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Abstract

The RNA binding protein Musashi 1 (MSI1) has been shown to bind to the Zika
virus (ZIKV) 3′ untranslated region (3′UTR) and enhance viral replication. MSI1
is present in high levels in neural progenitor cells of the foetal brain, and previous
work proposed that MSI1 could drive the pathogenesis caused by ZIKV, and there-
fore, could be linked to the cases of congenital microcephaly observed during the
2015/2016 epidemic. The work presented here utilises reverse genetics to investigate
the mechanism of MSI1 enhancement of ZIKV replication by introducing putative
MSI1 binding site mutations into the 3′UTR. Using U251 cells ± MSI1, it was shown
that one of the site mutations (Site D) induced a MSI1 dependent reduction in viral
replication, indicating that this site may be particularly important for MSI1 binding
to the ZIKV 3′UTR. Following viral characterisation in Vero cells, several of the site
mutants displayed varying levels of viral attenuation, in one case so severe it was
not possible to rescue virus. Passage experiments revealed the importance of one
site mutation (Site B), whereby the partial reversion of one of the two mutated nuc-
leotides was observed, indicating the importance of a single nucleotide in the 3′UTR
to the overall fitness of the virus. The structure of the flavivirus 3′UTR is well
conserved, highlighting its importance to the viral life-cycle. To structurally map
the 3′UTR of the different site mutants, a novel structural cassette was designed
and employed, allowing, for the first time, in vitro selective 2′-hydroxyl acylation
analysed by primer extension mapping of the full 3′UTR structure. This was used
to study the contribution of specific nucleotides to the 3′UTR structure, revealing
a disruption in RNA structure in the Site B mutant, and thus sfRNA production.
Additionally, sfRNA production was found to be restored following the single nuc-
leotide reversion. Further investigations linked the hampered sfRNA production to
reduced virion production in IFN competent A549 cells, which was not observed in
IFN deficient Vero cells, reaffirming the link between sfRNA production and immune
evasion. Overall, this thesis highlights the importance of the ZIKV 3′UTR to viral
fitness and provides useful tools for future investigations.
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Chapter 1

Introduction

1.1 Flavivirus features and classification

The Flaviviridae family encompasses four different genera; Flavivirus, Pestivirus,
Hepacivirus, and Pegivirus. Viruses of the Pestivirus genus infect pigs as well as
wild and domestic ruminants, leading to enteric, haemorrhagic or wasting diseases.
Members of this genus include classical swine fever virus, and bovine viral diarrhea
virus, which both cause large economic losses to the farming industry. Within
the Hepacivirus genus, Hepatitis C virus is an important human pathogen which
can cause severe liver disease, whereas members of the Pegivirus genus also infect
mammals, but have not been linked to disease [1]. Zika virus (ZIKV) is a member
of the Flavivirus genus which includes over 53 species of arthropod-borne viruses
that mainly infect mammals and birds [1, 2].

Flaviviruses display clear differences in the utilisation of different host species for
transmission and replication. Flaviviruses can therefore be categorised based on
their vector species into mosquito-borne flaviviruses (MBFs), tick-borne flavivir-
uses (TBFs), insect-specific flaviviruses (ISFs), or flaviviruses with no known vector
(NKVs) [1, 3, 4]. MBFs and TBFs can replicate in both arthropods and verteb-
rates, the most common transmission cycle for flaviviruses. Comparatively, NFKs
have only been isolated from vertebrates such as mice and bats, and ISFs are re-
stricted to replication in insects. Other notable human pathogens found within the
MBFs and TBFs include West Nile virus (WNV), yellow fever virus (YFV), dengue
virus (DENV), Japanese encephalitis virus (JEV) and tick-borne encephalitis virus
(TBEV) [2, 5]. Flaviviruses can cause severe human disease, including encephalitis
as is seen for WNV and JEV, and haemorrhagic diseases as is seen following severe
DENV and YFV infections [6].

Flaviviruses are no strangers to outbreaks, having caused many in the past 70 years,
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and the geographical range of flaviviruses has only grown wider, highlighting the
potential for future epidemics [7]. For example, DENV is endemic in areas inhabited
by over a quarter of the world’s population, with an estimated 400 million cases
of infection each year [8]. In 2010 local transmission of DENV was detected in
Croatia and France, and in 2012 an outbreak causing over 2000 cases occurred in
the Madeira islands of Portugal [9]. Similar to ZIKV, WNV was initially linked
to small outbreaks causing febrile illness, circulating throughout Asia, Africa, the
middle East, and Australia. However, in the 1990s cases in Eastern Europe were
linked to more severe neurological disease, and in 1999 the introduction of WNV
into New York lead to a large scale outbreak and the continued circulation of WNV
throughout the United States of America [7]. In 2016 there were outbreaks of YFV
in densely populated urban areas within the Democratic republic of the Congo and
Angola which has trade links to China, again highlighting the potential for global
spread [10]. Despite the existence of licensed vaccines for YFV, DENV, JEV and
TBEV, these viruses continue to pose a threat to public health [7]. Thus, flaviviruses
are an important group of human pathogens and further studies are required to
better understand the spread and continued threat to human health posed by these
viruses.

1.2 The Flavivirus genome

1.2.1 Genome organisation

Flaviviruses have a common genome organisation consisting of a positive sense RNA
genome of approximately 11 kilobases (kb) in length, encoding one large polyprotein
flanked by highly structured 5′ and 3′ untranslated regions (UTRs) (Figure 1.1). For
ZIKV, ribosome profiling data has also identified a single upstream open reading
frame (uORF) in African isolates which is split into two uORFs in the the Asian
strain PE243, although their function is still unknown [11]. Following translation,
the polyprotein is cleaved to generate viral proteins as shown in Figure 1.1. The
roles of the structural and non-structural proteins are depicted in Table 1.1. ZIKV
RNA is capped by the methyltransferase and guanylyltransferase activity of the viral
protein NS5, producing RNA that mimics the host RNA, however, unlike host RNA,
viral RNA does not have a poly(A) tail. Instead, at the 3′ end of the RNA, there is a
highly structured 3′UTR, which in DENV has been shown to bind poly(A)-binding
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protein (PABP) and enhance viral translation [12].

Figure 1.1: The flavivirus genome. Shown is the genome organisation of the ZIKV
polyprotein encoding the structural and non-structural proteins. The protease cleav-
age sites are indicated by arrows coloured to indicate cleavage by different proteases,
namely the signal peptidase (dark blue), golgi protease (red) and NS3 (light blue).
The 5′ and 3′ UTR structures flanking the coding region are also depicted. Adapted
from [13](https://viralzone.expasy.org. Zika virus.).

Table 1.1: Functions of Flavivirus proteins [14].

Viral protein Functions
Structural
Capsid (C) Encapsidation of viral genomic RNA.
Envelope (E) Binds host cell receptors, mediates membrane fusion and entry of virion into

host cell.
Membrane protein
precursor (prM)

E protein chaperone, protects fusion peptide.

Membrane
protein (M)

Component of outer membrane.

Non-structural
NS1 Role in viral replication and immune evasion.
NS2A Virion assembly, immune evasion by antagonising IFN α/β response.
NS2B Co-factor of NS3 for proteolytic cleavage of viral genome.
NS3 Serine protease cleaving viral polyprotein, RNA helicase for viral replication.
NS4A Role in viral replication. Immune evasion by inhibiting Akt-mammalian

target of rapamycin (mTOR) signalling along with NS4B.
NS4B Role in viral replication. Immune evasion by inhibiting mTOR signalling

along with NS4A. Inhibits IFN signalling and promotes remodelling of the ER
membrane to form membrane vesicles which are the sites of viral replication.

NS5 Viral RNA dependent RNA polymerase, caps viral genome and inhibits
IFN signalling.
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1.2.2 The flavivirus UTRs

Both the 5′ and 3′ UTRs of flaviviruses are highly structured, playing important
roles in the viral life cycle. The 5′UTR of ZIKV, like other flaviviruses, is highly
structured, comprising stem loop A (SLA), followed by stem loop B (SLB). Down-
stream from SLB there is a short hairpin in the capsid coding region (cHP) [15].
SLA is important for viral replication, binding the RNA dependent RNA polymerase
(RdRP), NS5, and directs the formation of the 5′ cap structure [16, 17]. SLB is also
important for viral replication, containing a 5′ cyclisation sequence (CS) which in-
teracts with the 3′CS inducing genome circularisation, whereby an RNA ′panhandle′

structure is formed that acts as a template for RNA replication by NS5 (Figure 1.2)
[18, 19, 20, 21, 16, 22, 23]. Previous work has shown that this change in ZIKV
genome structural conformation acts as the switch between translation and replica-
tion, with formation of a circular conformation of the genome inhibiting translation
initiation and promoting replication [24].
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Figure 1.2: Linear and Circular conformations of the ZIKV genome. (A) Shown are
the RNA structural elements present in the 5′ and 3′ UTRs of the ZIKV genome as
well as the part of the capsid involved in circulirisation (cHP and DCS-PK). Fol-
lowing long range RNA interactions between the upstream of AUG region (UAG),
downstream of AUG region (DAR) and cyclisation sequences (CS) in the 5′ and
3′ UTRs, the genome circularises. Taken from [25]. (B) Only the RNA structural
elements in the 5′ and 3′UTRs involved in circulirsation are shown. Eukaryotic
initiation factors (eIFs) bind to the cap structure of the 5′UTR, promoting recruit-
ment of the 40S small ribosomal subunit to the linear RNA genome. Unwinding of
the secondary structures by the helicase eIF4A allows translation initiation to take
place, as depicted by the green 48S complex at the start codon (AUG). The change
in RNA conformation from linear to circular is promoted by viral and host factors.
This inhibits translation by impeding ribosome scanning, instead, promoting replic-
ation of the viral genome by the viral RdRP NS5 shown in purple. Taken from [24].
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The ZIKV 3′UTR is approximately 428 nucleotides long and highly structured.
Flavivirus 3′UTRs not only contain RNA elements that are important for circu-
larisation, but also contain RNA elements that bind many different host and viral
proteins, promoting both viral replication and translation [26, 27, 28, 29]. The
important role of the RNA structural elements within the 3′UTR is further high-
lighted by their conservation between different members of the Flavivirus genus
[30, 31]. The general architecture of the flavivirus 3′UTR contains duplicated stem
loop (SL) structures and dumbbell (DB) structures, followed by a small hairpin
structure preceding a highly conserved 3′SL structure [32, 33, 31, 30] (Figure 1.3A).
The ZIKV 3′UTR follows this structural organisation, although only has one DB
structure and one pseudo-DB structure [30] (Figure 1.3B). In particular, the 3′SL
and small hairpin preceding the 3′SL are highly conserved amongst flaviviruses [31].
Indeed, mutations within the penta-nucleotide sequence 5′-CACAG-3′ at the top of
the 3′SL have been shown to disrupt flavivirus replication, further highlighting the
importance of this structural element to the flavivirus life cycle [34, 35, 36, 37].

Figure 1.3: Structure of the flavivirus 3′UTR. Shown is the structural architecture of
(A) the DENV 3′UTR (Adapted from [30]) and (B) the ZIKV 3′UTR. SL structures,
DB structures and the 3′SL are indicated. Pseudoknot interactions are shown as
red lines.
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Computational analysis has also predicted the formation of multiple pseudoknot
(PK) structures within the flavivirus 3′UTR at the SL and DB structures (Fig-
ure 1.3) [38, 39]. The crystal structure of the first SL of ZIKV (SL1) and the second
SL of Murray Valley encephalitis virus (MVE) (SLIV) have been solved, confirm-
ing PK formation at these sites [40, 41]. Additionally, a second internal PK forms
through interactions between nucleotides at the base of the stem loop and bases
located within the stem loop structure. Both the PK structures support the form-
ation of a P1-P2-P3 three-way junction, with the P1 and P3 helices forming a ring
through which the 5′ end of the RNA passes through, positioned by nucleotides in
the junction (U4-A24-U42 in ZIKV SLI). The interaction of A37 and U51 closes the
loop, securing the 5′ end through the loop. The ring structure is 14 nucleotides, and
this size is well conserved amongst other flaviviruses, highlighting the importance of
this structural arrangement to the flavivirus life cycle (Figure 1.4) [40, 41].

Recently, x-ray crystallography and structural modelling of the 3′ flavivirus DB
structure of Donggang virus (DONGV) also confirmed the formation of a PK at
this site, which is supported by the formation of a four-way junction [42]. It is
thought that PK structures stabilise RNA secondary structure and are also in-
volved in frameshifting, replication, and translation [43, 44]. Furthermore, forma-
tion of these complex RNA structures is important for the production of subgenomic
flaviviral RNAs (sfRNAs), which are important for viral fitness and will be discussed
further [45].
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Figure 1.4: Structure of ZIKV xrRNA1. Shown is the crystal structure of xrRNA1
within the ZIKV 3′ UTR. Stems are labelled P1, P2, P3 and P4. RNA-RNA inter-
actions are highlighted by colour coding. The interactions of bases leading to the
formation of the internal PK are coloured in red, and the interactions of bases form-
ing the second PK are coloured in light orange. The interaction between U4, A24
and U42 is also shown in green, supporting positioning of the 5′ end of the RNA
through the ring formed through the A37-U51 interaction shown in dark orange,
thus, threading the RNA through itself to form a knot. The helices P1, P2, and P3
which form the three-way junction are highlighted in light purple, blue, and green
respectively.

1.3 Flavivirus life cycle

1.3.1 Viral entry

The interaction of flaviviruses with host receptors is primarily mediated by the
viral envelope (E) protein. There have been several different host cell molecules
identified as potential receptors for flavivirus entry. This includes αvβ3 integrins, C-
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type lectin receptors and phosphatidylserine receptors, namely TIM (T-cell immun-
oglobulin and mucin domain), and TAM receptors (TYRO3, AXL) [46, 47, 48, 49].
For ZIKV, the receptor tyrosine kinase AXL has been identified as a candidate re-
ceptor, although different studies have produced conflicting results depending on
the cell type utilised. In astrocytes, brain glial cells, endothelial cells, skin cells and
Sertoli cells, AXL is important for efficient ZIKV infection, however, AXL is not
required for infection of human neural progenitor cells (NPCs) or cerebral organoids
[50, 51, 52, 53, 54]. A lack of dependency on AXL has also been seen in interferon
(IFN) deficient mouse models [55]. The pattern of glycosylation of flavivirus surface
proteins can lead to the utilisation of different host receptors and thus differential
tropism [56].

Following binding of the viral envelope to the host cell receptor, the virus enters
the cell via clathrin-mediated endocytosis and is transported to a Rab5 positive
endosome [57, 58]. Fusion of viral and host membranes occurs following maturation
of the endosome to a Rab7 late endosome, and the accompanied acidic pH leads to
conformational changes in E protein arrangement. This exposes the fusion peptide
on the virions surface leading to the formation of a fusion pore, and the subsequent
release of viral genomic RNA in complex with the capsid (C) protein into the cyto-
plasm so that viral translation and replication can take place [57, 59, 60].

1.3.2 Translation

Flaviviruses require the host cell translation machinery to translate their viral gen-
ome into one large polyprotein. As previously mentioned, flavivirus RNA has a
cap 1 structure, whereby there is an N7-methylguanosine (m7G, cap 0) in addition
to a 2′-O methylation of the cap proximal nucleotide producing RNA that looks
like host RNA (cap 1) (Figure 1.5) [61]. Utilising DENV and WNV replicons, it
was shown that mutations which disrupt 2′-O methylation led to viral attenuation,
whereas mutations that abolished both mutations were lethal [62, 63]. This can be
explained by the reduction in affinity for the eukaryotic initiation factor 4E (eIF4E)
observed for a guanosine cap lacking N7-methylation [64]. As eIF4E is essential
for cap dependent translation initiation, this subsequently hampers viral translation
[65]. Unlike the cap 0 structure, the presence of a cap 1 structure is not essential for
flavivirus replication, but is required for evading detection by host cytoplasmic pat-
tern recognition receptors and for immune evasion of the interferon-induced proteins
with tetratricopeptide repeats [66, 67].
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Several studies, however, have indicated that flaviviruses may also be able to carry
out cap-independent translation under certain conditions. For both ZIKV and
DENV, polysome profiling demonstrated strong host translation inhibition whilst
maintaining the production of viral proteins. Although the mechanism of transla-
tion inhibition was not determined, it was found that repression was independent
of well-known translation inhibition mechanisms, namely phosphorylation of eu-
karyotic initiation factor 2 (eIF2) or sequestration of eIF4E [68]. Furthermore,
the treatment of cells with cap-dependent translation inhibitors, including eIF4E
siRNAs, did not affect DENV, despite hampering cellular translation. Interestingly,
eIF4E depletion was shown to partially rescue the titre of virus produced from
DENV RNA lacking an m7G cap structure to 20-30% of wild-type (WT) DENV
[69]. This indicates that under conditions where host translational is inhibited,
flaviviruses can utilise cap independent mechanisms to maintain viral translation.
The use of reporter constructs demonstrated that this was not dependent on the
recruitment of translation initiation factors to the RNA in a 5′ independent manner
via an internal ribosome entry site (IRES), but instead, was reliant on interactions
between the 5′ and 3′ UTRs [69]. However, more recent work indicated that the
5′UTR of both DENV and ZIKV when utilised in reporter constructs contained
IRES activity in baby hamster kidney (BHK) cells [70]. Indeed, utilising an IRES
is advantageous, as it allows the virus to continue translating viral proteins even
when the host suppresses cap-dependent translation in an attempt to control viral
infection. This also allows viruses to target host cell translation without affecting
viral protein production [71]. Furthermore, other genera within the Flaviviridae
family, namely Hepacivirus, Pestivirus and Pegivirus, have been shown to utilise
IRES elements for translation of the viral genome [72]. Although it seems plaus-
ible that flaviviruses could utilise cap-independent translation, the relevance of this
during flavivirus infection still requires further investigation.
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Figure 1.5: Cap structures. Shown are the methylation events producing cap 0, cap
1 and cap 2 structures. Taken from [73].

1.3.3 Replication

Replication of the flavivirus genome occurs within replication complexes derived
from the endoplasmic reticulum (ER) (Figure 1.6) [74]. As previously discussed,
genome circularisation and the resulting pan-handle structure that is generated
provides a template for binding of the RNA dependent RNA polymerase NS5 to
SLA in the 5′UTR. This generates a double stranded RNA (dsRNA) intermediate
consisting of the positive and negative sense RNA [24, 18, 19, 20, 75]. The viral
protein NS3 harbours helicase activity, unwinding the dsRNA so that the newly
formed viral genome is released and subsequent rounds of positive strand synthesis
can occur [65].

The newly formed viral RNA is then capped and methylated through the combined
activity of the viral proteins NS3 and NS5. Following removal of the 5′ triphosphate
by the triphosphatase activity of NS3, the guanylyltransferase domain of NS5 adds
guanosine monophosphate producing a GpppA cap. The methyltransferase domain
of NS5 then methylates the cap at N-7 and 2′-O to produce a cap 1 structure
[76, 77, 78].

