8 versus 0.23, range 0.06-0.55, p-value = 0.057 by Mann-

Whitney test). We detected CVB in 1 case which, like E-30, was at a much higher abundance 

than EV-A71 (32.25 rpM). We did uncover co-infection with more than one EV in five subjects 

(Figure 1C). Overall, we tested 60 samples by both mNGS and qRT-PCR. mNGS found EV 

reads in 100% of qRT-PCR positive samples (n = 25). mNGS detected EV in an additional 22% 

(n = 8) of samples negative by qRT-PCR, a statistically significant improvement in detection rate 

for mNGS versus qRT-PCR (Figure 1D, p = 0.01 by McNemar’s test).  
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Phylogenetics 

Full-length EV-A71 (n = 7), E-30 (n = 4), and CV-B virus (n = 1) genomes (coverage depth 

range 22-2,296x, Genbank MH484066-MH484076, MN515037) were assembled as described 

in the Methods. All seven EV-A71 genomes were essentially identical to the German 

neuroinvasive EV-A71 strain (Genbank KX139462.1, 99.3—99.4% nucleotide similarity and 

99.7-99.8% amino acid similarity, Figure 2A). In addition, we reproduced a previous but more 

limited phylogenetic analysis showing greater similarity in the VP1 sequence between the 

neurovirulent EV-A71 in Catalonia and other neurovirulent EV-A71 strains detected in Germany, 

China, and West Africa as compared with pre-outbreak HFMD EV-A71 in Spain (Figure 2B) (3, 

22-24). 

 

To determine the degree of divergence of neurovirulent EV-A71, E-30, and CV-B from their 

respective viral species, we built a phylogenetic tree using the Catalonia genomes and 8,841 full 

length EV genomes from the NCBI’s GenBank database (Accessed February 2018) clustered at 

95% similarity. Since we detected more than one EV species in five subjects and because EVs 

are known to recombine, we used this phylogenetic analysis to determine whether any obvious 

interspecies recombination events had occurred (25-26). However, all 3 viruses clustered within 

their own species without any major deviation (Figure 2C).  

 

Lastly, an EV-A71 genome assembled from a CSF sample was compared to EV-A71 genomes 

derived from the same subject’s stool and NP samples (subject 16). A single amino acid 

substitution (S241P) in the VP1 region was found only in the CSF, not the two peripheral sites. 

Indeed, all of the EV-A71 genomes identified in peripheral body sites from this study had a 

serine in position 241 (Figure 2D).  
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VirScan Increases CSF Detection of Enterovirus 

While mNGS improved the detection of EVs across our 20 subjects compared with traditional 

qRT-PCR, uncovered EV co-infections in 5 instances, and enabled phylogenetic and mutational 

analyses, detection of EV-A71 in the CSF was more difficult than in the NP or fecal samples, as 

described above. Therefore, we deployed VirScan for comprehensive anti-viral antibody 

detection in the CSF. After performing VirScan on 12 cases and 54 pediatric controls with 

ONDs, the only significantly enriched viral family in our cases was Picornaviridae 

(Supplemental Figure 4.1A, mean rpqK was 2,366 in cases versus 224 in controls, p-value < 

0.001 by Mann-Whitney with Bonferroni correction). Within Picornaviridae, genus Enterovirus 

was the most enriched (Supplemental Figure 4.1B-C, median proportion of reads 0.09 in 

cases versus 0.002 in controls, p-value < 0.001 by Mann-Whitney with Bonferroni correction). 

To determine the genomic location of enriched EV antigens in VirScan, we used BLASTp to 

map all genus Enterovirus peptides against a model EV-A71 genome (Genbank Accession 

AXK59213.1), recognizing that not all EV subject antibodies are likely to be truly EV-A71 

specific. The location and strength of the EV antigen response detected in cases by VirScan is 

shown normalized against controls, with immunodominant regions visible in VP1 and 3D 

(Figure 4.3A). The pattern of EV antigen targeting appears to be highly conserved and similar 

to a group of previously published pediatric acute flaccid myelitis cases predominantly from the 

United States (Figure 4.3A, red overlay) (10).  

 

We next confirmed the EV VirScan results in a subset of cases with remaining CSF using an EV 

VP1 ELISA. The EV ELISA was confirmatory in all of the cases detected by VirScan (6/6). Thus, 

we considered the other EV cases detected by VirScan for which there was insufficient CSF to 

do confirmatory ELISA positive as well (n = 2 cases and n = 1 OND control were positive by 

VirScan but had insufficient CSF remaining for confirmatory ELISA). In addition, EV ELISA was 

positive for 3 cases in whom the amount of enterovirus signal by VirScan was below the 
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threshold we set to consider a sample positive. In total, 9/54 (17%) of the pediatric OND 

controls were positive for CSF EV antibodies. Of note, EV antibody detection by VirScan was 

not confirmed by EV ELISA in one OND control. This subject had limited clinical information 

available, and the EV-A71 ELISA had detectable signal above the background but was not 

above the conservative threshold we used to determine whether a sample was positive.  