1.3.4 Virion assembly and egress

Assembly of the virus genome with the C, prM and E proteins occurs at the mem-
brane of the endoplasmic reticulum (Figure 1.6). Immature particles are formed by
budding from the ER membrane which are transported to the Golgi and trans-Golgi
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network (TGN) [79, 80]. Transport to the TGN, and subsequent drop in pH, leads
to structural rearrangements of the prM-E protein, allowing cleavage by host furin
and maturation of the virion [81]. In the final step, the matured virions are released
from the cell via exocytosis (Figure 1.6) [60].

Figure 1.6: Flavivirus life cycle. Following viral attachment to the host cell, the
virion enters the cell via clathrin-mediated endocytosis. The low pH environment
of the endosome triggers the fusion of the viral and host membranes and the re-
lease of viral RNA into the cytoplasm. Translation of viral proteins occurs in the
endoplasmic reticulum, and replication of the viral genome in replication complexes
associated with the ER membrane. Following assembly, the virions are transported
through the Golgi and trans-Golgi networks where glycans on the spiky immature
virion are trimmed, and a drop in pH triggers structural rearrangements allowing
cleavage of prM by host furin to produce mature virions. The mature virions exit
the cell via exocytosis. Figure taken from [82].

The mature ZIKV virion exhibits an icosahedral structure consisting of a viral mem-
brane containing 180 copies of E and M proteins. The E protein forms dimers that
arrange into trimeric conformations to form rafts, with each virion consisting of 30
rafts [83, 84]. The structure of the nucleocapsid containing the C protein and ge-
nomic RNA is not well understood. Although, recent work utilising cryo electron
microscopy obtained subnanometer resolution of the structure of the capsid proteins
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within the virion by utilising an antibody that binds across the E and prM proteins.
This stabilised the immature Zika particles and displayed that three capsid dimers
interact to form a triangular capsid complex that bridges the negatively charged
viral RNA and the negatively charged lipid membrane. Each virion contains 120
copies of capsid protein, making up a total of 60 capsid dimers [85].

1.4 Transmission and epidemic potential of ZIKV

1.4.1 ZIKV outbreaks

ZIKV transmission is mainly linked to mosquitoes of the Aedes genus, although
transmission can also occur vertically from mother to foetus, and cases of sexual
transmission have also been reported (Figure 1.7) [86, 87]. ZIKV was first isolated
in 1947 from a Rhesus macaque in the Zika forest in Uganda. Following this, a few
sporadic cases of infection were reported in Asia and Africa. It wasn’t until 2007
that there were reports of an outbreak on the Yap island in Micronesia, which sub-
sequently spread to French Polynesia and by 2015 was reported in Brazil, spreading
throughout the Americas and the Caribbeans (Figure 1.8). In 2016 after poten-
tial links were established between ZIKV infection and congenital microcephaly, the
World Health Organization declared ZIKV a public health emergency [87].

Figure 1.7: Transmission of ZIKV by mosquitoes. The sylvatic cycle transmits
ZIKV between arboreal mosquitoes and non-human primates in forests. In the
urban cycle, ZIKV is transmitted between urban mosquitoes and humans. It is
presumed that arboreal mosquitoes can also transmit ZIKV between non-human
primates and humans. Taken from [86].
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Figure 1.8: ZIKV Endemic areas. Shown are the geographical locations where ZIKV
circulates and the dates of reported ZIKV outbreaks. Taken from [87].

Phylogenetic analysis identified two main lineages of ZIKV, namely African and
Asian, and the strain that caused the epidemic in the Americas is of the Asian
lineage, often denoted as the American strain [88]. Different strains of the Asian
lineage, which are not epidemic strains, but are circulating throughout Asia, have
also been linked to adverse pregnancy outcomes and caused a recent outbreak in
India in 2018. This highlights the epidemic potential and continued threat posed by
endemic strains [89, 90, 91, 92]. Interestingly, despite in vitro experiments and
in vivo animal models demonstrating increased transmissibility and a more ag-
gressive pathology for recently circulating African strains, human outbreaks and
associated cases of newborn microcephaly have only been linked to Asian strains
[93, 94, 95, 96, 97, 98, 99, 100, 101, 102, 103, 92, 104]. This may be explained by
a lack of surveillance and reporting of ZIKV infections in Africa, herd immunity
in African populations, reduced vector capacity of African mosquitoes, as well as
a more aggressive pathology leading to foetal death [102]. Work utilising recently
circulating African strains has further highlighted the epidemic potential of these vir-
uses, displaying higher transmissibility and pathogenicity than viruses of the Asian
lineage [102].

It is important to highlight that because many cases of infection are asymptomatic,
and there is a crossover of symptoms with other viral infections, surveillance and
detection of the global circulation of ZIKV remains difficult [92]. It is, therefore,
possible that ZIKV infection is much more widespread globally than current figures
reflect.
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1.4.2 Worldwide spread of ZIKV

The wide geographic distribution of the main vectors for urban transmission cycles
of ZIKV, namely Aedes aegypti (Ae.aegypti) and Aedes albopictus (Ae. albopictus),
highlights the potential for worldwide ZIKV spread [105, 106]. Although both spe-
cies have been linked to ZIKV outbreaks, infections carried out with an Asian strain
of ZIKV led to low levels of viral dissemination indicating low vector competency
[107]. However, both mosquito species bite mainly during the daytime, providing
ample opportunity for infection of human hosts. In particular, Ae. aegypti displays
a high vectorial capacity for ZIKV transmission due to human blood being its main
food source, crossover with human habitats, and the fact that it bites several hu-
mans during one gonotrophic cycle [108, 105]. Ae. aegypti mosquitoes are found in
both tropical and subtropical climates, while Ae. albopictus mosquitoes are more
widespread, with habitats found also in cooler temperate regions [86, 105, 106].
The increased global spread of Ae. albopictus has been attributed to international
trade, particularly of used tyres, and an ability to adapt easily to new environ-
ments [108, 106]. Furthermore, Ae. albopictus has been displaying signs of adaption
to cooler temperatures, and this, along with climate change, will likely widen its
already broad distribution and thus potential to spread ZIKV worldwide [106].

Controlling these vector populations and hence spread of ZIKV remains difficult due
to insecticide resistance and toxicity to other non-target species [109]. The release of
sterile male mosquitoes is more environmentally friendly, however, this requires their
continual release, in addition to them competing with wild mosquito populations.
Other methods include the release of males carrying a dominant lethal gene, which
when inherited by offspring will kill females and be passed onto future generations
by male offspring [109]. Additionally, the use of an endosymbiotic bacteria of arth-
ropods, namely Wolbachia, has been shown to effectively inhibit ZIKV replication,
and the release of infected mosquitoes allows the spread of this bacteria throughout
wild mosquito populations [110, 111]. Despite this, major obstacles to the imple-
mentation of these methods still exist, including hesitancy by local communities
and ensuring that non-target insect species are not inadvertently harmed. It is also
important to highlight the potential for adverse effects to the ecosystem caused by
manipulating mosquito populations [109]. Due to the absence of a vaccine, vector
control remains the major strategy for ZIKV transmission control.

Worldwide transmission of ZIKV has been further perpetuated by international
travel, with sporadic cases of infection detected globally in Australia, the United
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States of America, and several European countries. This combined with the in-
creased distribution of vector species, provides the potential for ZIKV to enter
immunologically naive populations and spread rapidly, potentially causing further
epidemics or even a pandemic [86].

1.5 ZIKV disease

1.5.1 Disease manifestations

The majority of ZIKV infections are thought to be asymptomatic or cause mild
illness. Common symptoms include fever, headache, rash, conjunctivitis, muscle
aches and joint pain [86]. ZIKV infection can also cause more serious pathology,
whereby infection in pregnant women has been associated with stillbirth, foetal
death, premature birth, and congenital Zika syndrome. Congenital Zika syndrome
is characterised by neurological symptoms, including microcephaly, brain calcifica-
tions, eye abnormalities, and issues with brain development [112]. Infection of adults
has also been linked to Guillain-Barre syndrome, whereby nerve damage leads to
paralysis [86].

1.5.2 Neurotropism

Many flaviviruses have been identified as neurotropic, including WNV, JEV, and
TBEV. This can induce neuropathology such as paralysis, encephalitis, and cognitive
impairment [7]. DENV infection has also been linked to neuropathology, following
the observation that infected patients display neurological symptoms, and DENV
was identified in brain tissue following fatal DENV infection [113].

It was not until the 2015/2016 epidemic that a link between ZIKV infection and
neural tropism was first established, following the rising cases of microcephaly in
neonates during this epidemic (Figure 1.9), as well as cases of Guillain-Barre syn-
drome in adults [114]. ZIKV was detected in the brain tissue of a foetus displaying
microcephaly following maternal infection [115]. This led to further investigations,
establishing neural tropism of ZIKV through infections of human neurospheres, hu-
man brain organoids, and mouse models [116, 117, 118, 119, 120]. Indeed, infec-
tion of pregnant mice with an Asian strain clinical isolate of ZIKV from Brazil led
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to foetal infection, with pups displaying hampered growth, reduced cell number,
and cortical layer thickness, reminiscent of the microcephaly phenotype observed
in human neonates [116]. This neuropathology was also observed with other Asian
strains of ZIKV following the direct injection of virus into embryonic mouse brains
[120, 121]. Further links between ZIKV infection and microcephaly were established
through the infection of neural progenitor cells and brain organoids [116, 118, 119].
In particular, human brain organoids are useful for modelling ZIKV induced micro-
cephaly in human cells, producing pathology that mimics the reduction in cortical
layer thickness observed in microcephalic foetuses [117, 118, 115].

Figure 1.9: ZIKV induced microcephaly. Depicted is the reduced head size observed
for infants infected with ZIKV compared to a typical newborn. Taken from [108].

This neuropathology was not only observed for Asian strains of ZIKV, but also
African strains, despite no clinical cases of microcephaly associated with African
strains of virus [117, 122, 104]. Interestingly, several studies have shown increased
neuropathology caused by African strains compared to Asian strains of ZIKV, with
increased replication rates and death in neural cells [93, 94, 95, 96]. This has also
been observed in mouse models, with more severe neuropathology and higher mortal-
ity rates observed following infection with African strains compared to Asian strains
[97, 98, 99, 100, 101, 102]. However, experiments in non-human primates have
provided conflicting results, with ZIKV strains of the Asian lineage demonstrating
higher infectivity than the African strains [123, 124]. This enhanced infectivity of
the Asian lineage was also observed in human neurospheres, alongside increased
pathology when compared to a strain of the African lineage [116]. It has been
suggested that the conflicting results in pathogenicity observed for different ZIKV
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strains may reflect the lack of availability of newer African strains, as well as the re-
peat passaging of strains leading to host adaption [125]. Indeed, utilising a primate
adapted African ZIKV isolate and comparing it to a human adapted Asian isolate,
demonstrated that the African strain infected chimpanzee organoids, whereas the
Asian strain did not [116]. Furthermore, conducting infections with low passage
African strains has been shown to recapitulate the increased pathology observed
previously when compared to Asian strains, with higher mortality rates in mice and
increased death of NPCs, as well as enhanced infectivity [102, 95]. The differences
in virulence observed for different passages of ZIKV may be explained by differences
in glycosylation motifs. The presence of an N154 glycosylation motif has been ob-
served in recently circulating Asian strains of ZIKV but is absent in many African
strains [126, 127]. It has been proposed that the extensive passaging of the historical
African strain MR766 in mouse brains has led to the loss of the N154 glycosylation
motif [128]. This is further supported by work sequencing MR766 with different
passage histories, displaying the loss of potential glycosylation sites in some strains
[129]. Furthermore a loss of N154 glycosylation in Asian and African lineage strains
has been shown to lead to viral attenuation in mice, potentially due to hampered
attachment and infection of lectin-expressing leukocytes [130]. Cumulatively this
highlights the importance of utilising currently circulating strains of ZIKV, as well
as appropriate models for infection to obtain useful insights into the virulence and
pathology of ZIKV.

1.6 SfRNA generation

The term sfRNA was first coined following the observation that members of the
Flavivirus genus within the Flaviviridae family produced small subgenomic RNA
(sgRNA) derived from the 3′UTR. These small sgRNAs were not observed in repres-
entative viruses from the Pestivirus and Hepacivirus genera within the Flaviviridae
family [38]. It is widely thought that the host enzyme Xrn1 is responsible for the
production of sfRNAs [45]. Normally, Xrn1 is involved in RNA turnover, degrading
decapped 5′ monophosphate RNA [131]. Similarly, Xrn1 is thought to degrade viral
RNA in a 5′-3′ direction, but stalls at highly structured regions within the flavivirus
3′UTR, termed Xrn1 resistant RNAs (xrRNAs), leading to the production of sfRNAs
[45]. The link between Xrn1 and sfRNA production has been further established
by work demonstrating that silencing of Xrn1 lead to a 90% reduction in sfRNA
production by YFV in human derived SW13 cells. Additionally, incubation of Xrn1
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with a YFV reporter RNA produced sfRNA [132]. Following the isolation of RNA
from WNV infected cells and treatment with Xrn1, it was shown that sfRNA is
resistant to Xrn1 degradation, supporting that sfRNA is generated by Xrn1 stalling
[38].

Indeed, the size of sfRNA1, 2, and 3, produced following infection with WNV,
DENV, and ZIKV, corresponds to stalling at the SL structures and the first DB
structure within the 3′UTR [133, 38, 134, 40, 135]. Thus, it seems likely that SLI,
SLII, DB1, and DB2 correspond to xrRNA1, xrRNA2, xrRNA3, and xrRNA4 re-
spectively (Figure 1.10) [135]. This is further supported by work demonstrating that
the mutation of a single nucleotide within ZIKV SLI and MVE SLIV, disrupted the
formation of the three-way junction and was enough to abolish Xrn1 resistance
[40, 41]. Additionally, in both WNV and ZIKV, disruption of complex folding at
xrRNA1 and xrRNA2 abolished the production of sfRNA1 and sfRNA2 respectively
[41, 136, 40]. Further evidence for the role of RNA structure in sfRNA generation
came from the finding that the introduction of mutations to restore the PK1 struc-
ture also restored sfRNA1 formation in WNV [133]. However, when mutations were
introduced to disrupt PK2 formation at SLIV, abolishing sfRNA production, res-
toration of nucleotide complementarity did not rescue sfRNA2 production. In this
case, it was concluded that sfRNA2 production was reliant on nucleotide specificity
and not an intact PK2 structure. However, the authors did not use structural map-
ping to confirm the restoration of PK2 structure, and sequence interactions were
restored by introducing a classical Watson-Crick base pair (CGC with GCG) when
the original interaction contained a non-Watson-Crick base pair (GCG with UGC)
[133]. The consensus is that sfRNA production occurs through Xrn1 stalling at
these highly structured regions within the 3′UTR.
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Figure 1.10: sfRNA is generated by Xrn1 stalling at RNA structures in the 3′UTR.
Shown is the secondary structure of the DENV 3′UTR. Stalling of 5′-3′ degradation
by the host enzyme Xrn1 at SL and DB structures within the 3’UTR produces
sfRNAs of different sizes. Taken from [135].

However, several studies have questioned the role of Xrn1 in the production of all
sfRNA species. Although Xrn1 was successfully halted by DENV-2 SL1 and SLII,
this was not observed for DB1, DB2 or the 3′SL. It was suggested that perhaps inter-
action of these structures with another protein is also required to confer resistance
[134]. Furthermore, for ZIKV, knockdown of Xrn1 reduced sfRNA2 production but
had no effect on sfRNA1 production [40]. Recent work demonstrated that sfRNA3 in
ZIKV is likely not formed through Xrn1 resistance at the DB structure, as probing
of the ZIKV sfRNA demonstrated that sfRNA3 did not contain the 3′SL structure
[42]. Therefore, although Xrn1 may be involved in the production of some sfRNA
species, it is likely that other cellular enzymes or proteins are also involved. For
ZIKV, it has been suggested that the production of sfRNA3 is through trimming by
another nuclease from the 3′ end and is therefore not reliant on Xrn1 [42]. Other
host exoribonucleases may also be involved. Indeed, WNV xrRNA2 displayed res-
istance to 5′-3′ exoribonuclease degradation by bacterial RNase J1 and yeast Dxo1.
This was shown to be dependent on structural integrity, as the mutation of a single
nucleotide to disrupt xrRNA folding abrogated resistance to degradation [137]. Cu-
mulatively this shows that RNA structural elements within the 3′UTR play a key
role in sfRNA generation, and that further investigations are required to elucidate
the production of different sfRNA species.
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1.7 Role of sfRNA in the flaviviral life cycle

The production of sfRNAs is important for viral pathogenicity, replication, and
transmission for many different flaviviruses [38, 138, 135, 139]. The importance
of sfRNAs to flaviviruses is highlighted by the finding that sfRNAs are produced
by flaviviruses regardless of vector species and have been observed for MBFVs,
TBFVs, ISFs and NKVs [38, 140, 137]. Consequently, there have been many studies
investigating the potential roles of flaviviral sfRNAs in promoting viral infection.
These studies have linked sfRNA production to deregulation of mRNA turnover,
evasion of host immune responses, and regulation of apoptosis [45].

1.7.1 sfRNAs deregulate host mRNA turnover

A potential role for sfRNAs is the deregulation of host mRNA turnover through
binding of the host enzyme Xrn1. If Xrn1 is sequestered by viral sfRNAs, it is
unable to perform its key role in the degradation of uncapped monophosphate RNAs
[45, 131, 141]. Indeed, when an sfRNA defective WNV mutant was compared to WT
WNV, there was an increase in uncapped mRNAs and generally enhanced stability
of host mRNAs, indicating impairment of the host mRNA decay pathway [141].
This could lead to an insufficient host immune response to viral infection due to
the deregulated expression of antiviral proteins and cytokines which are normally
turned over rapidly [141].

1.7.2 sfRNAs inhibit siRNAs and miRNAs

The production of sfRNAs could also hamper host immune signalling through the
suppression of small interfering RNA (siRNA) in invertebrates and microRNAs
(miRNAs) in both vertebrates and invertebrates [45]. SiRNAs are 21 nucleotides in
size and derived from the cleavage of viral double stranded RNA intermediates and
directly target viral RNA. Comparatively, miRNAs are encoded by the host and
elicit anti-viral effects through the post transcriptional regulation of genes encoding
antiviral proteins, as well as proteins utilised for viral replication [142, 45]. Con-
sequently, flaviviruses have developed strategies to overcome the anti-viral effects
of both siRNAs and miRNAs. DENV and WNV sfRNA has been shown to sup-
press siRNA and miRNA induced RNA interference (RNAi) pathways, inhibiting
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the silencing of a firefly luciferase reporter RNA in both mammalian and insect cells
[143]. In mosquitoes, a 3-fold drop in efficiency in RNAi silencing was observed
following infection with an sfRNA deficient WNV mutant compared to WT WNV
[144]. Similarly, utilising an sfRNA1 deficient ZIKV mutant, it was shown that there
was an increased number of viral siRNAs when normalised to viral titres, indicating
an increased RNAi response [145]. Even sfRNAs derived from the more divergent
tick-borne flaviviruses have been shown to hamper RNAi knockdown of a reporter
gene in tick cells, although the effects were modest [140]. Mechanistically, it has
been proposed that sfRNAs inhibit RNAi by sequestering components of the siRNA
machinery [146]. Indeed, WNV sfRNA has been shown to co-precipitate with com-
ponents of the RNAi machinery, namely Argonaute 2 and Dicer, and sfRNAs can
act as substrates for Dicer producing smaller RNAs [144, 146, 143]. Flaviviruses
have also been shown to utilise miRNAs to promote viral replication. For DENV-
2, upregulation of the miRNA miR-146a, leads to a reduction in IFN-β signalling,
which enhanced DENV replication [147].

Despite the findings that sfRNAs inhibits RNAi in vertebrate and invertebrate hosts,
it is unclear how vital a role sfRNA driven RNAi suppression plays in viral fitness.
Following ZIKV infection of mosquitoes, there was still a substantial number of
siRNAs produced [145]. Additionally, in WNV, disruption of sfRNA1 production
was shown to have no effect on siRNA production in mosquitoes when compared
to WT WNV, however, this mutant still produced sfRNAs in the form of sfRNA2
instead [146]. Although disruption of both sfRNA1 and sfRNA2 in WNV led to
hampered viral growth in mosquito cells and a reduction in infection rates of mos-
quitoes, the link between reduced fitness and RNAi was not investigated [146]. Dis-
ruption of sfRNA1 or sfRNA2 in ZIKV appeared to have little effect on viral fitness
in relation to RNAi. The titres obtained for these mutants and WT virus were
not significantly different, regardless of whether infection was carried out in RNAi
deficient or RNAi competent mosquito cells lines [148].

1.7.3 sfRNAs inhibit the IFN response

During flavivirus infection, the type I IFN response drives anti-viral immunity in
vertebrates by triggering the expression of hundreds of antiviral genes. This occurs
through the activation of IFN regulatory factors which induce type I IFNs. Type
I IFNs subsequently bind the IFN receptor and trigger the Janus tyrosine kinase
(JAK) and signal transducers and activators of transcription (STAT) signalling cas-
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cade. This induces the expression of IFN stimulated genes, producing an anti-viral
state within the cell [67, 149]. Subsequently, flaviviruses have developed strategies
to overcome IFN signalling, including the production of sfRNA [67].

Utilising an sfRNA deficient WNV mutant, it was shown that a lack of sfRNA pro-
duction led to a reduction in viral growth and pathogenicity in cell culture and
mice [38]. Further work then linked the production of sfRNAs to the type 1 IFN
response. Replicative defects of an sfRNA deficient WNV mutant compared to WT
WNV were only displayed in cells that could mount a type I IFN response [150].
Importantly, the replicative defect of the sfRNA defective WNV mutant could be
re-established in these cells through IFN-α treatment. Furthermore, a partial rescue
of sfRNA deficient WNV was observed in mice that were type I IFN deficient, with
reduced survival rates when compared to IFN competent mice [150]. For DENV, in-
creased production of sfRNA by an epidemic strain, compared to the lower levels of
sfRNA produced by a pre-epidemic strain, was linked to the ability to overcome the
host IFN response. Replication of the epidemic strain was not enhanced following
knockdown of the upstream IFN-β regulator, interferon regulatory factor 3 (IRF3),
unlike the pre-epidemic strain which replicated much more efficiently than in WT
cells [151]. Furthermore, the transfection of DENV sfRNA or ZIKV sfRNA into
polyinosinic:polycytidylic acid (poly I:C) treated cells led to lower levels of expres-
sion of IFN-β [151, 139]. Similarly, transfection of sfRNAs alongside JEV infection
reduced phosphorylation of IRF3 and its subsequent nuclear localisation, coinciding
with an observed reduction in IFN-β promoter activity of 57% in A549 cells [138].
DENV-2 sfRNA has also been shown to interact with proteins involved in mediat-
ing the IFN response, namely G3BP1, G3BP2, and CAPRIN1. It was suggested
that by sequestering these proteins that DENV sfRNA inhibits IFN stimulated gene
translation, and therefore, the antiviral response. However, binding of these pro-
teins was not demonstrated for DENV-3 or WNV [152]. The interaction of DENV
sfRNA with TRIM 25 was also shown to hamper the IFN response through inhibi-
tion of ubiquitination of the pattern recognition receptor RIG-I [151]. Furthermore,
ZIKV sfRNA was also shown to inhibit the induction of RIG-I induced IFN-β pro-
duction, although, unlike DENV, could also inhibit MDA-5 signalling [139]. This
highlights that different flaviviruses likely exploit different mechanisms for sfRNA
directed repression of IFN signalling.
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1.7.4 Role of sfRNAs in cytopathicity and pathogenesis

The production of sfRNA is also important for viral cytopathicity and pathogenesis,
as sfRNA1 deficient WNV and DENV mutants produced defective plaques in both
Vero and BHK-21 cells which are IFN deficient [38, 153]. Additionally, infection of
mice with a WNV sfRNA1 deficient mutant led to no encephalitis and 0% mortality
compared to the 100% mortality observed following WT infection. This was despite
the detection of similar viral loads in the brain. It was suggested that the enhanced
pathogenicity observed following WT WNV could be explained by linking sfRNA
production to the induction of cell death [38]. Controlled cell death, or apoptosis,
is often utilised by host cells to control viral infection. However, apoptosis may also
act to perpetuate viral spread. Indeed, several ZIKV proteins have been shown to
induce apoptosis, including C, M, PrM, E and NS4B [154]. An increasing amount
of research has linked sfRNA production to the regulation of apoptosis. An sfRNA
deficient DENV2 mutant did not display major replicative defects, but did lead to
a massive reduction in apoptosis in BHK-21 cells which could be partially restored
by transfection of sfRNA [153]. Other studies have shown a down-regulation of
apoptosis following flavivirus infection. In ZIKV, the production of sfRNAs has
been linked to inhibiting apoptosis in mosquitoes, as infection with sfRNA defective
ZIKV mutants led to an increase in apoptosis compared to WT ZIKV. Differences in
the expression profiles of genes involved in cell death was also observed between WT
ZIKV and sfRNA deficient mutants. Of particular interest was the observation that
an sfRNA deficient ZIKV mutant induced expression of the pro-apoptotic enzyme
caspase-7, whereas WT ZIKV did not [148]. Furthermore, transfection of sfRNA
alongside JEV infection of A549 cells reduced IFN-β induced apoptosis by 23%. This
combined with the observation that sfRNA:genome copies were higher in persistently
infected cells compared to acutely infected cells, led the authors to suggest that
sfRNAs inhibit apoptosis and that this allows viral persistence [138]. Although the
data is somewhat conflicting, perhaps there is a balance between the inhibition of
apoptosis to allow viral replication to take place and the induction of apoptosis to
promote viral spread.

1.8 sfRNA and the host switch

There are clear differences in sfRNA patterns for DENV following infection of mam-
malian vs mosquito cells, indicating that sfRNAs play a role in host switching.
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During mammalian cell infection, DENV mainly produces sfRNA1 [135]. Following
adaption to a mosquito host, disruption of DENV xrRNA2 due to the accumula-
tion of mutations/deletions in SLII, leads to the accumulation of smaller sfRNAs,
namely sfRNA3 and sfRNA4 [135, 31]. Mutations disrupting xrRNA2 also lead to
a reduction in sfRNA1 production which can be rescued by restoration of the SLII
structure. Accumulation of sfRNA1 was shown to be important for viral replication
in mammalian cells, whereas sfRNA3 accumulation was associated with a reduction
in viral fitness. Furthermore, this reduction in viral fitness was linked to the induc-
tion of a stronger type I IFN response, indicating that mutations that allow adaption
to mosquitoes leads to a stronger antiviral response in human cells [135]. This fits a
model whereby the tertiary structure of xrRNAs is modulated through mutation of
secondary structures within the 3′UTR, controlling the pattern of sfRNA produc-
tion, and allowing viral replication to occur in different hosts [32]. The presence of
structural duplications allows a rapid switch between different host environments to
take place without adversely affecting viral fitness [135, 32].

Similar to DENV, WNV produces mainly sfRNA1 following infection of mammalian
cells and a small amount of sfRNA2. Interestingly, unlike DENV, additional sfRNA
species are observed in mammalian cells, including an sfRNA of intermediate size
between sfRNA1 and sfRNA2 which is lost in mosquito cells. Disruption of xrRNA2
leads to the production of a smaller sfRNA species, likely sfRNA3, as has been seen
during DENV adaption to mosquitoes [134, 135, 31]. However, this does not appear
to play a role in WNV adaption to different hosts, as the overall pattern of sfRNAs
is similar between mosquito and mammalian cells, with sfRNA1 predominantly pro-
duced, with a small amount of sfRNA2 [134, 146]. Utilising an sfRNA1 deficient
WNV mutant, it was shown that viral titres were lower in the body and saliva of
mosquitoes, indicating that the production of sfRNA1 was crucial for infection and
transmission in mosquitoes. Correspondingly, this was only observed when mosqui-
toes were infected via blood feeding and not through injection, indicating that the
viral defects observed were due to an inability to cross the midgut barrier [146].
This mutant displayed similar levels of replication in both mosquito cells and Vero
cells compared to WT WNV, and induced similar levels of death in Vero cells. This
indicated that a lack of sfRNA1 did not cause replicative defects or effect cytopath-
icity. However, the authors did not look at plaque morphology and previous work
has shown a smaller plaque phenotype for sfRNA1 deficient WNV mutants [146, 38].
The production of sfRNA1 by WNV also appears to be important in mammals, as
an sfRNA1 deficient mutant was shown to be much less pathogenic than WT WNV
in a mouse model [38].

26



In ZIKV, like WNV, a similar sfRNA pattern is observed in both mammalian and
mosquito cells. In this case mainly sfRNA1 and sfRNA2 are produced [40, 136,
135]. In mosquitoes, however, an increase in ZIKV sfRNA3 is also observed [148,
136]. For ZIKV, it is not sfRNA1 that is important for efficient transmission and
infection in mosquitoes, as has been demonstrated for WNV and DENV2, but the
production of sfRNA2 [148]. Similar to WNV sfRNA1, ZIKV sfRNA2 was deemed
important for crossing the midgut barrier, as if the sfRNA2 deficient virus was
administered by blood meal it reverted to WT, but if infection was carried out
via injection the mutation was maintained [148]. As seen for both DENV and
WNV, sfRNA1 production is likely important for ZIKV replication in mammalian
cells. Disruption of sfRNA1 production reduced ZIKV replication in Huh-7 human
cells and in the placenta and brain of an infected mouse [155, 136]. Although the
attenuation observed appeared to be tissue specific, as the sfRNA1 deficient mutant
replicated to similar levels as WT ZIKV in the mouse spleen [155].

The differences in sfRNA patterns displayed between DENV and ZIKV can be ex-
plained by the finding that the ZIKV SLI structure is more related to DENV SLII
in terms of structure and sequence, and ZIKV SLII is more similar to DENV SLI,
indicating an inversion of the SL structures [136]. Interestingly, disruption of the
xrRNA1 structure of ZIKV following mutation did not significantly affect viral rep-
lication compared to WT in mosquito cells. However, the deletion of SLI increased
replication in mosquito cells. It was therefore suggested that it was not changes
in the sfRNA pattern of ZIKV allowing the host switch to mosquitoes, but instead
deletion of inhibitory sequences within SLI [136]. Thus, despite the conservation of
secondary structures within the 3′UTR of WNV, ZIKV and DENV, these flaviviruses
seem to have adapted different mechanisms of host switching.
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Table 1.2: Summary of sfRNA production and function in a mammalian vs mosquito
host. Shown is the pattern of sfRNAs produced for ZIKV, DENV and WNV in a
mammalian vs mosquito host. A summary of the main functions of flaviviral sfRNAs
in different host environments is also shown.

Mammalian host Mosquito host
sfRNA pattern
ZIKV sfRNA1 sfRNA2
DENV sfRNA1 sfRNA3
WNV sfRNA1 sfRNA1
sfRNA functions

Deregulates host mRNA turnover (immune evasion) Inhibits siRNAs (immune evasion)
Inhibit miRNAs (immune evasion) Inhibits miRNAs (immune evasion)
Inhibits IFN response (immune evasion) Inhibits apoptosis (immune evasion)
Promotes apoptosis and thus viral spread Promotes viral dissemination

1.9 Musashi 1

1.9.1 MSI1 background and function

Named after Miyamoto Musashi, the knockout of the Musashi (MSI) gene leads
to a double-bristle phenotype of sensilla in Drosophila, reminiscent of the double
sword fighting technique perfected by this Japanese samurai [156]. The Musashi
family of proteins are found in both vertebrates and invertebrates (Table 1.3) [157].
Unlike drosophila which only have one MSI gene, mammals encode both Musashi
1 (MSI1) and Musashi 2 (MSI2), which are highly conserved, sharing 75% amino
acid identity (Figure 1.11) [158]. Both are RNA binding proteins with two RNA
recognition motifs (RRMs). RRM1 is found at the N terminal part of the protein
where the sequence is highly conserved between different species and is primarily
responsible for binding to RNA targets. The main role of RRM2 is to enhance the
binding of MSI to the RNA along with RRM1 [159, 160, 161].
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Figure 1.11: MSI12 and MSI2 display high sequence homology. (A) Sequence homo-
logy at the amino acid level between mouse MSI1 and MSI2 in the RNA recognition
motifs (RRM) and the C terminal region are shown. (B) Alignment of amino acid
sequences of mouse MSI2 with its homologs Xenopus RNA-binding protein (XRP1)
and mouse MSI1. The RRMs are surrounded by boxes and any gaps in the align-
ment are indicated by the dashed lines. Taken from [158].

Table 1.3: Musashi proteins in invertebrates and vertebrates (taken from Okano et
al, 2002).

29



Musashi proteins mainly localise to the cytoplasm but both RRMs contain nuclear
localisation signals [158, 162]. It is therefore postulated that the binding of RNA to
the Musashi proteins blocks transport to the nucleus [163]. Reflecting their primary
localisation in the cytoplasm, MSI1 and 2 are both translational regulators. Large
scale screens have identified many different target genes that are both upregulated
and downregulated by MSI1 and MSI2 [164, 165, 166]. Genome wide RNA binding
protein immunoprecipitation-microarray analysis of MSI1 bound mRNA identified
genes involved in cell proliferation, differentiation and growth, and genes involved
in protein modification [166]. In mammals, MSI1 is expressed in neural stem cells
(NSCs), where, along with MSI2, it plays a role in the maintenance and proliferation
of these cells [167, 168]. In NSCs, MSI1 is known to bind to and inhibit translation
of mammalian numb, which encodes an antagonist of Notch [169, 170]. As Notch
signalling has been shown to promote the undifferentiated state of mammalian neural
stem cells, this leads to stem cell maintenance [157]. Similarly, MSI1 has been
shown to inhibit the cyclin dependent kinase inhibitor, p21W AF −1 promoting cell
proliferation, and thus, progenitor cell maintenance [171]. MSI2 has been found to
regulate genes involved in oncogenesis and is also important for haemopoietic stem
cell maintenance and stem cell fate [164, 165]. The Musashi proteins have gained a
lot of attention due to their links to oncogenesis with high expression levels found
in tumours, particularly in cases of poor disease outcomes [172, 173, 174, 166].

Mechanistically, the repression of target transcripts is thought to occur via MSI1
binding to PABP at the same site as the eukaryotic initiation factor 4G (eIF4G).
This disrupts the PABP-eIF4G interaction, a key step required in canonical trans-
lation initiation, and therefore, inhibits translation of bound mRNA [163, 175]. To
upregulate target transcripts, MSI1 binds to the poly(A) polymerase germ line de-
velopment defective-2 (GLD2), which polyadenylates, and thus, stabilises mRNA
promoting translation [176]. As the binding site of GLD2 and PABP on MSI1 over-
lap, it is plausible that the switch between translational repression and activation
may be controlled by whether PABP or GLD2 binds [177].

1.9.2 ZIKV and MSI1

Links between the host protein MSI1 and ZIKV were first established following the
finding that MSI1 could directly bind to the 3′UTR of ZIKV. MSI1 binding led to a
modest enhancement in the translation of a ZIKV reporter RNA, but a significant
enhancement in ZIKV replication. It was proposed that due to the high expression
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levels of MSI1 observed in NSCs and not in mature neurons, that MSI1 expression
could promote the susceptibility of these cells to ZIKV infection [178]. Animal
studies depleting MSI1 have also shown that a lack of MSI1 induces microcephaly
in zebrafish, and that mice lacking MSI1 display altered brain morphology, including
thinning of the cerebral cortex [168, 179]. Cumulatively, this indicates that MSI1
could be linked to the ZIKV induced neuropathology observed in the foetal brain.

Further work investigating the potential role of MSI1 in neuropathology identified
a mutation of Alanine to Valine at position 184 in RRM2 of MSI1 in siblings born
with reduced cerebral cortex size. The phenotype observed was reminiscent of the
microcephaly observed in new-born infants with congenital Zika syndrome [178].
Interestingly, introducing this mutation into MSI1 hampered its binding to target
RNAs, and disrupted the MSI1 driven enhancement of ZIKV replication observed
in the presence of wild type MSI1. Thus, it was proposed that the microcephaly
phenotype observed in infected neonates could be explained by the binding of MSI1
to the ZIKV 3′UTR, sequestering MSI1 from its target transcripts and leading to
the deregulated expression of proteins required for normal NSC function [178].

Perhaps sequestration of MSI1 by the ZIKV 3′UTR is also responsible for the patho-
logy observed in other tissues, including the ocular pathology observed in adult
humans and infants following ZIKV infection, and the testicular damage and infer-
tility observed in ZIKV infected IFN deficient mice [180, 181, 182]. Indeed, MSI1
expression has been observed in retinal and testicular tissues which are vulnerable
to ZIKV infection [182, 183, 184, 185, 186]. Additionally, knockout of MSI1 in mice
retinal pigment epithelium coincided with pathology reminiscent of retinal disease
[185]. Similarly, MSI1 knockdown disrupted spermatogenesis and the blood-testis
barrier structure [186]. Future work utilising knockout/knockdown of MSI1 in dif-
ferent cell types alongside ZIKV infection will further elucidate the role of MSI1 in
ZIKV replication and the pathology induced in different tissues.