 

We found that we were able to detect CSF EV antibodies using VirScan or EV VP1 ELISA 

regardless of whether EV had been previously detected in the CSF by mNGS or qRT-PCR 

(Figure 4.3B, p-value = ns by Mann-Whitney). EV was especially difficult to detect in the CSF of 

subjects with brainstem encephalitis using mNGS or qRT-PCR (Figure 4.3C). Therefore, we 

asked whether EV detection in brainstem encephalitis could be improved with EV VirScan or 

ELISA. Indeed, serologic testing with CSF VirScan or ELISA was able to improve detection of 

EV in brainstem encephalitis (Figure 4.3D, p-value = 0.07 Fisher’s Exact Test). 

 

Discussion 

The original description of the 2016 pediatric brainstem encephalitis outbreak in Catalonia 

identified EV-A71 as the likely etiologic agent. However, this conclusion was tempered because 

1) there were multiple co-circulating EVs present during the outbreak, and 2) EV-A71 was not 

identified in the CSF of the majority of children with brainstem encephalitis. Identifying EVs in 

peripheral body sites of children with severe neurologic disease but failing to find it in the CSF 

mirrors both the recent North American outbreak of acute flaccid myelitis associated with EV-

D6821 and outbreaks of EV-A71 neurological disease (27-28). Here, we utilized mNGS and 

serologic testing with VirScan and confirmatory EV ELISA to further investigate samples from 

the Catalonia outbreak to enhance detection of pathogens, especially in the CSF. 
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mNGS identified EV-A71 in the CSF of 3 subjects not detected by qRT-PCR. EV-A71 

abundance in the CSF was very low (range 0.06-0.55 rpM) compared to other EVs detected in 

the CSF in this study (i.e., E-30 and CVB). In addition, only 2.4% (4/166) of the EV-A71 reads 

mapped to the 5’ untranslated region (UTR) targeted by the primers used in the clinical qRT-

PCR assay. Since mNGS can identify EV sequences from any part of the viral genome, this 

may help explain its improved sensitivity over the more targeted clinical qRT-PCR and the 

BioFire FilmArray Meningitis/Encephalitis panel assays (1,8).  

 

In addition, mNGS also identified five subjects co-infected by two different EVs, and two of 

these subjects had brainstem encephalitis. Due to the small number of subjects in our study, we 

are not able to determine whether co-infection contributed to disease severity. These findings 

highlight that in the midst of an outbreak, unbiased mNGS can detect co-infections, and future 

studies may uncover ways in which co-infections impact clinical presentations and outcomes. 

 

A limitation of this paper is that, due to sample availability, we did not perform orthogonal 

confirmation of the mNGS-only virus identifications. As a result, our evaluation of the 

performance of the mNGS assay is vulnerable to incorporation bias because the gold standard 

by which we are evaluating its performance includes the mNGS results29. However, since we 

tested low abundance samples on two independent sequencing runs, we are confident that 

even the low levels of EV detected by mNGS in some samples did not result from contamination 

during sample preparation or from barcode hopping.  

 

Through mNGS, we added significant new knowledge about neurovirulent EV-A71, including 7 

full-length genomes. The assembled neurovirulent EV-A71 genomes were related to other 

neurovirulent EV-A71 strains detected in Germany, West Africa, and China rather than pre-

outbreak Spanish EV-A71 strains associated with HFMD. Interestingly, we found that the EV-
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A71 strain circulating in Catalonia appeared to be most closely related to the neurovirulent 

German strain, followed by the West African and then Chinese strains (22). The German strain 

reported in 2015 clusters within the C1 subgenogroup when comparing VP1 regions. However, 

the 5’ UTR clusters more closely with B3 and C2-like strains, and the P2 and P3 regions cluster 

with C4 strains related to strains reported in China (30).  