To further understanding of the interaction of MSI1 with the ZIKV 3′UTR, the
identification of MSI1 binding sites is required. Previous work identified the binding
motif of MSI1 as (G/A)UnAGU (n = 1 to 3) [169]. Later work used this binding
motif sequence and tested each nucleotide for contribution to MSI1 binding, finding
that UAG was the core motif required. This was further confirmed using individual
nucleotide resolution cross-linking and immunoprecipitation experiments [159, 187].
Using in silico analysis and structural modelling, three putative MSI1 sites were
mapped onto the ZIKV 3′UTR RNA. All sites were found to be present at bulge
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regions in stem loops and therefore deemed to be energetically favourable for MSI1
binding [178]. Indeed, the cumulative mutation of Sites 1, 2 and 3 led to the in-
hibition of MSI1 binding, indicating that one or all of these sites contributed to
MSI1 binding, although further investigation of the contribution of individual sites
is required (Figure 1.12) [178]. Furthermore, additional putative MSI1 binding sites
were later identified, and thus also require testing (Figure 1.12) [188]. As MSI1
promotes ZIKV replication, it seems likely that site mutations in the ZIKV genome
that disrupt MSI1 binding will harm viral fitness, however, the effects of these site
mutations on ZIKV replication have not yet been tested.

Figure 1.12: Putative MSI1 binding sites. Shown are the candidate sites for MSI1
binding to the ZIKV 3′UTR depicted as orange circles. PK interactions are shown
in light blue. Modified from [188].

1.10 Aims of this study

Despite the epidemic of 2015/2016 leading to increased research and a better un-
derstanding of ZIKV infection, there are still no effective antivirals for treatment of
ZIKV or a licensed vaccine. The RNA binding protein MSI1 has previously been
shown to bind directly to the ZIKV 3′UTR, enhancing ZIKV replication. This may
lead to the enhanced pathology observed in ZIKV infected NPCs, providing a po-
tential link between MSI1 and congenital microcephaly. Furthermore, several sites
within the ZIKV 3′UTR have been identified as putative MSI1 binding sites, but
have yet to be studied. Investigating the mechanism of this interaction will provide
insights into viral replication, and the potential of ZIKV to cause more aggress-
ive pathology in cells expressing this protein. Furthermore, any mutations that
cause defects in viral fitness and enhance our understanding of viral-host interac-
tions provides the potential for the design of an effective and safe vaccine, as well
as novel drugs treatments to prevent future epidemics.

32



This study aims to further understand MSI1 enhancement of ZIKV replication by
assessing the impact of these site mutations on ZIKV fitness, and in doing so invest-
igate the importance of the ZIKV 3′UTR to viral fitness.

Objectives:

• Utilise reverse genetics to mutate individual putative MSI1 binding sites in
the ZIKV 3′UTR

• Investigate the fitness of the ZIKV MSI1 binding site mutants in the presence
and absence of MSI1

• Determine if mutation disrupts MSI1 binding, or if the site mutations induce
other changes which are disruptive to viral fitness
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Chapter 2

Materials and methods

2.1 Plasmids and molecular cloning techniques

2.1.1 MSI1 plasmids

pCDNA plasmids encoding WT MSI1 (MSI1 WT), MSI1 containing a point muta-
tion of Alanine to Valine at position 184 (MSI1 AV) or empty vector (EV) were
kindly gifted from Fanni Gergely [178].

2.1.2 FL ZIKV plasmids

The full length open reading frame from ZIKV BeH819015 flanked by the 5′UTR and
3′UTR of ZIKV PE243 (KX197192.1; FL WT) was encoded in a CopyControl pCC1
BAC vector (Epicentre). The same plasmid backbone containing a nanoluciferase
(nanoluc) reporter inserted between duplicated Capsid proteins and flanked by a
2A peptide sequence (FL WT nano) was also constructed. Both plasmids were a
kind gift from Andres Merits [189]. A synthetic gene fragment (Integrated DNA
Technologies, IDT) encoding a T7 promoter was inserted between EcoRI and NheI
sites by Thomas Sanford. This replaced the original SP6 promoter in these plasmid
constructs. Full length ZIKV constructs were generated by nested polymerase chain
reaction (PCR), introducing site mutations into the 3′UTR of the FL WT nano
plasmid (carried out by Ted Fajardo). BstBI and PmeI sites were utilised to replace
the WT 3′UTR sequence with the mutant sequences. Full length ZIKV constructs
with a nanoluc reporter will henceforth be referred to as FL ZIKV nano. Mutants
in the FL WT backbone were generated by PCR amplification of the 3′UTR using
FL ZIKV nano plasmids as templates and ligations carried out using FseI and BstBI
sites (see section 2.1.3). Additional mutations were introduced in FL WT by nested
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PCR (see section 2.1.3). Full length ZIKV constructs without a nanoluc reporter will
be referred to as FL ZIKV. Sequencing of the ZIKV genome in FL ZIKV constructs
was carried out using the primers shown in Table 2.1.

Table 2.1: Sequencing primers for the ZIKV genome. Shown are the forward (F)
and reverse (R) sequencing primers used for sequencing the full ZIKV genome in
order from the 5′UTR to the 3′UTR. Nucleotide positions of primer binding sites in
the FL WT plasmid are shown in brackets.

Sequencing primer Sequence
1F GGATGTGCTGCAAGGCGATTAAGTTGG (230-256)
2F AGTTGTTGATCTGTGTGAATCAG (329-351)
3F GAAGCCTAGGACTTGATTGTG (1856-1876)
4R CAAATCTGAAAAGTCAAGGCCTGTCCTCGG (1879-1908)
5R CATCTCAGCCTCCAGAGCTC (2117-2136)
6F GGAATGTCCTGGTTCTCAC (2680-2698)
7R GGTACTTGTACCTGTCCCTC (2901-2920)
8F GAGATCAACCACTGCAAGC (3711-3729)
9R GGTCATTCTCTTCTTCAGCCC (3940-3960)
10F GCAGGTGACATCACATGGG (4717-4735)
11F GACTTGCATCCTGGAGCTGG (5518-5537)
12R GGCTGTAGTAGACGTGAAG (5714-5719)
13F GCATAGGCAGGAATCCCAAC (6317-6336)
14R GGTCTTCCTTTGCTCCGTCC (6515-6534)
15F CTAATGGGAAGGAGAGAGG (7228-7306)
16R CCTATCATTAGCAGCGGGACTCC (7516-7538)
17F CCGCTTGAACCAGATGTCGG (8037-8056)
18R GGTTCTTCATGACCAGGG (8316-8333)
19R CGTTCAAGAATCCAAGGGCTTCGAACTCTAGAAATC (9443-9478)
20F GCTCCCACCACTTCAACAAGC (10127-10147)
21R GCTTGTTGAAGTGGTGGGAGC (10127-10147)
22F GGATCTCTCATAGGGCACAGACCG (10543-10566)
M13R CAGGAAACAGCTATGAC (11180-11196)

2.1.3 PCRs for generation of FL ZIKV mutants

Generation of Site mutants A, B, D, E and A+B+D+E in the FL WT backbone
was carried out utilising PCR primers PCR1 F and PCR2 R (Table 2.2). 60 ng
of FL ZIKV nano constructs containing the different site mutations were used as
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templates. PCR reaction conditions were as follows; 1X Buffer for KOD Hot start
DNA Polymerase, 1 mM MgSO4, 0.2 mM of each dNTP, 0.3 µM forward and reverse
primers, 0.02 U/uL KOD Hot Start DNA polymerase (Novagen). Cycling conditions
were 95◦C for 2 minutes followed by 25X (95◦C for 30 seconds, 60◦C for 30 seconds,
70◦C for 97 seconds) and a final extension of 70◦C for 5 minutes.

Generation of the Site C, Site C+D and Site A+B+C+D+E mutant inserts was
carried out by nested PCR prior to ligation into the FL WT backbone. All primers
utilised are shown in Table 2.2. The FL WT plasmid was used as a template for gen-
eration of the Site C mutant insert, using the primers PCR1 F which binds upstream
of the BstBI site in the 3′UTR, and the Site C PCR1 R primer which introduces the
Site C mutation to produce PCR product 1. The second PCR product was gener-
ated using the primers Site C PCR2 F to introduce the Site C mutation and PCR2
R which binds downstream of the FseI site in the 3′UTR. For generation of the Site
C+D and Site A+B+C+D+E mutant inserts, FL ZIKV constructs containing the
Site D mutation or Site A+B+D+E mutations respectively were used as templates.
Amplification was carried out using the PCR1 F primer, alongside the Site C+D
PCR1 R primer which includes both the Site C and Site D mutations to generate
PCR product 1. PCR product 2 was generated using the primers Site C+D PCR2
F encoding the Site C and D mutations and PCR2 R. PCRs were carried out using
the same reaction conditions as previously described. For PCR 1, cycling conditions
were an initial denaturation at 95◦C for 2 minutes, followed by 28X (95◦C for 30
seconds, 52◦C for 30 seconds, 70◦C for 30 seconds), and a final extension of 70◦C for
5 minutes. For PCR2, cycling conditions were an initial denaturation at 95◦C for
2 minutes, followed by 28X (95◦C for 30 seconds, 65◦C for 30 seconds, 70◦C for 45
seconds) and a final extension of 70◦C for 5 minutes. Samples were PCR purified
prior to the final PCR reaction. 21.38 fmol each of PCR product 1 and 2 were used
in the final PCR reaction using primers PCR1 F and PCR2 R utilising the same
conditions as previously described.
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Table 2.2: Primers used in nested PCR for generation of Site C, Site C+D and Site
A+B+C+D+E mutants. Nucleotide positions of primer binding sites in the FL WT
plasmid are shown in brackets. Highlighted in green is Site C and in red Site D of
the ZIKV 3′UTR.

Primer name Sequence
PCR1 F GTGGCTAGGGGCTAGATTTC (9429-9448)
Site C PCR1 R GGTCTCCTCTAACCAGGAGTCCCTCTTCTGG (10978-11008)
Site C+D PCR1 R GGTCTCCTGGAACCAGGAGTCCCTCTTCTGG (10978-11008)
Site C PCR2 F CCAGAAGAGGGACTCCTGGTTAGAGGAGACC (10978-11008)
Site C+D PCR2 F CCAGAAGAGGGACCCTGGTTCCAGGAGACC (10978-11008)
PCR2 R GAGGTATCCACAACGCCGG (13230-13248)

2.1.4 Plasmid transformation

Restriction enzymes were used in digests in accordance with the manufacturer’s
instructions (New England Biolabs (NEB)). For the FL WT construct, an FseI
digestion site upstream of the PmeI site was utilised to generate a sticky, instead of a
blunt end, to enhance the ligation reaction. Following digestion with FseI and BstBI,
the inserts were gel extracted. The FL WT plasmid backbone was dephosphorylated
following digestion by incubation with shrimp alkaline phosphatase (NEB) at 37◦C
for 3 hours, heat inactivated and PCR purified. Ligations were carried out at 16◦C
for 3 hours and then the temperature raised to 22◦C for 4 hours. All ligations were
carried out with 90 ng of vector and 112.5 ng of insert to achieve a 1:5 vector to
insert ratio using T4 DNA Ligase (NEB).

Transformations of pCDNA plasmids were carried out in homemade DH5-α com-
petent E.coli cells and transformations of FL ZIKV plasmids in fresh NEB Turbo
competent E.coli cells. FL ZIKV plasmids were grown on agar plates containing
17.5 µg/ml chloramphenicol. Generation of plasmids stocks were carried out util-
ising a Plasmid Midi Kit (Qiagen). To generate sufficient quantities of FL ZIKV
plasmids, a single colony was picked and inoculated into 200 mL of 2XTY containing
17.5 µg/ml chloramphenicol with shaking at 37◦C overnight. The overnight culture
was split in half and ran down two separate columns. Following elution, isopropanol
precipitation was carried out, prior to washing with ethanol and resuspension in
water. Sequencing was carried out using the primers shown in Table 2.3.
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Table 2.3: Primers for sequencing insert cloned between BstBI and FseI sites in FL
ZIKV. Shown are the sequencing primers in order from the 5′ end to the 3′ of the
cloned insert. Nucleotide positions of primer binding sites in the FL WT plasmid
are shown in brackets.

Sequencing primer Sequence
23F TGCCAGAGTTGTGTGTATAACATG (9337-9360)
24F CGGAATATGGAGGCTGAGG (9862-9880)
25F CCTGGTCAATCCATGGAAAG (10382-10401)
26F GACGCTGGGAAAGACCAG (11035-11052)
27F CACTTATTCAGGCGTAGCAAC (11456-11476)
28F CAGGCGGGCAAGAATGTG (11976-11993)
29F GCTGCTGCTGACGGTGTG (12494-12511)

2.2 RT-qPCR

Total RNA was extracted from ZIKV infected cells as follows. Media was removed
and the cells washed 2X with phosphate-buffered saline (PBS). Cells were lysed
by the addition of 500 µL of TRI reagent (Sigma) directly to cells in a 24-well
plate. After five minutes, samples were pipetted up and down and collected into 1.5
mL tubes prior to the addition of 100 µL chloroform. Samples were centrifuged at
12,000 g for 10 minutes at room temperature and the upper aqueous phase collected.
Samples were then precipitated by the addition of 0.7 volumes of isopropanol and 0.1
volumes of 3M NaOAc (pH 4.8) in the presence of 20 ng/µL glycoblue (Invitrogen)
and incubated at room temperature for 30 minutes. Following centrifugation at 4◦C
for 30 minutes, excess salts were removed from the RNA pellet by washing with ice
cold 70% EtOH. Following resuspension in water, RNA samples were quantified by
Qubit analysis using the Qubit RNA broad range Assay kit (Invitrogen).

RT-qPCR was carried out using the Zika Virus genesig standard kit (Primerdesign)
and PrecisionPLUS OneSTep RT-qPCR Master Mix (Primer design). 5 ng of RNA
was added to each reaction plus 0.3 µL of primer/probe mix and 5 µL of master
mix in a total volume of 10 µL. Standards were also run alongside samples for
quantification, and a negative control containing water also included. Reactions
were carried out in a 96-well plate format in the Applied Biosystems StepOnePlus
Real-Time PCR system. Cycling conditions were as follows: 50◦C RT for 30 minutes,
followed by 45X (95◦C for 5 minutes, 95◦C for 15 seconds and 60◦C for 1 minute).
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2.3 Western blotting

Protein lysates were generated following washing of cells with PBS and the addition
of RIPA buffer (150 mM NaCl, 50 mM Tris-HCL pH 7.4, 1% Igepal, 0.5% Sodium
deoxycholate, 0.1% SDS) plus 1:100 of protease inhibitor cocktail without EDTA
(abcam) for 15 minutes on ice. Following collection into 1.5 ml tubes, protein
lysates were spun down at 10,000g for 10 minutes and resolved by SDS-PAGE using
a 12.5% polyacrylamide gel [190]. A precision plus dual colour standard was also
run alongside the samples (Biorad). Proteins were transferred using a Trans-Blot
SD semi-dry blotter (Bio Rad) to a 0.45 µM nitrocellulose membrane. Blocking was
carried out in 5% marvel in PBS at room temperature for 1 hour. Primary antibodies
were diluted in 5% BSA in PBS containing 0.1% tween and incubation carried out at
4◦C overnight. Primary antibodies utilised were rabbit monoclonal antibody raised
against MSI1 EP1302 (1:500, ab52865, abcam), rabbit polyclonal Zika virus envelope
protein antibody (1:1000, GTX 133314 , GeneTex), mouse monoclonal anti-GAPDH
(1:1000, ab8245, abcam) and rat anti-beta tubulin (1:10) grown from a hybridoma
kindly provided by Stephen Graham. The secondary antibodies Goat anti-rabbit
IgG H&L IRDye 800CW antibody (1:10,000, ab216773, abcam) and Goat anti-rat
IgG H&L Alexa Fluor 680 (1:10,000, ab175778, abcam) were used for detection
using an Odyssey CLx Imaging System (Li-Cor).

2.4 Cell culture

All cells were maintained in Dulbecco′s Modified Eagle Medium (DMEM, Sigma)
supplemented with 2 mM L-glutamine, penicillin (100 SI units/ml), streptomycin
(100 µg/ml) and 10% filtered bovine serum, FBS Good (FBS, PAN-Biotech) (com-
plete medium) at 37◦C in 5% C02. U251 cells were also supplemented with 1%
non-essential amino acids (Sigma).
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2.5 ZIKV generation and infection experiments

2.5.1 FL ZIKV RNA transcription

Following midiprep, FL ZIKV constructs were digested with 3 µL AGEI enzyme
and 10 µL Buffer O + Bovine serum albumin (BSA) (Thermofisher Scientific) in a
final volume of 100 µL at 37◦C overnight. Following heat inactivation at 70◦C for
20 minutes, 10 µL of this mixture was added into a 100 µL transcription reaction
and incubated at 37◦C for 2 hours prior to the addition of 4 µL of DNASE (NEB)
for 30 minutes at 37◦C. Transcription reaction conditions are shown in Table 2.4.
To purify RNA, 100 µL of TRI reagent was added to each sample and 50 µL of
chloroform prior to spinning at 12,000 g for 10 minutes and collection of the upper
aqueous layer. Samples were then precipitated with isopropanol as previously de-
scribed in Section 2.2. RNA was resuspended in 50 µL of water and passed down
an Illustra MicroSpin-G50 column (GE Healthcare). 60 µg of FL ZIKV RNA was
capped using the ScriptCap m7G Capping System (Cambio) following the manu-
facturers instructions by incubation with 40 U of capping enzyme for 2 hours at
37◦C (CellScript). Capped RNA was further purified by TRI reagent chloroform
extraction and isopropanol precipitation, prior to resuspension in water and passing
down another Illustra MicroSpin-G50 column.

Table 2.4: Transcription reaction components for FL ZIKV RNA generation.

Reagent per reaction (µL)
1M Hepes (pH 7.5) 10
320 mM MgOAc 10
400 mM DTT 10
20 mM spermidine 10
100 mM ATP 7.5
100 mM CTP 7.5
100 mM GTP 7.5
100 mM UTP 7.5
RNASEOUT 2
T7 pol (50ng/µL) 5
water 13
Total 90
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2.5.2 Measuring FL ZIKV nano site mutant fitness

Following transcription of FL ZIKV nano site constructs and capping to generate a
cap 0 structure (Section 2.5.1), 1 µg of RNA was transfected into 80% confluent Vero
cells in 12-well plates. 1 µg of RNA was diluted in 50 µL of OptiMEM reduced-
serum medium (OptiMEM, Life Technologies). A negative control replacing the
RNA with water was also included. 3 µL of Lipofectamine 2000 (Thermofisher) was
added to 50 µL of OptiMEM reduced-serum medium (OptiMEM, Life Technologies)
and incubated for 5 minutes at room temperature. The diluted RNA was then
added to the diluted lipofectamine. Following incubation for 20 minutes, cells were
washed 2X with PBS, prior to addition of 200 µL of DMEM without FBS, and
the water or RNA complexed with lipofectamine. Cells were incubated at 37◦C for
1 hour with gentle shaking. 300 uL of DMEM without FBS was then added and
the cells incubated for an additional 2 hours. Following incubation, the media was
removed and the cells washed 2X with DMEM and 1 ml of complete DMEM without
antibiotics added to each well. The cells were then incubated at 37◦C until lysis of
cells was carried out.

Cells were harvested at the indicated time points by washing 2X with PBS prior
to incubation with 100 µL of 1X passive lysis buffer (Promega) for 15 minutes and
then stored at -80◦C. Samples were diluted 1:5 in PBS and nanoluciferase levels
were measured using the GloMax (Promega) following the addition of 50 µL of 50
µM colenterazine to 50 µL of sample.

2.5.3 Virus generation

Reverse genetics was used to produce ZIKV stocks. Capped, in vitro transcribed
FL ZIKV RNA (1 µg) was electroporated into 3 x 106 Vero cells resuspended in 100
µL of OptiMEM. Electroporations were carried out using a NEPA21 electroporator
(Nepagene). The conditions displayed in Table 2.5 were ustilised. Cells were re-
covered in pre-warmed complete DMEM for 5 minutes prior to seeding into T150
flasks. DMEM was supplemented with 20 mM HEPES (Gibco) for viral growth.
Media was replaced 16 hours post electroporation, and virus collection started when
cytopathic effects were observed. Virus was collected over multiple days into separ-
ate tubes for each day and centrifugation carried out at 4◦C to remove cell debris
prior to aliquoting and storage in the -80◦C. Vials containing ZIKV were only freeze
thawed once.
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Table 2.5: Electroporation conditions.

Poring Pulse Transfer Pulse
V Length Interval No. D. Rate Polarity V Length Interval No. D. Rate Polarity

(ms) (ms) (%) (ms) (ms) (%)
125 5 50 2 10 + 20 50 50 5 40 +/-

2.5.4 Plaque assay

Viral dilutions were carried out in serum free DMEM following a single defrost of
viral aliquots. Vero cells were infected at 80% confluency in 6-well plates in serum
free DMEM for 1 hour at 37◦C, with shaking every 15 minutes. 3X UltraPure Low
Melting Point Agarose (Invitrogen) was prepared in sterile distilled water to make
a 3% solution, prior to a 1:3 dilution in DMEM containing 2.5% FBS, L-glutamine,
penicillin and streptomycin (plaquing medium). Virus was removed and 2 mL of
plaquing medium added to each well. Following incubation for 4 days at 37◦C in
5% C02, plaques were fixed with 10 % formal saline (100 mL formalin, 900 mL tap
water and 8.5 g NaCl) overnight, and following removal of agarose stained with 0.1%
w/v toludine blue and plaques counted.

2.5.5 Virus infections

Virus infection were carried out with day 2 P0 virus unless otherwise indicated. Cells
were infected at 80% confluency at the indicated multiplicity of infection (MOI) in
serum free DMEM for 1 hour at 37◦C with shaking every 15 minutes. Virus was then
removed, cells washed with PBS and DMEM containing 2.5% FBS, L-glutamine and
antibiotics added to the cells. Cells were then incubated at 37◦C in 5% C02 and
samples harvested at the indicated time points.

2.5.6 Passage experiments and ZIKV sequencing

Vero cells were infected in 6-well plates with day 2 P0 virus at MOI 0.1, and 3 days
post infection, viral supernatants collected for further blind passages. RNA was
extracted from 500 µL of viral supernatants by the addition of 500 µL of TRI reagent
and 200 µL of chloroform. Following centrifugation and collection of the upper

42



aqueous layer, isopropanol precipitation was carried out as described in Section 2.2
and the RNA resuspended in 10 uL of water.

1 µL of the RT primer (10 µM) (AGACCCATGGATTTCCCCACACCGGC (10782-
10807) in 7 uL of water was added to 1 µg of RNA diluted in 5 uL of water and
incubated at 65◦C for 5 minutes and then placed on ice for 2 minutes. Reverse tran-
scription (RT) reactions were carried out in a final volume of 20 µL using the fol-
lowing reactions conditions; 1X first-strand buffer (Invitrogen), 5 mM DTT, 1U/µL
RNASE OUT (Invitrogen), 0.5 mM dNTPs (Thermo scientific), and 10U/µL Su-
perScript III (SSIII) (Invitrogen). Reactions were incubated at 50◦C for 1 hour and
inactivation carried out at 75◦C for 15 minutes, prior to the direct use of 3 µL of
this reaction mix for PCR amplification and sequencing with the primers shown in
Table 2.6.

The 3′UTR was amplified using primers 3′UTR_F and 3′UTR_R and the PCR
reaction conditions described in Section 2.1.3. Cycling conditions were an initial
denaturation of 95◦C for 2 minutes followed by 40X (95◦C for 30 seconds, 60◦C for
30 seconds, 70◦C for 30 seconds) and a final extension at 70◦C for 5 minutes.

The 5′UTR was amplified using primers 5′UTR_F and 5′UTR_R and the PCR
reactions conditions described in Section 2.1.3, except 2.25 mM MgSO4 was used.
Cycling conditions were an initial denaturation of 95◦C for 2 minutes followed by
40X (95◦C for 30 seconds, 50◦C for 30 seconds, 70◦C for 20 seconds) and a final
extension at 70◦C for 5 minutes.

Sanger sequencing was carried out by the Department of Biochemistry DNA sequen-
cing Facility (University of Cambridge) using primers 3′UTR_F and 3′UTR_R for
the 3′UTR and primer 5′UTR_seq for the 5′UTR. Primer sequences are shown in
Table 2.6.

Table 2.6: Primers for sequencing 5′ and 3′ UTRs. Numbers in brackets represent
nucleotide positions within the ZIKV genome.

3′UTR_F GGATCTCTCATAGGGCACAGACCG (10215-10238)
3′UTR_R AGACCCATGGATTTCCCCACACCGGC (10782-10807)
5′UTR_F AGTTGTTGATCTGTGTGAATCAG (1-23)
5′UTR_R CCAGCCTCTGTCCACTAACGT (1260-1280)
5′UTR_seqR CTTGATTGCCGTGAATCT (270-287)
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2.5.7 HEK MSI1 overexpression experiments

MSI1 WT, MSI1 AV, or EV plasmids were transfected into 40% confluent HEK 293T
cells in 10 cm dishes (Thermo Scientific). 9 µg of plasmid was diluted in 1.5 mL of
OptiMEM. 18 µL of Lipofectamine 2000 was diluted in 1.5 mL of OptiMEM and
incubated at room temperature for 5 minutes. The diluted DNA and lipofectamine
were then mixed together and incubated for 30 minutes prior to addition to each
plate containing 7 mL of complete DMEM without antibiotics. Cells were then
incubated at 37◦C in 5% C02 for 24 hours and trypsinised prior to re-seeding at a
density of 250,000 cells per well of a 24-well plate. Any spare cells were lysed in RIPA
buffer plus 1:100 of protease inhibitor cocktail without EDTA for later probing for
MSI1 expression, as described in Section 2.3. Six hours after re-seeding, infections
were carried out using the standard protocol, except for a 2 hour incubation without
shaking was utilised. Cells were then incubated for an additional 48 hours in 2.5%
DMEM at 37◦C, prior to extraction and purification of the RNA and RT-qPCR as
described in Section 2.2.

2.6 Structural mapping of the ZIKV 3′UTR

2.6.1 SHAPE construct generation

Selective 2′-hydroxyl acylation analysed by primer extension (SHAPE) constructs
were generated from FL ZIKV plasmids by PCR amplification using the protocol
described in Section 2.1.3 and the primers shown in Table 2.7. Cycling conditions
were denaturation at 95◦C for 2 minutes, followed by 28X (95◦C for 30 seconds, 57◦C
for 30 seconds, 70◦C for 30 seconds) and a final extension of 70◦C for 5 minutes.
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Table 2.7: Primers for amplification of the ZIKV 3′UTR containing a T7 promoter
and SHAPE extension cassette. Shown are the sequences for the forward primer
encoding the T7 sequence for transcription in red, the 5′SHAPE extension cassette
in black and the 5′ end of the 3′UTR in blue. The sequences for the reverse primers
are also shown containing the different lengths of extension cassettes. The reverse
transcription primer binding site is shown in green, the extension sequence in purple,
and the 3′ end of the 3′UTR in blue.

SHAPE F TAATACGACTCACTATAGGCCTTCGGGCCAA
GCACCAATCTTAATGTTGTCAGG

SHAPE R 24 nts GAACCGGACCGAAGCCCGATTTGGATCCGGCGAACCGGATCT
AGACCCATGGATTTCCCCAC

SHAPE R 33 nts GAACCGGACCGAAGCCCGATTTATAGTAAATGGATCCGGCGAA
CCGGATCTAGACCCATGGATTTCCCCAC

SHAPE R 41 nts GAACCGGACCGAAGCCCGATTAAATAAAATATAGTAAATGGAT
CCGGCGAACCGGATCTAGACCCATGGATTTCCCCAC

SHAPE R 50 nts GAACCGGACCGAAGCCCGATTTAAATAAATAAATAAAATATAG
TAAATGGATCCGGCGAACCGGATCTAGACCCATGGATTTCCCCAC

Following PCR, products were gel extracted and 1 µg of purified DNA was then
used in a transcription reaction for 2 hours at 37◦C (Table 2.8) prior to DNASE
treatment for 1 hour. An equal volume of phenol chloroform (pH 4.5) was added,
samples centrifuged at 12,000 g for 10 minutes and the upper aqueous layer collected.
Samples were then ethanol precipitated by the addition of 2 volumes of ice cold
ethanol and 0.1 volumes of 3M NaOAc (pH 4.8) in the presence of 20 ng/µL glycoblue
at -80◦C for 30 minutes or -20◦C overnight. Following incubation, the samples were
centrifuged at 12,000 g for 30 minutes at 4◦C and washed with ice cold 70% ethanol.
The RNA pellet was then resuspended in 50 uL water, passed down an Illustra
Microspin G-50 column (GE Healthcare) twice and quantified using the Qubit RNA
broad range Assay kit. RNA integrity was assessed by agarose gel electrophoresis.
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Table 2.8: Standard transcription reaction components.

Reagent per reaction (µL)
400 mM Hepes (pH 7.5) 10
320 mM MgOAc 10
400 mM DTT 10
20 mM spermidine 10
100 mM GTP 7
100 mM ATP 7
100 mM CTP 7
100 mM UTP 7
DNA 25
RNASE OUT 2
T7 pol (50ng/µL) 5
Total 100

2.6.2 Radioactive RT

Primer labelling reactions were carried out with 10 U of T4 polynucleotide kinase
(3′ phosphotase minus, NEB), 0.3 µg primer, 1X PNK incubation buffer, 1 µl of
(γ32P) ATP (6000 Ci/mmol; PerkinElmer) in a final volume of 20 µl. Reactions
were incubated at 37◦C for 20 minutes and heat inactivated at 80◦C for 5 minutes.
RT primers used were SLI (GAGTCTCTGGTCTTTCCCAGC, 10710-10730), SL2
(CGCCGCTATTCGGCGATCTG, 10762-10781) and the cassette primer (GAAC-
CGGACCGAAGCCCG).

15 ng of 32P-labelled primer was added to 20 pmol of 3′UTR RNA containing the
structured extension cassette diluted in 10 µl of 0.5X TE and heated to 95◦C for
5 minutes, 35◦C for 5 minutes and chilled on ice for 2 minutes. Following primer
annealing, RT reactions were carried out with SSIII at 55◦C using the reaction
conditions described in Section 2.5.6. After 30 minutes, 180 µl of stop solution
(0.25% SDS, 12.5 mM EDTA) was added and cDNA purified by the addition of an
equal volume of Phenol chloroform (pH 8), spinning at 12,000 g for 10 minutes at
room temperature, and collection of the upper aqueous phase. The sample was then
ethanol precipitated as described in Section 2.6.1.

Following purification, samples were resuspended in 10 µl of denaturing loading dye
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(0.05% bromophenol blue, 0.05% xylene cyanol, 20 mM EDTA, pH 8, and 91%
formamide). Samples were then separated in a denaturing 6% polyacrylamide gel
containing 7M urea, and detection carried out by autoradiography using overnight
exposure of a phosphoscreen and an FLA 7000 Typhoon scanner (GE Healthcare).

2.6.3 Modification

8 pmol of RNA in 20 µL 0.5X Tris EDTA (0.5X TE; 10 mM Tris-HCl (pH 8), 1 mM
EDTA (pH 8)) was heated to 95◦C for 2 minutes and snap cooled on ice for 2 minutes.
Re-folding was carried out in SHAPE refolding buffer (88 mM Hepes, 5.3 mM MgCl2
and 88 mM NaCl) containing 0.5U/µL of RNaseOUT (40U/µL) in a final reaction
volume of 500 µL, prior to incubation at 37◦C for 30 minutes. RNA was then split
into two separate reactions and treated with 10 mM N-methylisatoic acid anhydride
(NMIA), or the equivalent volume of Dimethyl sulfoxide (DMSO) at 37◦C for 50
minutes. RNA was then purified by ethanol precipitation as previously described
in Section 2.6.1 but in the presence of 20 ng/µL glycogen instead of glycoblue.
Following centrifugation, the RNA pellet was resuspended in 10 µL of 0.5X TE.

2.6.4 Reverse transcription of modified RNA

For primer annealing, 1 µL of water and 1 µL of 10 µM RT primer 5′ end labelled
with VIC (Applied Biosystems) was added to 10 µL of sample diluted in 0.5X TE.
Samples were incubated at 65◦C for 5 minutes, 35◦C for 5 minutes and then placed
on ice for 2 minutes.

RT reactions were carried out in a final volume of 20 µL as described in Section 2.5.6,
apart from SSIII was not added until the reaction mix had been heated to either
55◦C or 52◦C for 3 minutes. Following addition of SSIII, the samples were incubated
at the indicated temperature for 30 minutes. Following RT, alkaline hydrolysis was
carried out by incubation at 95◦C for 3 minutes in the presence of 2 µL 2M NaOH
and samples cooled on ice for 2 minutes. 2 µL of 2M HCl was then added, and the
samples purified by ethanol precipitation as previously described in Section 2.6.1
but in the presence of 20 ng/µL glycogen instead of glycoblue and resuspended in
20 µL of water.
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2.6.5 RNA ladder preparation

Sequencing reactions were carried out utilising the same RNA samples that were used
in the initial modification reactions. For each reaction, 6 pmol of RNA in 7.5 µL
0.5X TE was heated to 95◦C for 2 minutes and snap cooled on ice. Primer annealing
was carried out as before, but 1 µL of 10 µM RT primer 5′ end labelled with NED
(Applied Biosystems) and 2 µL of water was added to each reaction. The RT reaction
was carried out using the same conditions as described in Section 2.5.6, apart from
SSIII and 1 mM of ddCTP (Roche) was added after the reaction components had
been heated to either 55◦C or 52◦C for 3 minutes. After addition of SSIII and
ddCTP, the samples were incubated for a further 30 minutes. Samples were then
ethanol precipitated as previously described in Section 2.6.1 but in the presence of
20 ng/µL glycogen instead of glycoblue, prior to resuspension in 20 µL of water.

2.6.6 Submission of SHAPE experiments and analysis of
results

7 µL of each sample plus 2 µL of sequencing reactions were added per well of a 96-
well plate and left to dry overnight at room temperature. Separation by capillary
electrophoresis was carried out by the Department of Biochemistry DNA sequencing
facility at the University of Cambridge. All SHAPE data was analysed utilising
QuSHAPE.

2.7 Northern blotting

2.7.1 Sample preparation

Vero cells were infected at 80% confluency in a 6-well plate format with ZIKV at
an MOI of 3. Cells were lysed at 48 hours post infection by the addition of 1 mL of
TRI reagent per well. Following harvest, 200 µL of chloroform was added and total
RNA extracted and isopropanol precipitated as described in Section 2.2. Following
resuspension in 10 µL of water, samples were quantified by Qubit analysis using the
Qubit RNA broad range Assay kit.
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For a size control ZIKV 3′UTR RNA was generated. ZIKV 3′UTR DNA was gen-
erated using the F primer (TAATACGACTCACTATAGCACCAATCTTAATGT-
TGTCAGGCCTG), adding a T7 promoter to the 5′ end of the 3′UTR and the
reverse primer (AGACCCATGGATTTCCCCACACCGGC) which anneals to the
end of the ZIKV 3′UTR. PCR amplification was carried out as previously described
in Section 2.1.3 using 40 ng of FL WT plasmid as a template. Cycling conditions
were an initial denaturation of 95◦C followed by 28X (95◦C for 30 seconds, 60◦C
for 30 seconds, 70◦C for 30 seconds) and a final extension of 70◦C for 5 minutes.
Following PCR amplification, DNA was ethanol precipitated and purified by gel
extraction. Transcription was carried out as described in Section 2.6.1.

2.7.2 Urea-PAGE

2 µg of each sample and 1 ng of 3′UTR RNA were diluted in 5 µL of water and
mixed with 5 µL 2X RNA loading dye containing ethidium bromide (50 µg/mL).
Samples were then incubated at 95◦C for 5 minutes and snap cooled on ice. An 8M
Urea 6% Polyacrylamide gel was pre-run in 1X Tris-borate-EDTA (TBE) at 80V for
5 minutes. Samples were then run at 80V for 15 minutes and then 120V for 1 hour
38 minutes, until the Xylene Cyanol dye was almost run off of the gel. The gel was
washed in 0.5X TBE prior to visualisation in the transilluminator.

2.7.3 Transfer

Northern blotting was carried out based on the protocol from [40]. The Urea gel
was equilibrated by washing in 0.5X TBE buffer 2X for 15 minutes. The nylon
membrane (Hybond-XL, Amersham) was equilibrated by washing in water for 5
minutes and 0.5X TBE for 5 minutes. Blotting paper was also soaked in 0.5X
TBE buffer. Electrophoretic transfer was carried out using a Trans-Blot Semi-
Dry Electrophoretic Transfer cell (BioRad) and the blotting sandwich assembled as
follows (bottom up); blotting paper, nylon membrane, gel, blotting paper. Transfer
was carried out at a current of 2 mA/1cm2 gel for 60 minutes. After the transfer
was finished the membrane was UV cross-linked twice at 1200 X 100µJ/cm2 in a
UV stratalinker. The membrane was then rinsed in water and stored in wet saran
wrap at 4◦C prior to hybridisation.
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2.7.4 Preparation and hybridisation of probe

The following steps in the Northern Blot protocol involving the use of 32P were car-
ried out by Trevor Sweeney. The DNA oligonucleotide (5′-TCCTCTAACCACTAGT
CCCTCTTCTGGAGATCCAC-3′) complementary to the ZIKV 3′UTR at nucle-
otides positions 10642-10676 of the ZIKV genome, was labelled with γ32P as previ-
ously described in Section 2.6.2. The radiolabelled probe was heated to 100◦C for
2 minutes prior to the addition of 10 mL of ULTRAhyb Oligo hybridisation buffer
(Ambion) and incubated with the northern blot membrane overnight at 42◦C.