 

In a single subject, we discovered a single amino acid substitution (S241P) that was present 

only in EV-A71 sequences derived from the CSF, and not from viral sequences in the periphery 

of that same subject. This substitution was not seen in any of the other EV-A71 viruses 

sequenced from the same outbreak, nor was it found in any of the EV-A71 VP1 sequences 

compared in Figure 4.2B. An amino acid substitution (S241L) at this location has been 

previously reported to be associated with increased virulence (31). However, those authors also 

identified coincident, additional mutations that increased the virus's ability to use the P-selectin 

glycoprotein ligand-1 (PSGL-1) cell receptor (31-34). Here, the S241P mutation we observed 

occurs without the mutation at position 145 that is required for PSGL-1 binding, suggesting that 

this variant of unknown significance at position 241 may impact virulence in a PSGL-1 

independent manner. Although we were able to obtain EV-A71 sequences in the CSF from 

subjects 12 and 17, they did not span position 241 of VP1. No CSF remains from these subjects 

to obtain additional sequence information. While the clinical and functional significance of the 

S241P mutation remains uncharacterized, this study highlights the importance of acquiring viral 

nucleic acid directly from the CNS as opposed to the periphery alone.   

 

Due to the limitations of direct detection of viral pathogens using nucleic acid-based methods, 

we utilized VirScan to comprehensively profile CSF anti-viral antibodies. This technique has 

previously shown utility in the diagnosis of encephalitis without a clear etiology (12). We show 

that antibodies directed towards the genus Enterovirus, but not towards other viruses, were 
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present in the CSF of 8/12 cases. When we further examined a subset of these cases with an 

EV ELISA and combined the results with VirScan, we found evidence for EV antibodies in 11/12 

(92%) cases from the Catalonia outbreak versus just 9/54 (17%) pediatric OND controls with 

significantly improved detection of brainstem encephalitis due to EV. While we are able to detect 

antibodies to EVs broadly, VirScan and ELISA detected antibodies targeting highly conserved 

segments of EVs and thus, did not allow for consistent viral typing. In addition to detecting CSF 

antibodies to EV, our analysis uncovered immunodominant epitopes at VP1 and 3D, similar to 

what we found previously in EV-associated acute flaccid myelitis (10,35). However, evaluation 

of linear peptides from other regions of the EV genome may be more fruitful for subtyping EV 

infections (35), and future work with natively folded EV proteins may also better serologically 

type EVs. 

 

While mNGS can detect a variety of pathogens in the CSF (19,37-38), there have been few 

reports on the actual diagnostic yield of mNGS of CSF compared to traditional assays such as 

pathogen-specific PCR and the BioFire FilmArray Meningitis/Encephalitis panel. In our study, 

mNGS was more sensitive in cases with very low EV read abundance (39). Furthermore, 

identifying an EV-A71 closely related to strains previously associated with neurologic disease in 

Germany, West Africa, and China in the CSF of 3 additional subjects provides strong evidence 

that the Catalonia outbreak was due to neuroinvasive EV. While the experiments described 

herein utilized a research-based CSF mNGS assay, a clinically validated CSF mNGS assay 

with a 3- to 7-day turnaround time was recently evaluated in a multi-center prospective study 

and is now clinically available (39-40). Thus, the role of mNGS in individual patient care and 

public health outbreak investigations will likely expand. 

Similarly, the detection of CSV EV antibodies in many of these subjects supports our findings of 

EV nucleic acid in the CSF while also providing more information about the immune response 
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against EV. A limitation of the VirScan method is that we are unable to distinguish between 

antibodies that have been synthesized intrathecally versus peripheral synthesis followed by 

transudation across the blood brain barrier. Furthermore, it is difficult to definitively say whether 

these anti-EV IgG antibodies developed in response to this particular outbreak. However, the 

markedly lower levels of CSF EV antibodies in our pediatric OND control population, many of 

whom also had blood brain barrier compromise, supports our contention that the high levels of 

CSF EV antibodies in the cases results from a CNS EV infection and not simply from anti-EV 

antibodies formed in the periphery in response to the many peripheral EV infections children 