2.7.5 Visualisation of Northern Blot

Following probing, northern blots were washed in 2X saline-sodium citrate (SSC)
buffer with 0.5% SDS for 10 minutes at 42◦C four times. Blots were exposed to a
phosphoscreen for 4 days and imaged using an FLA 7000 Typhoon scanner.
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Chapter 3

Investigating the effects of putative MSI1
binding site mutations on ZIKV fitness

3.1 Introduction

Several host proteins have been shown to interact with flavivirus 3′UTRs and are
important for the viral life cycle. Through a dynamic interplay between the viral
RNA and host proteins, flaviviruses manipulate the host cell environment to promote
viral replication and translation, and to subvert the host immune response [29].

Previous work identified the host protein MSI1 as directly interacting with the
3′UTR of Asian lineage ZIKV PE243 and African lineage ZIKV MR766 [178]. MSI1
is an RNA-binding protein that is a master translation regulator, with roles in reg-
ulating cell proliferation, differentiation, and growth [166]. Neural progenitor cells,
as well as other tissues deemed susceptible to ZIKV infection from the retina and
testis, express high levels of MSI1, providing a potential link between MSI1 and
ZIKV tropism [178, 184, 183, 185, 182, 186] . Furthermore, infection with ZIKV
disrupts binding to target transcripts, including the transcript encoding the protein
Microcephalin (MCPH1) [178]. Cells that are deficient in MCPH1 display prema-
ture chromosome condensation, a phenotype that is also observed when MSI1 is
knocked out of human glioblastoma cells [191, 192, 178]. Additionally, patients with
autosomal primary microcephaly contain a point mutation in MSI1 (A184V) that
disrupts RNA binding and abolishes the MSI1 driven replication enhancement of
ZIKV [178]. Cumulatively this indicates that ZIKV binds to MSI1 sequestering
it from its target transcripts and that the subsequent dysregulation causes micro-
cephaly. MSI1 has also been shown to stabilise cyclin dependent kinase (CDK) 6,
and treatment of cells with CDK inhibitors has been shown to inhibit ZIKV rep-
lication, providing a potential explanation for the enhanced replication of ZIKV
observed in the presence of MSI1 [193, 194]. This enhanced replication may lead to
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increased pathology due to cell death, although previous work has shown that viral
replication rates in mice did not necessarily directly correlate with pathogenicity
[195, 98].

In addition to direct binding to the 3′UTR, UV cross linking and RNA immuno-
precipitation experiments have shown that MSI1 also binds to the PE243 genome
following infection, and super-resolution microscopy has shown co-localisation with
double stranded viral RNA replication intermediates [178]. This indicates that MSI1
can bind to the FL ZIKV genome as well as sfRNAs. This raises questions around
the mechanism of MSI1 regulation and therefore the regulation of ZIKV replication
as infection progresses. There is a balance between replication of the viral genome
and translation of viral proteins. It is plausible that MSI1 promotes viral replica-
tion and is mopped up by the increasing concentration of sfRNAs generated over
the course of infection. This may then promote a translation competent form of
the genome, tilting the balance from genome replication towards the generation of
viral proteins. This highlights the requirement for further work picking apart the
mechanism of MSI1 enhancement of ZIKV replication.

MSI1 regulates its target genes by binding to the 3′UTR region of target transcripts,
and, therefore, the search for MSI1 binding sites within the ZIKV genome was
narrowed down to the 3′UTR [157]. Multiple putative MSI1 binding sites have been
identified within the PE243 ZIKV 3′UTR, consisting of a central UAG motif in
regions that appear accessible for protein binding [159, 187, 178]. Five potential
sites were identified labelled A-E in order of their location in the 3′UTR, from the 5′

to the 3′ end. Sites B, D and E correspond to sites 1, 2 and 3 respectively, previously
identified by Chavali et al, 2017. Sites A and E were discovered at a later date [188]
(Figure 3.1).
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Figure 3.1: Putative MSI1 binding sites in the ZIKV 3′UTR. Binding sites are in-
dicated by arrows. The nomenclature used in this study is shown and nomenclature
from Chavali et al, 2017 is shown in brackets

The cumulative mutation of Sites B, D and E in the 3′UTR of ZIKV PE243 has been
shown to disrupt MSI1 binding, although low levels of binding were still observed.
The MR766 strain of ZIKV lacks a putative binding Site E, indicating that this
site is not essential for MSI1 binding [178]. The contribution of individual putative
MSI1 binding sites within the 3′UTR was not investigated, or the effects of these
site mutations when introduced into the full length viral genome on viral fitness.
Therefore, additional investigations are required to identify the site and/or sites
that are required for MSI1 binding to further elucidate the role of MSI1 in ZIKV
replication enhancement. To do this, it was decided that ZIKV mutants carrying
mutations of putative MSI1 binding sites would be utilised. This would also provide
further insights into the importance of the 3′UTR in ZIKV fitness, and any mutations
that attenuate viral fitness provides useful information for vaccine design.

The main aim of this chapter was to determine whether mutation of each of these
putative MSI1 binding sites disrupted viral fitness in a MSI1 dependent manner.
This required the generation of constructs encoding the full length ZIKV genome (FL
ZIKV) containing site mutations in the 3′UTR, and utilisation of reverse genetics
to generate mutant viruses. Following virus generation, infection of cells +/- MSI1
would be carried out to test viral fitness and the link between viral replication and
MSI1.
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3.2 Results

3.2.1 Utilising reverse genetics to study the effects of site
mutations in the ZIKV 3′UTR on viral fitness

Previous work in the lab generated ZIKV mutants containing AG to CC mutations at
putative MSI1 binding Sites A, B, D, E and A+B+D+E in a FL ZIKV nanoluciferase
reporter construct (FL ZIKV nano). These constructs were utilised to investigate
whether any of the site mutations had an impact on viral fitness. Following in
vitro transcription, capped FL ZIKV nano RNA was transfected into Vero cells, the
cells lysed, and nanoluciferase (nanoluc) levels measured at different time points
post transfection (Figure 3.2). There was a clear fitness defect observed for the
Site E and Site A+B+D+E mutants, with nanoluc production reduced by 60 and
70X respectively, relative to WT at 72 hours post transfection. The Site B and D
mutants displayed a 6X and 4.5X reduction in nanoluc production compared to WT
at 72 hours post transfection, also indicating that these site mutations impaired
viral fitness. The Site A mutant showed similar nanoluc levels compared to WT,
indicating that this mutation did not impact viral fitness.

Figure 3.2: Effects of mutating putative MSI1 binding sites on ZIKV fitness. FL
ZIKV nanoluc reporter constructs containing the WT 3′UTR or putative MSI1 bind-
ing site mutations were transfected into Vero cells. Vero cells were lysed at 0, 2, 4,
6, 8, 12, 24, 48 and 72 hours post transfection and nanoluc levels measured (n=1).

Many studies utilise flavivirus reporter constructs to investigate viral fitness, allow-
ing for more rapid quantification of virus levels [196, 197, 198, 199, 200]. However,
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insertion of a reporter gene commonly leads to viral attenuation [201, 198, 202, 197,
203, 204, 205, 206]. This can make viral reporters less useful for studying mutations
that affect viral replication or pathogenesis [207]. Indeed, when FL WT nano was
compared to FL WT without a nanoluciferase reporter (FL WT), a smaller plaque
phenotype was observed and a one-day delay in the development of cytopathic effects
(CPE) (Figure 3.3). It was therefore decided that the site mutants would be cloned
without the nanoluciferase reporter to ensure that the viruses were as biologically
relevant as possible.

Figure 3.3: Attenuation of WT ZIKV following insertion of a nanoluciferase reporter.
Shown is the attenuated plaque morphology for FL WT nano compared to FL
WT ZIKV. Viruses were titrated on Vero cells by plaque assay before formal saline
fixation and toluidine blue staining at 4 days post infection.

As it became apparent that another site within the 3′UTR may also be a potential
MSI1 binding site (Site C), it was decided that this site mutant would also be cloned.
It has previously been suggested that the positioning of Site C in the dumbbell (DB)
structure alongside Site D could present two binding sites for each of MSI1s two RNA
binding domains [188]. To further investigate this a double mutant containing Site
C+D was cloned.

Cloning conditions were optimised to enhance the efficiency of cloning with a large
plasmid (≈19 kb). For ligations, instead of utilising the PmeI restriction enzyme
site, the FseI site was used in combination with the BstBI site to produce double
sticky ends. Additionally, instead of a 16◦C overnight ligation, ligations were carried
out at 16◦C for 3 hours and then the temperature raised to 22◦C for 4 hours. This
was found to greatly enhance ligation efficiency alongside using a high insert to
vector ratio of 5:1. It was also found that the use of fresh NEB Turbos is important
as their efficiency reduced quickly following storage in the -80◦C.

Following the construction of plasmids encoding the full length ZIKV genome (FL
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ZIKV) containing the WT 3′UTR or different site mutations, capped FL ZIKV
RNA was electroporated into Vero cells, and virus was collected over multiple days
following observation of CPE. CPE was determined by looking for the formation of
early viral plaques and increased cell death compared to the negative control. From
this, it became apparent that Site B, D, C+D, E and (A+B+C+D+E) mutants were
less fit than WT, displaying a delay in the appearance of CPE and a smaller plaque
phenotype compared to the WT virus (Figure 3.4). In particular, the Site B mutant
virus displayed the smallest plaque phenotype, indicating a greater reduction in
viral fitness compared to the other site mutants. Comparatively, the Site A mutant
displayed a similar plaque phenotype to the WT virus, indicating that this mutation
did not affect viral fitness. The virus was collected over three days for all the site
mutants, apart from the Site A mutant and the WT virus, where cell death was
more rapid, and so virus was collected over two days. In some cases the virus
collection was delayed over multiple days due to the slower progression of infection
for some of the site mutants. The Site E virus was collected 16, 17, and 18 days post
electroporation, following observation of very mild CPE. The Site A+B+C+D+E
virus showed no CPE following 20 days of observation. Sequencing confirmed the
presence of the site mutations in passage 0 (P0) stocks of virus. On the occasion
where virus rescue was possible for the Site E mutant, sequencing identified another
mutation in the 3′SL adjacent to the mutated site, which was still carrying the
expected mutations (Figure 3.5). Following viral collection, titres were determined
by plaque assay for virus collected two days following observation of CPE. These p0
stocks were used for subsequent experiments.
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Figure 3.4: Generation of ZIKV site mutants. (A) WT FL ZIKV RNA and FL
ZIKV RNA containing the different site mutations was electroporated into Vero
cells. Shown is the time taken to display initial CPE post electroporation, measured
as increased cell death compared to the uninfected negative control cells and the
formation of clusters of dead cells. (B) Days of viral collection following electro-
poration of FL ZIKV RNA are shown for the site mutant and WT viruses. The
first day of collection was carried out when mild CPE was apparent and then collec-
tion carried out on subsequent days until over 70% of cells were dead. (C) Plaque
morphology of the indicated site mutants compared to the WT virus. (D) Plaque
morphology of the Site C mutant virus generated at a later date, the Site D mutant,
and WT virus. All titrations were carried out on Vero cells and fixed and stained
at 4 days post infection.
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Figure 3.5: An extra mutation in the 3′UTR is present following the attempted
rescue of the Site E mutant virus. (A) Shown is the location of Site E and the
site of the additional mutation within the 3′UTR structure. (B) Sanger sequencing
trace depicting the extra C→T mutation in the 3′UTR located upstream of Site E.
(C) Plaque morphology of the Site E mutant containing the additional mutation
compared to the WT virus following titration on Vero cells.

To further assess the stability of the site mutations introduced into the 3′UTR, Vero
cells were infected with the different site mutants at MOI 0.01, and supernatants
were collected three days post infection. The supernatants were blind passaged
onto Vero cells up to five times, and the viral RNA extracted and used to generate
cDNA for sequencing both the 3′UTR and the 5′UTR. Site A, D, C+D and E
mutants maintained the site mutations introduced into the 3′UTR and the WT virus
maintained the WT sequence. Interestingly, the Site B mutant partially reverted to
the WT sequence, switching from CC at the mutation site to CG. This reversion
could be seen as early as passage 2 (P2) and complete reversion was observed by
passage 3 (P3) (Figure 3.6).
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Figure 3.6: Partial reversion of the Site B mutant. (A) Location of the Site B muta-
tion within the 3′UTR structure is depicted. (B) Shown are the sanger sequencing
traces for the Site B mutant following passage onto Vero cells.

3.2.2 Selecting a cell line to study MSI1 driven enhance-
ment of ZIKV replication

To investigate viral fitness of the different site mutants, different cells lines were con-
sidered for testing. Previous work showed that HEK 293-T cells contained no MSI1,
and therefore, could be used for overexpression experiments with MSI1 (MSI1 WT)
and MSI1 containing a mutation that should disrupt binding to target transcripts
(MSI1 AV) [178]. However, unexpectedly, initial experiments utilising overexpres-
sion of MSI1 in HEK 293-T detected MSI1 expression in HEK-293 T cells transfected
with empty vector (HEK empty), as well as in non-transfected cells (HEK) (Fig-
ure 3.7).
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Figure 3.7: Detection of MSI1 in HEK 293 T cells. Transfection of HEK cells with a
pCDNA plasmid encoding WT MSI1, MSI1 AV, or empty vector was carried out. 24
hours following transfection, cell lysates were collected and western blotting against
MSI1 and tubulin was carried out. Non-transfected HEK cells were also included as
a negative control.

It was decided that the effects of MSI1 overexpression in HEK 293T cells would
be further investigated to determine if this could boost ZIKV replication as has
been previously observed [178]. It was shown that ZIKV displayed a minimal en-
hancement in replication in HEK 293T cells expressing MSI1 WT compared to cells
expressing MSI1 AV or empty vector, however, this was not significant (Figure 3.8).
It was, therefore, decided that these cells would not be utilised for future experi-
ments.
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Figure 3.8: Effects of MSI1 overexpression on ZIKV replication. (A) Western blot
for MSI1 and the loading control tubulin. Plasmids encoding MSI1 WT or MSI1
AV were transfected into HEK-293 T cells and cells lysed at the indicated times
post transfection for western blotting. (B) HEK-293 T cells were transfected with
plasmids encoding MSI1 WT, MSI1 AV or empty vector and infected with ZIKV
24 hours later. 48 hours post infection, total RNA was extracted, and RT-qPCR
carried out to quantify ZIKV genome copies (n=2).

Previous work carried out by Chavali et al, 2017 generated MSI1 knockout cells
using U251 human glioblastoma cells (U251 KO), demonstrating a two-log increase
in viral replication at 24 hours post infection in wild-type U251 cells (U251 WT)
compared to U251 KO cells. As ZIKV has been shown to infect brain tissue, and
these cells have been shown to contain MSI1, they were deemed a good model for
studying the effects of MSI1 on ZIKV replication [116, 117, 118, 119, 178]. Initial
infection experiments of U251 WT and U251 KO cells were carried out utilising
WT ZIKV generated by the reverse genetics system (Figure 3.9A). At 24 hours post
infection, a two-fold increase in viral replication was observed in WT cells compared
to KO cells (Figure 3.9B).
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Figure 3.9: Enhancement of ZIKV replication in the presence of MSI1. (A) Probing
for MSI1 and tubulin was carried out on U251 WT and U251 MSI1 KO cell lysates.
MSI1 is indicted with a black star. MSI2 was also detected as indicated by the
black arrow. (B) Following infection of U251 WT and U251 MSI1 KO cells with
WT ZIKV at an MOI of 1, total RNA was extracted at 0 hours, 8 hours, 24 hours,
and 48 hours post infection and viral genome copies were quantified by RT-qPCR
(n=2).

Figure 3.10: MSI1 expression in different cells at different passages. (A) Comparison
of MSI1 expression levels in higher vs lower passage U251 cells. U251 WT and MSI1
KO cells were lysed and western blotting carried out to detect tubulin and MSI1
(indicated by *). MSI2 was also detected as shown by the black arrow. MSI1
expression levels were normalised to the tubulin loading control. (B) Comparison
of MSI1 levels between different cell types at high and low passage. HEK G cells
were low passage HEK cells which were a kind gift from Stephen Graham. High and
low passage U251, HEK and A549, as well as Vero cells, were lysed and levels of
tubulin and MSI1 detected by western blotting. The additional detection of MSI2
is highlighted by the black arrow.

Over multiple passages the U251 WT cells began to divide at a slower rate that was
more comparable to the KO cells. When lysates of older passage U251 WT cells
were compared to newer passage cells there was a clear reduction in MSI1 expression
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at higher passage (Figure 3.10A). Lysates from other cell types were also tested for
MSI1 expression. Again HEK 293 T cells were shown to express MSI1. A549 cells
had very low levels of MSI1, and MSI1 levels were almost undetectable in Vero cells
(Figure 3.10B).

3.2.3 Investigating the effects of the site mutations on MSI1
driven replication enhancement

As an enhancement in WT ZIKV replication was observed in the presence of MSI1, it
was decided that the U251 WT and KO cells would be utilised to investigate whether
any of the site mutations disrupted this replication enhancement, and therefore,
potentially disrupted MSI1 binding. Low passage stocks of U251 WT cells were
generated and used for subsequent experiments to ensure MSI1 levels in U251 WT
cells were maintained. Unfortunately, due to cloning difficulties and time constraints,
the Site C mutant was not tested, however, it was possible to test the Site C+D
mutant.

Infection of U251 WT cells at MOI 1 demonstrated that the Site D and Site C+D
mutants replicated approximately two-fold less efficiently than the WT virus at 24
hours post infection (Figure 3.11A). Comparatively, in U251 KO cells, no signific-
ant difference in replication was observed (Figure 3.11B). Additionally, the Site A
mutant displayed a similar replication profile to the WT virus in both U251 KO and
U251 WT cells at MOI 1 (Figure 3.11A/B).

Infection of U251 WT cells at a lower MOI of 0.1 also displayed a significant 5-fold
reduction in replication of Site mutants D and C+D compared to WT virus, but at
the later time point of 48 hours post infection (Figure 3.11C). Although a trend of
reduced replication was observed for these mutants at 24 hours post infection, this
was not significant. Similar to what was observed at a higher MOI, at the lower
MOI of 0.1, no significant difference in replication was observed for Site mutants
D and C+D compared to the WT virus in the U251 KO cells. This indicates that
differences in replication efficiencies observed for these mutants compared to WT
was dependent on the presence of MSI1 (Figure 3.11D). Additionally, no significant
difference was observed between the Site A mutant and WT virus at this lower MOI,
although the WT virus displayed an increase in replication in both the WT and KO
cells at 48 hours post infection, whilst replication of the Site A virus appeared to
plateu (Figure 3.11C/D).
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Figure 3.11: Replication of the site mutants in U251 WT vs U251 MSI1 KO cells
at high and low MOI. Infection of (A) U251 WT cells or (B) U251 KO cells was
carried out with the site mutants or WT ZIKV at MOI 1, n=3. Infections were also
carried out at MOI 0.1 in (C) U251 WT or (D) U251 KO cells, n=2. Total RNA was
extracted at 0, 8, 24 and 48 hours post infection. Viral genomes were quantified by
RT-qPCR and genome copy number normalised by total RNA concentration. (E)
Shown is a comparison of viral replication in U251 WT vs U251 MSI1 KO cells at
indicated time points for the site mutants and WT virus. *p<0.05, determined by
student t test. 64



No significant increase in replication efficiencies was observed for the site mutants in
the presence of MSI1. Only infection with WT virus at MOI 1 showed a significant
reduction in replication in U251 KO cells vs U251 WT cells at 24 hours post infection
(Figure 3.11E). This indicates that the introduction of these site mutations have
disrupted MSI1 dependent replication enhancement.

Cumulatively these results indicate that the mutation of Site D hampers viral rep-
lication in a MSI1 dependent manner.

3.3 Discussion

The use of reverse genetics for viral generation is an invaluable tool for studying the
effects of different mutations on viral fitness and to further pick apart the interplay
between the virus and host. In this study, both a FL ZIKV nanoluc reporter and FL
ZIKV construct without a reporter were used, however, the presence of a nanoluc
insert had a deleterious effect on viral fitness. It is important to highlight that
reporter viruses are extremely useful under some circumstances, streamlining virus
detection over standard methods, such as plaque assays or focus forming assays,
which can take up to 5 days to produce results. Utilising a reporter virus, it is
possible to sample directly from the supernatant for ZIKV and rapidly quantify viral
replication, which is useful for drug discovery, particularly for large scale screening
of antiviral compounds [196, 197, 198, 199, 200] . This has also proved useful in
streamlining neutralisation assays which are important for drug discovery, vaccine
development and diagnosis [203, 207]. Additionally, the use of reporter viruses has
made it possible to monitor real-time infection in animal models [202, 206]. In
this study, the use of FL ZIKV nanoluc reporter constructs were useful for initially
screening the mutants for fitness defects, highlighting that the mutation of Site B,
D and E reduced nanoluciferase production following the transfection of RNA into
Vero cells (Figure 3.2).

Although a highly useful tool, reporter flaviviruses have been shown to have variable
stability, although efforts have been made to increase the stability and therefore
utility of these viruses. Utilising a small reporter insert, such as nanoluc, produces
more stable reporter viruses than the use of larger reporters such as firefly luciferase
2 and red shift luciferase [189]. A common strategy is to insert the reporter between
duplicated capsids flanked by the foot and mouth 2A peptide sequence, ensuring
that the reporter is separated from the polyprotein. The upstream capsid contains
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the cyclisation signals required for viral replication, and the downstream capsid is
codon optimised to reduce homology and use of this as a downstream cyclisation site
[208, 189, 197]. This strategy was employed in the reverse genetics system utilised in
this study. Stability can also be increased by optimising the duplicated capsid length
and introducing mutations that will change the reading frame or the charge of the
capsid protein if viral recombination takes place [204, 207]. Nevertheless, insertion
of a reporter does cause viral attenuation, as has been observed in this study by
a reduction in plaque size. This makes these constructs less useful for studying
additional mutations that cause viral attenuation and their downstream utility in
organoids or animal models [201, 198, 202, 197, 203, 204, 205, 206]. Therefore,
for studying the effects of the different site mutations on viral fitness, a FL ZIKV
construct without a reporter was deemed more useful.

Despite the first links between microcephaly and ZIKV infection being established
following the 2015/2016 epidemic, both African and Asian lineages of ZIKV have
been shown to cause microcephaly in mouse models and reduced proliferation and
growth of human brain organoids [116, 117, 118, 119]. Interestingly, African strains
have been shown to be more neuropathogenic than Asian strains, proving more
lethal following the infection of mouse embryos [95, 98, 102]. This is despite no
recorded cases of human microcephaly or more severe developmental complications
during pregnancy following infection with African lineage viruses, although this may
be due to a lack of surveillance.

The link between MSI1 and enhanced ZIKV replication in brain cells provides an
interesting hypothesis, linking a host protein to the pathogenesis observed in infants
born to mothers infected during pregnancy [178]. However, the work presented
here failed to recapitulate the two log enhancement in ZIKV replication previously
observed in U251 human glioblastoma cells in the presence of MSI1 [178]. In this
study, a 2-fold enhancement in WT ZIKV replication was consistently observed at
24 hours post infection in U251 WT cells compared to U251 KO cells, regardless of
whether a higher MOI of 1 was used or a lower MOI of 0.1. Although, a statistically
significant difference was only obtained when infections were carried out at the higher
MOI of 1 (Figure 3.11E). Indeed, a higher MOI of 3 was utilised in previous work,
however, it seems unlikely that this would account for a 2-log vs 2-fold enhancement,
as a similar increase in WT ZIKV replication was observed in this study when
a low MOI of 0.1 was used (Figure 3.11E). The gap in sampling between the 8
hour and 24 time points may have missed key information about differences in
replication, and thus, future work including these earlier time points is also required.
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Perhaps MSI1 expression levels in U251 WT cells were much lower in this study
compared to previous work, as it was found that the expression of MSI1 was not
stable in U251 cells, leading to a reduction in expression levels with increased passage
number. Indeed, previous work utilising U251 cells has shown changes in phenotype
following passage [209]. Thus, inconsistent expression levels of MSI1 could account
for the discrepancy in the extent of replication enhancement in the presence of MSI1,
although efforts were made to use low passage cells. In all cell types tested a second
lower band was observed below MSI1 which is likely to be MSI2. MSI1 and MSI2
are very similar proteins, sharing 75% amino acid identity and thus perhaps some
level of redundancy exists between these proteins [156]. Additionally, MSI2 is highly
expressed in neural precursor cells alongside MSI1 [168]. However, although binding
of MSI1 to the ZIKV 3′UTR was demonstrated, binding of MSI2 was not detected
[178].

Surprisingly, all HEK-293T cells tested, obtained from several different sources at
low passage, were found to express MSI1 (Figure 3.10B). It was, therefore, not re-
markable that overexpression of MSI1 in HEK-293T cells did not lead to a significant
enhancement in ZIKV replication (Figure 3.8B). This is conflicting with previous
data that showed MSI1 was absent in HEK-293T cells, which made them useful for
studying the effects of MSI1 on ZIKV replication, finding an approximate 5-fold
increase in ZIKV replication in the presence of MSI1 [178]. In general, there have
been discrepancies between studies in the efficiency of ZIKV infection of HEK-293T
cells, with particularly low infection efficiencies found for Asian strains opposed to
African strains [52, 210, 211]. Although in this study HEK-293T cells were found
to be permissive to ZIKV infection, this variable susceptibility may mean that they
are not ideal for studying mutations that affect viral fitness.

Similar to the difference in WT ZIKV replication observed between U251 WT cells
and U251 MSI1 KO cells, a 2-fold reduction in replication of the Site D and Site C+D
mutant viruses relative to the WT virus was observed at 24 hours post infection
in U251 WT cells at MOI 1 (Figure 3.11A). This difference was not observed in
U251 KO cells, indicating that the reduction in viral fitness observed for the Site D
and Site C+D mutants was linked to MSI1 (Figure 3.11B). Furthermore, minimal
differences in replication were observed for the Site D and Site C+D viruses between
WT and KO cells, indicating that MSI1 binding was potentially disrupted in these
mutants (Figure 3.11E). These MSI1 dependent effects were also observed at lower
MOI infection, although at a later time point of 48 hours post infection, with a
5-fold reduction in replication observed for the Site D and Site C+D mutant viruses
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(Figure 3.11C). This enhanced difference is exacerbated by the continued increase
in replication for the WT virus at 48 hours when a low MOI infection is used, and
the reduction in replication observed for the Site D and Site C+D mutants. As the
Site C+D mutant displayed similar defects to the Site D mutant, it is likely that the
mutation of Site C is not responsible for the replicative defects observed, although
further work utilising the Site C mutant is required to confirm this. Site D is a good
candidate site due to its presence in both the Asian and African strains of ZIKV
[178]. This indicates that if the reduction in replication of the Site D mutant is
due to MSI1, then Site D may be the key MSI1 binding site, although pull down
analysis is required to confirm this. It is also worthwhile noting that both the Site
D and Site C+D viruses displayed fitness defects in Vero cells, including a reduction
in plaque size compared to the WT virus, and delayed production of CPE, despite
almost undetectable levels of MSI1 in these cells. The quantity of MSI1 required
for ZIKV replication enhancement is unknown. Perhaps minimal amounts of MSI1
are sufficient to cause differences in fitness between the site mutants and the WT
virus. Alternatively, these mutations may cause changes to RNA structure or disrupt
binding of other proteins which could negatively impact viral fitness, this will be
discussed in later chapters.

The continued increase in replication at 48 hours when a lower MOI is used compared
to the decrease observed at higher MOI may be due to differences in the immune re-
sponse triggered, allowing the WT virus to continue replicating at later time points
following low MOI infection. Indeed, infection of neuronal rat cells at MOI 10 in-
duced much higher levels of the proinflammatory cytokine IL-6 than at MOI 0.1
during early infection, although lower MOI infections of 0.1 and 1 still triggered
immune signalling by upregulating IFN-β [212]. The production of IL-6 triggers
a signalling cascade mainly via the JAK/STAT3 pathway, promoting an anti-viral
response by triggering the transcription of genes, such as those involved in cell sig-
nalling and the production of cytokines [213]. IL-6 has been shown to trigger choles-
terol 25-hydroxylase (CH25H) which converts cholesterol to 25-hydroxycholesterol
and has been demonstrated as having broad antiviral properties, including against
ZIKV [214, 215, 216]. Furthermore, there was a positive correlation between MOI
and CH25H expression at 24 hours post infection [216]. The activation of TLR3 in-
duced following ZIKV infection leads to IL-6 production, and in cerebral organoids,
TLR3 activation has been linked to apoptosis, as use of a TLR3 competitive in-
hibitor reduced organoid shrinkage [217, 119]. Thus, the elevated levels of IL-6
observed following high MOI infection could explain why at higher MOIs a faster
clearance of virus is observed. Testing cellular supernatants following high and low
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MOI infection for the secretion of cytokines would confirm this. Similarly, follow-
ing viral infection, IFN production induces the expression of hundreds of anti-viral
genes [67, 149]. However, ZIKV has developed several strategies to overcome this,
including NS5 mediated degradation of STAT2, and sfRNA mediated inhibition of
IFN-1 responses downstream of the receptors RIG-I and MDA-5 [218, 139]. Thus,
although at lower MOI IFN is produced, ZIKV can likely overcome this and continue
replicating at later time points.

Higher MOI infections also lead to higher levels of cell death. Previous work utilising
high (1) and low (0.001) MOIs showed that ZIKV induced greater cell death in
trophectoderm cells at higher MOIs, whereas cells could still survive and differentiate
into trophoblasts at the lower MOI infection [219]. Indeed, more floating cells are
observed when higher MOI infections are carried out. Furthermore, following a high
MOI infection of 3 in U251 cells, it was found that by 48 hours post infection there is
a dysregulation of cellular regulator molecules involved in transmembrane signalling,
regulating transcription, nuclear signalling, cellular growth, and immune signalling
[220]. This was also accompanied by a 50% reduction in cell viability. Therefore,
at higher MOI infections, due to the faster progression of infection, it is likely that
a combination of the host immune response and reduced cell fitness and viability is
leading to a more rapid reduction in viral replication. Additionally, viral stocks are
generated by collecting cell supernatants following Vero cell infection, and infection
does trigger the production of immune signalling molecules such as cytokines [221].
At higher MOI, the virus supernatants are less diluted and therefore may contain
higher levels of these immune signalling molecules that may trigger a more potent
immune response. As insect and mammalian cells have different anti-viral immune
responses, it may be preferable to generate stocks in insect cells when infections will
be carried out in mammalian cells to try and mitigate the introduction of molecules
that could trigger immune signalling.

It is well documented that U251 MSI1 KO cells are defective in that they dis-
play longer doubling times, altered migration, and delayed cell cycle progression
[178, 171, 187]. Indeed, MSI1 upregulates and downregulates many genes involved
in cell proliferation, differentiation, and growth [166]. As ZIKV relies on the host
machinery to translate its viral proteins and make new progeny virions, any adverse
effects on the cell caused by MSI1 KO could also hamper ZIKV replication. An al-
ternative solution is to identify cells that are naturally lacking MSI1, and introduce
it, however, overexpression of proteins can still have deleterious effects on the host
cell [222]. It would be more biologically relevant to utilise neurospheres or human
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brain organoids to study ZIKV replication, particularly for investigating ZIKV in-
duced neuropathology [118]. Additionally, IFN deficient mouse models of infection
have been established for ZIKV which display neuropathological effects similar to
what is seen in humans [223]. If the disruption of MSI1 binding is confirmed for the
Site C mutant this would provide a useful tool to study MSI1 dependent effects in
these systems without relying on knockout or overexpression of MSI1.

The Site A virus had similar fitness to the WT virus, displaying similar plaque
morphology and replication rates, indicating that the mutation of this site had no
effect on viral fitness (Figure 3.4, Figure 3.11). Interestingly, the Site E virus was
only rescued following mutation of a nucleotide from C→T upstream of the Site
E mutation site and not following Site E reversion (Figure 3.5). Additionally, the
Site B mutant was shown to be less fit than WT producing much smaller plaques,
whilst it also partially reverted from CC to CG following viral passage (Figure 3.6).
Many proteins bind to the flavivirus 3′UTR and thus it is plausible that these
site mutations have disrupted the binding of a protein important for the viral life
cycle [29]. It is also plausible that these mutations have disrupted the structural
elements within the 3′UTR. These possible explanations will be further investigated
and discussed in the following chapters.
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Chapter 4

Structural mapping of the ZIKV 3′ un-
translated region

4.1 Introduction

A combination of in silico and structural mapping methods has generated a struc-
ture for the ZIKV 3′UTR, including secondary structure formation, as well as the
formation of multiple PK structures (Figure 4.1) [30, 15]. The general architec-
ture of the flavivirus 3′UTR is well conserved between members of the Flavivirus
genus, highlighting the importance of the structural integrity of the 3′UTR to
viral fitness [32, 33, 31, 30]. Indeed, the highly structured flavivirus 3′UTR con-
tains RNA elements that are crucial for viral replication and translation through
long range RNA-RNA interactions, as well as binding of host and viral proteins
[33, 26, 27, 28, 29, 224]. The structures within the flavivirus 3′UTR RNA are also
required for the generation of sfRNAs which are important for viral pathogenesis
and immune evasion [45]. This highlights the importance of maintaining the correct
structural organisation of the 3′UTR when introducing site mutations.

Figure 4.1: Structure of the ZIKV 3′UTR. Shown is the structural architecture of
the ZIKV 3′UTR. SL structures, DB structures and the 3′SL are indicated. PK
interactions are shown as red lines.
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In silico structural mapping is useful for obtaining insights into viral RNA struc-
tures and their conservation, and hence potential functionality [33, 225, 226]. For
example, the long established RNA folding software Mfold predicts RNA second-
ary structures by calculating the most thermodynamically stable fold [227]. This is
highly useful for picking out potentially important structures for further investiga-
tion, however, misses important tertiary structures. Other folding software such as
pknotsRG are available to predict tertiary structure formation, however, to refine the
in silico models, experimental mapping of viral RNA is also required [226]. Methods
for the use of different reagents to obtain structural information on RNA molecules
are long established [228, 229]. Metal ions, RNASE enzymes and organic molecules
have all been utilised to modify RNA, leading to the formation of adducts or cleav-
age of the RNA which can be detected via a reverse transcription (RT) reaction
and analysis of cDNA products [230]. The gold standard method for experiment-
ally mapping RNA structures is selective hydroxyl acylation analysed by primer
extension (SHAPE) [230]. Unlike other chemical mapping methods, SHAPE allows
quantitative reactivity information to be obtained as it does not display nucleotide
selectivity [230, 231]. SHAPE mapping involves modifying RNA with a hydroxyl
selective electrophile, such as N-methylisatoic anhydride (NMIA), which can access
and therefore modify bases that are not constrained within secondary structures
to a greater degree than base paired regions. At these bases, a stable adduct will
form, and the site of modification can be detected by carrying out an RT reaction
with a labelled primer. The labelled cDNA products produced from termination of
the RT reaction at these sites of adduct formation can then be detected by running
a sequencing gel if the primer is radioactively labelled, or by separating the cDNA
products by capillary electrophoresis if a fluorescently labelled primer was employed.
Sequencing reactions are carried out using the same RNA that was utilised in the
modification reaction by including a single ddNTP and carrying out an RT reaction.
By running the cDNA products generated following modification alongside the se-
quencing reaction it is possible to identify the exact site of modification in the RNA,
and therefore, start to build up a structure of the RNA utilising programmes such
as QuSHAPE [231] (Figure 4.2).

As the structure of the 3′UTR is important for viral fitness, it is plausible that the
disruption in viral replication observed for some of the site mutants is due to changes
in RNA structure. The site mutations were previously predicted to be within single
stranded regions of the RNA and, therefore, deemed unlikely to introduce major
structural changes to the 3′UTR [178]. To further investigate this, SHAPE mapping
was employed. This section aimed to determine if any of the site mutations alter
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the structure of the ZIKV 3′UTR, which could account for the changes observed in
viral fitness. To do this, optimisation of SHAPE mapping to capture information
for the full 3′UTR sequence was required.

Figure 4.2: Selective hydroxyl acylation analysed by primer extension protocol.
Illustrated above is the experimental procedure for carrying out SHAPE analysis.
(A) RNA is first modified with a hydroxyl-selective electrophile such as NMIA. (B)
Stable adducts form at the site of modification. (C) The site of adduct formation
is detected by carrying out a reverse transcription reaction with a labelled primer.
The RT enzyme will be halted at sites of modification. (D) A sequencing reaction
is carried out in parallel using a different fluorescently labelled primer and ddNTPs.
The site of adduct formation in the sequence is determined by running the cDNA
products of the RT reaction alongside the sequencing reaction, and separated by
capillary electrophoresis. (E) The fluorescent signal is detected, producing a trace
for both the samples and sequencing. (F) Using SHAPE data analysis software, such
as QuSHAPE, a histogram is obtained of normalised reactivity for each nucleotide
in the sequence. Adapted from [231].

4.2 Results

4.2.1 Utilising structured extension cassettes allows SHAPE
mapping of the full ZIKV 3′UTR

Previous work has generated a model of the ZIKV 3′UTR structure through a com-
bination of experimental and in silico methods [30, 15]. Using traditional SHAPE
it is possible to map most of the ZIKV 3′UTR, however, information is lost at
the 5′ and 3′ ends of the RNA [231]. Additional sequence can be added to extend
the 3′ end creating an RT primer binding site, although this could in itself lead to
structural changes within the RNA. Additionally, information is lost at the very 5′

end due to the high intensity full-length signal [231]. To overcome this problem,
structured binding cassettes can be added to the 5′ and 3′ ends of the target RNA,
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allowing mapping at the very 5′ end, and also creating an RT primer binding site
at the 3′ end. As these extension cassettes are highly structured, they should not
interact with the target RNA, and therefore, should not affect the overall structure
[231, 232].