contract. 
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Figure 4.1: Summary of mNGS diagnostics: improvement over traditional clinical testing. 
A) Comparison of mNGS and qRT-PCR detection of EV-A71, E-30 and CVB in CSF, NP and 
fecal samples. Statistics performed using Fisher’s exact test, with orange and blue p-values 
corresponding to mNGS and qRT-PCR results, respectively. B) Comparison of detection levels 
for each different experiment, with rpM representing mNGS and Ct values for qRT-PCR. 
Triangles denote samples identified by mNGS but not qRT-PCR. Statistics performed using a 
Mann-Whitney test. C) Heatmap of each individual subject with each body site represented. 
Boxes with two colors represent co-detections of different viral species. D) Comparison of 
mNGS detection rates to qRT-PCR. Statistics performed using McNemar’s test. CSF = 
cerebrospinal fluid, NP = nasopharyngeal, EV-A71 = enterovirus A71, E-30 = echovirus 30, 
CVB = Coxsackievirus B 
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Figure 4.2: Phylogenetic and Genomic Analysis of EV-A71. A) Phylogenetic tree of full-
length viral genomes for enterovirus A71, echovirus 30, Coxsackievirus B and rhinovirus 
isolated from CSF (L), stool (F) and NP (N) compared to the German neuroinvasive strain 
(KX139462.1). Rhinovirus obtained from subjects acts as the root. The number refers to the 
subject. B) Confirmation of clinical VP1 testing that the Catalonian EV-A71 Viral Protein 1 (VP1) 
gene is most closely related to a neuroinfectious German strain. Blue = neuroinvasive EV-A71, 
Orange = HFMD EV-A71. C) Phylogenetic tree of 545 EV genomes from every species 
highlighting the relatedness between the EV strains discovered in this outbreak. D) Protein 
alignment of the VP1 gene highlighting the S241P mutation found exclusively in the CSF of 
subject 16. Scale bars indicate nucleotide substitution rate per position.  CSF = cerebrospinal 
fluid, NP = nasopharyngeal, F = fecal, EV-A71 = enterovirus A71 
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Figure 4.3: VirScan Identifies Immunodominant Enterovirus Antigens and improves the 
detection of CSF enterovirus in Encephalomyelitis / Brainstem encephalitis A) VirScan 
identified 136 unique, enriched viral antigens with taxonomies linking them to genus 
Enterovirus. We mapped 123 of these 136 peptides with BLASTP to a reference EV-A71 
genome (Genbank Accession AXK59213.1) as described previously9 (coding genes in light 
blue, non-coding genes in orange). Mapping revealed the relative locations of the EV antigens 
identified in the Catalonia cases (graphed blue shading) across the EV genome, which 
appeared remarkably conserved as seen previously in pediatric acute flaccid myelitis (graphed 
light red shading with overlap appearing grey)10. B) Violin plot revealing enrichment for EV 
antigens by VirScan and EV VP1 antigen by ELISA in Catalonia cases regardless of whether an 
EV had been previously identified by mNGS or qRT-PCR (p = ns for both comparisons). In both 
groups, EV detection was significantly greater than in the pediatric OND controls (p < .001 for all 
comparisons as indicated). The Mann-Whitney test was used, with Bonferroni correction for 
VirScan. C) Differences in virus detection for subjects with encephalomyelitis/brainstem 
encephalitis or encephalitis/meningitis. The detection of CSF EV by mNGS or qRT-PCR was 
low (0/10). D) VirScan or ELISA improved EV detection in encephalomyelitis/brainstem 
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encephalitis (0/6 versus 5/6, p = 0.07 by McNemar’s test). EV = enterovirus, CSF = cerebral 
spinal fluid, NP = nasopharyngeal 
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Supplemental Figure 4.1: VirScan Detects CSF Enterovirus Antibodies. A) Workflow for 
sample processing and analysis. B) Baltimore classification of viral families detected by 
VirScan. Heatmap color intensity was calculated by subtracting the mean reads per twenty-five 
thousand reads sequenced (rpqK) in the Catalonia cases from those in the pediatric other 
neurologic disease (OND) control CSF. The maximum (orange) and minimum (blue) color 
intensities represent +2,500 and -2,500 rpqK, respectively. C) Genus Enterovirus is enriched 
the strongest in the Catalonia samples. D) Focused comparison of the fraction of reads mapping 
to Enterovirus in the Catalonia cases and the OND control CSF. The mean, first quartile, and 
third quartile are indicated by horizontal lines; Mann-Whitney test corrected for multiple 
comparisons with a Bonferroni correction. 
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Table 4.1. Summary of subject group demographics and clinical data.  
 Cases 

Total=10 
Controls 
Total=10 

Mean age (months)a 22.7 (18.1-
31.2) 

10.8 (0.9-
37.5) 

Sex (male) 4 6 
Systemic symptoms    

Fever 10 10 
Vomiting 6 4 
Diarrhea 2 1 
Exanthema 5 3 
Enanthema 8 2 

Neurologic symptoms   
Meningismus 2 3 
Irritability 2 2 
Lethargy 8 4 
Headache 1 2 
Myoclonic jerks 6 0 
Tremor 5 0 
Ataxia 9 0 
Paresis  3 0 
Nystagmus and/or 
strabismus 

1 0 

Bulbar palsy 2 0 
Medullary symptoms 3 0 

WHO clinical classification   
Meningitis 0 7 
Encephalitis 0 3 
Brainstem 
encephalitis 
Encephalomyelitis 

8 
2 

0 
0 

EV results by Clinical Pan-EV qRT-PCR (positive/total) 
CSF 0/10 5/10 
Plasma 0/7 0/2 
Nasopharyngeal 
sample 
Stool 

8/9 
5/9 

3/7 
4/6 

a Median (interquartile range). 
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