Figure 4.3: Mfold structures of the SHAPE extension cassettes. (A) The mfold
structure for the 3′UTR with the 5′ extension cassette and the 3′ extension cassette
containing the 24 nucleotide spacer is shown. The mfold structures obtained for
the 5′ and 3′ cassette alone are highlighted and their position in relation to the
3′UTR mfold structure. The SL and DB structures are also labelled. (B) Shown are
the mfold structures of the 3′UTR plus the 5′ structural cassette, as well as the 3′

structural cassettes containing variable lengths of spacer region. Default parameters
were used to run mfold.
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Several different 3′ extension cassettes were modelled based on previous work [231,
232]. The extension cassettes were designed to have different length spacer regions
between the RT primer binding site and the terminal end of the 3′UTR, with the
aim to map the full 3′UTR sequence with a single RT primer. A 5′ extension
cassette was also included. The structure of the ZIKV 3′UTR RNA containing the
different binding cassettes was tested with the mfold web server using the default
parameters. Based on the mfold results, none of the structural cassettes impacted
the structure of the ZIKV 3′UTR (Figure 4.3). Consequently, PCR amplification
was used to generate a construct containing a T7 promoter site followed by the
5′ extension cassette, the ZIKV 3′UTR, and one of the four different 3′ extension
cassettes (Figure 4.4).

Figure 4.4: SHAPE extension cassette for structural mapping of ZIKV 3′UTR.
Depicted is the ZIKV 3′UTR flanked by a 5′ extension cassette coloured in purple,
and a 3′ extension cassette, consisting of a spacer region coloured in green and an
RT primer binding site shown in red.

As all of the cassettes have the same RT binding site, a single extension cassette
primer was required for the RT reaction. Primers were also designed within the 3′ SL
region, namely SL1 and SL2. Initially, all primers were labelled with 32P and then
an RT reaction was carried out to assess which primer would be optimal for SHAPE
probing of the 3′UTR. From this, the SLI primer and the extension cassette primers
all produced a good signal, whereas, comparatively, the SL2 primer produced a
weak signal. Shown in Figure 4.5 is an abundant RT product, highlighted by a
red arrow, which is likely generated due to dissociation of the RT enzyme at the
3′SL structure of the 3′UTR. This product was observed for all the RNA constructs
containing the extension cassette, however, the cassette with the 24 nucleotide spacer
appeared to have a fainter signal at the 3′SL compared to the cassettes with longer
spacer regions. It was therefore concluded that the 24 nt spacer region was not long
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enough to obtain high resolution SHAPE mapping data at the very 3′ end of the
3′UTR. As there was no difference in signal intensity between the 33, 41 and 50
nts spacers, it was decided that for future experiments the cassette containing the
33 nts spacer would be utilised. Additionally, for all the cassette structures tested,
although high resolution data was obtained for the 3′ end of the RNA, the signal
waned towards the full length signal which was very high comparatively. Initially a
high RT temperature of 55◦C was used to try and promote the RT reaction through
the highly structured 3′UTR, although in this case, it seems that the RT enzyme
SSIII was too processive at this temperature. To overcome this, all future SHAPE
experiments were carried out at a lower RT incubation temperature of 52◦C instead
of 55◦C [233].

Figure 4.5: Testing reverse transcription primers on the ZIKV 3′UTR RNA. Ra-
diolabelled primers binding to the 3′SL (SL1 or SL2) or primers binding to the
extension cassettes with different spacer regions (24, 33, 41 or 50 nts) were tested in
an RT reaction using Superscript III at 55◦C for 30 mins. Following separation of
radiolabeled cDNA products on a sequencing gel, the gel was dried and exposed on
a phosphoscreen overnight. Imaging was carried out using the Typhoon phosphoim-
ager. The red arrow highlights the cDNA product generated following stalling at
the 3′SL. The yellow arrow highlights the full length signal.

For SHAPE probing, fluorescently labelled primers were employed instead of ra-
diolabelled primers. As fluorescent SHAPE has a greater dynamic range, it was
anticipated that a single primer could be used to map the full 3′UTR sequence
[234]. Initial tests were carried out on the WT ZIKV 3′UTR RNA containing the
33 nt spacer structural cassette. Briefly, RNA was re-folded and then treated with
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NMIA or DMSO prior to RT using a fluorescently labelled primer. A sequencing
reaction was also carried out in parallel. Following RT, the samples and sequen-
cing were mixed prior to separation by capillary electrophoresis. A two-capillary
approach was employed, allowing the the use of two fluorescently labelled primers
[234]. Traditional SHAPE experiments require four flourescently labelled primers,
two for the sequencing reactions and two for the NMIA and DMSO reactions. This
allows all the samples to be run down a single capillary [235]. Utilising the two
capillary approach, the NMIA reaction and sequencing reaction is run down one ca-
pillary, and the same sequencing reaction and DMSO reaction is run down a second
capillary [234]. Data analysis was carried out in QuSHAPE [234]. QuSHAPE is an
automated programme which streamlines the analysis of capillary electrophoresis
data, carrying out signal decay correction, alignment of signals within and between
capillaries and with the RNA sequencing data, producing histograms depicting re-
activity values for each nucleotide (Figure 4.6). This is unlike other data analysis
software, such as ShapeFinder, which requires a greater level of user input and
experience [234].

The SHAPE reactivities obtained for the WT 3′UTR generally fit well with previous
structural modelling data (Figure 4.7) [30]. This includes the PK interactions as
indicated by the lack of reactivity at the top and bases of SLI and SLII. At the smaller
stem loop structure just downstream from SLI, the SHAPE reactivities from this
experiment better fit the model than the previous data, with more of the exposed
nucleotides in the bulge region displaying higher reactivities. Additionally, the data
obtained for the 3′SL structure fit well with the previously proposed model with high
reactivity at the bulge region at the top of the stem loop and unpaired nucleotides in
the stem region. Overall, the SHAPE data generated from this study in combination
with the likely nucleotide interactions supports the previously generate model for
the ZIKV 3′UTR RNA structure. This also highlighted that the addition of the
structured extension cassette did not affect the overall structure of the 3′UTR RNA,
and therefore, could be used to accurately map the full length of the 3′UTR.
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Figure 4.6: QuSHAPE data processing. Shown is the data obtained from a SHAPE
experiment carried out on the WT ZIKV 3′UTR with the 33 nucleotide extension
cassette. (A) Traces shown display the raw reactivity data for the NMIA treated
sample (red), DMSO sample (blue) and sequencing reactions in the NMIA treated
sample well (green) and DMSO treated sample well (pink). These signals are ob-
tained by running samples down two separate capillaries, one containing the DMSO
treated sample plus the sequencing reaction, and the other containing the NMIA
treated sample plus the same sequencing reaction. Highlighted in grey is the region
that is selected for further analysis to exclude the full length signal at the 5′ end
and the primer signal at the 3′ end, both coloured in red. (B) QuSHAPE performs
baseline adjustment to correct for baseline offset, and signal decay correction to
correct for the decline in fluorescent signal observed as elution time increases. The
resulting trace is shown. (C) Signal alignment is then carried out between the se-
quencing signals ran down the two separate capillaries shown in blue and red. (D)
The top panel shows the resulting alignment of the NMIA treated (red) and DMSO
treated (blue) samples. The aligned sequencing trace is also shown in the bottom
panel (green + pink). (E) Sequence alignment is then carried out, assigning the
positive sequencing signals to the selected ddNTP. In this case ddCTP was used so
signals are obtained for G nucleotides. The resulting trace is then matched to the
input target sequence to assign bases. (F) The normalization operation subtracts
the reactivity value obtained for the DMSO sample from the NMIA sample and
normalizes the difference, obtaining a reactivity value for each nucleotide position.
Shown is the resulting histogram generated displaying nucleotides with reactivity
values of 0-0.4, 0.4-0.85 and >0.85 representing unreactive (black), moderately re-
active (yellow), and highly reactive nucleotides (red) respectively.
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Figure 4.7: The SHAPE reactivity data generated using the extension cassette fits
well with the previously generated model of the WT ZIKV 3′UTR. (A) Model of
ZIKV 3′UTR with SHAPE data mapped on. As shown by the bases highlighted in
grey, data is unavailable for the 3′SL ([30]). (B) Model of ZIKV 3′UTR based on
the WT SHAPE reactivities obtained in this study including data for the 3′SL. High
reactivity >0.85, medium reactivity 0.4-0.85, and low reactivity 0-0.4. Secondary
and tertiary structures are shown, and site mutations are indicated by black arrows.

4.2.2 SHAPE mapping reveals structural changes introduced
into the ZIKV 3′UTR following mutation of Sites B
and C

Following the successful structural mapping of the WT 3′UTR, fluorescent SHAPE
was carried out on the mutant ZIKV 3′UTR RNAs to determine if any of the site
mutations impacted the structure of the RNA, and therefore, could explain the
loss in viral fitness observed for site mutants B, D, C+D and E. Based on the
previous structural mapping, none of the putative MSI1 binding sites identified were
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in base-paired regions within the secondary structure, therefore, mutation of these
sites was deemed unlikely to affect the RNA structure [178]. Indeed, the SHAPE
reactivity data obtained for the Site A, D and E mutant 3′UTRs corresponded to
the data obtained for the WT 3′UTR (Figure 4.8A and B). However, Site B is
located at the base of SLII at an equivalent site to where an internal PK forms
in SL1, and the formation of this internal PK has been shown to be important
for supporting complex RNA folding at this site [40]. As SL1 and SLII are likely
structural duplications, it seems probable that the Site B mutation could disrupt
tertiary structures at SLII [225].

The Site B mutant did indeed display increased reactivities of nucleotides at the
top and base of SLII, which would be consistent with the disruption of complex
tertiary structures at this site, providing a possible explanation for the reduced viral
fitness observed for this mutant (Figure 4.9B). Additionally, the Site C mutation
appeared to introduce some changes to the secondary structure. This coincided
with a reduction in reactivities of nucleotides located in the bulge regions of the DB
structure and increased reactivity of nucleotides in previously base paired regions
(Figure 4.9C). This does not appear to affect tertiary structure formation or the
structure of the rest of the DB. Cumulatively, this indicates that any changes in
viral fitness observed for the Site D or E mutants is unlikely to be due to structural
changes introduced into the RNA. For the Site B and Site C+D mutants, structural
changes may be responsible for, or at least contribute to, the reduction in viral
fitness observed.
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Figure 4.8: Comparing WT and site mutant SHAPE reactivity profiles. (A) Shown
are the average reactivity profiles for the site mutants and WT 3′UTR obtained
from repeat SHAPE experiments following analysis using QuSHAPE. The asterisks
highlight areas where reactivities deviate from the WT profile. The nucleotide pos-
itions of each of the site mutations are indicated; Site A (44-45), Site B (115-116),
Site C (299-300), Site D (306-307) and Site E (410-411). For WT, Site A, Site B,
Site D and Site E, n=3. For Site C and C+D, n=2. (B) The individual reactivity
profiles for each mutant are shown alongside WT. The black stars highlight areas
where reactivity differs from the WT profile.
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Figure 4.9: Structural disruption within the 3′UTR caused by mutation of Sites B
and C. (A) WT ZIKV 3′UTR structure with SHAPE reactivities. Red, orange, and
colourless bases depict areas of high, medium, and low reactivity respectively. (B)
The structure of SLII is shown for both WT and the Site B mutant. SHAPE react-
ivities are mapped onto the structure and predicted PK interactions are depicted
by the grey lines. The black crosses represent likely disruptions to the PK structure
caused by mutation. (C) The second DB structure is shown for the WT, Site C
mutant and Site C+D mutant. The grey lines on the WT structures depict where
predicted PK interaction sites are located. For the Site C and Site C+D mutants,
the structures were constructed based on the changes in SHAPE reactivity observed.

4.3 Discussion

SHAPE analysis is an effective method to gain structural information on RNA, and
used in collaboration with in silico structural mapping can be used to build more
robust models of RNA structure. During a SHAPE experiment it is important
that the RNA is representative of the RNA structure in vivo. Previous work has
found that in vivo mapped RNA structures better fit the canonical models previously
generated for the ZIKV 3′UTR than in vitro mapped RNA structures [15]. However,
in this study, the WT 3′UTR structural mapping data fit well with the previously
generated model of the ZIKV 3′UTR, indicating that the folding conditions utilised
were promoting a ‘relevant’ conformation, and that the extension cassette was not
interfering with RNA structure (Figure 4.7) [15, 30]. Previous studies utilising in
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vitro SHAPE mapping have failed to capture information at the 3′ end of the 3′UTR,
due to utilising primer binding sites within the 3′SL structure [15, 30]. By extending
the spacer region in the structural cassette, it was possible to map the end of the
3′UTR, including the 3′SL. Furthermore, by utilising fluorescent SHAPE, only a
single primer was required to map the structures within the 3′UTR. This not only
reduces costs but is more time efficient, as reactions can be carried out in a 96-well
format and QuSHAPE allows rapid data analysis [234]. This also means that once
this set up is established it can be employed on different RNA molecules utilising
the same primer. The reactivity traces produced for repeat SHAPE experiments on
the WT and site mutant RNAs was reproducible, indicating that this is a reliable
method for obtaining accurate structural information (Figure 4.8). This provides
an efficient high throughput in vitro method for obtaining structural information at
the 3′ end of the ZIKV 3′UTR.

All the reactivity traces obtained for site mutants A, D and E matched the WT
structure, and thus, it seems unlikely that the fitness defects observed for the Site
D and E mutants were due to structural changes introduced into the 3′UTR (Fig-
ure 4.8). However, it is important to highlight that in vitro SHAPE fails to capture
dynamic structural conformations that form throughout the course of infection. This
includes any different structural conformations that may be introduced following
protein binding or long range RNA-RNA interactions [15, 224]. Many long-range
RNA-RNA interactions have been identified within the FL ZIKV genome, however,
only one long-range interaction has been identified between the 3′UTR and elsewhere
in the FL RNA. This is the interaction between the 5′ and 3′ UTRs, promoting gen-
ome circularisation and positioning of the RNA dependent RNA polymerase at the
5′ end of the genome so that replication can take place [15, 224, 24]. None of the site
mutations are located within the cyclisation sequence and the SHAPE data indicates
that there was no effect on secondary structure formation at this site (Figure 4.10).

For the Site E mutant, the reduction in viral fitness observed could be due to dis-
ruption in protein binding. Many host and some viral proteins have been identified
that bind to the 3′UTR, including many that bind to the 3′SL [29]. Site E it-
self is located at the top of the 3′SL structure in a bulge region that is highly
reactive, and therefore, likely accessible for protein binding. In fact, for JEV and
DENV4, it has been shown that La autoantigen binds to the 3′SL, and for JEV
binding occurs at a sequence motif ‘AAG’ directly proceeding the equivalent of Site
E [236, 237, 238, 239]. Perhaps in the case of ZIKV, La autoantigen binds at Site E
which contains the motif of ‘UAG’ instead of the equivalent site to JEV of ‘AAU’
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(Figure 4.11). La autoantigen has been identified as important in virion production
in JEV, as siRNA knockdown led to a 97% reduction in viral titres [239]. Therefore,
the disruption of La autoantigen binding would provide a plausible explanation for
why it was not possible to rescue the Site E mutant virus. La autoantigen may con-
tribute to the switch between flavivirus replication and translation through binding
to NS3 and NS5, releasing the ends of the UTRs, and allowing genome cyclisation
and hence replication to take place [238]. Indeed, La autoantigen has been shown to
bind DENV NS3 and NS5 as well as both the 5′ and 3′ UTRs of DENV [238, 237].
To test whether the Site E mutation does disrupt La autoantigen binding, a pull
down could be employed utilising the 3′UTR containing the Site E mutation as bait.

Interestingly, the Site E mutant was only recovered once out of the two times reverse
genetics was attempted, but with an additional mutation present within the 3′UTR.
It is tempting to speculate that this additional mutation restored La autoantigen
binding, but perhaps at a secondary site. Certainly, a second La autoantigen binding
site was detected in JEV present in a bulge region upstream from the main site of
binding [239]. Perhaps in the Site E mutant, the additional mutation present at
the top of the 3′SL destabilises the top of the SL allowing La autoantigen binding
at an alternative site (Figure 4.11). Again, pull down analysis could be utilised to
further investigate this, in addition to SHAPE analysis, to determine if the potential
secondary binding site becomes more accessible for protein binding.

Other host proteins have also been identified as binding to the flavivirus 3′SL, in-
cluding the transcriptional coactivator p100, which binds to the 3′SL of DENV [240].
p100 has been shown to regulate transcription factors involved in cellular signalling
pathways, including those involved in cellular growth, differentiation and apoptosis,
as well as those involved in immune signalling [241, 242]. For DENV, p100, was
shown to be important for viral replication in mammalian cells [240]. The mosquito
ortholog of p100, known as Tudor Staphylococcal Nuclease, has also been shown to
enhance DENV replication in mosquito cells, however, does not interact with DENV
RNA [243]. The mechanism of this replication enhancement still remains unknown
[240, 243]. Additionally, the mouse proteosome subunit Mov34, was shown to bind
to the 3′SL of JEV, and homologous proteins have been shown to be involved in the
regulation of RNA transcription and translation [244, 245]. However, the function-
ality of Mov34 binding to JEV RNA was not established [244]. For both p100 and
Mov34 the exact location of binding was not identified, so it is unclear whether the
Site E mutation would disrupt binding of these proteins.
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Overall, it seems plausible that the loss in viral fitness observed for the Site E mutant
is due to a disruption in La autoantigen binding which can be further investigated
by pull down and SHAPE analysis. This opens an interesting avenue for researching
the role of La autoantigen in the ZIKV life cycle and provides useful tools for future
work on this subject.

Figure 4.10: Location of CS2 and the cyclisation sequence in the ZIKV 3′UTR. The
structures present at the 3′ end of the 3′UTR are shown. Pseudoknot interactions are
depicted by the red lines. The green line around the bulge regions of the dumbbell
depicts the conserved sequence (CS2) where both the Site C and Site D mutations
are indicated with a black arrowhead. The cyclisation sequence is highlighted with
a blue line.
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Figure 4.11: Putative binding sites of La autoantigen in the ZIKV 3′SL. Shown is
the 3′SL of the ZIKV 3′UTR with SHAPE reactivities mapped on. High reactivity
>0.85, medium reactivity 0.4-0.85, and low reactivity 0-0.4. Potential La autoanti-
gen binding sites are circled. The green circle highlights the equivalent site identified
in JEV as the main site of La autoantigen binding. Circled in blue is another pos-
sible site of binding containing Site E. A secondary site of binding identified in JEV
is circled in red. The additional mutation that recovers Site E fitness is also indic-
ated

Interestingly, the Site C mutation altered RNA secondary structure at the bulge
region of the DB (Figure 4.9C). Notably, both the Site C and Site D mutations
are located within a site that has been identified as highly conserved among mos-
quito borne flaviviruses, referred to as conserved sequence 2 (CS2) (Figure 4.10)
[39]. Recent crystallisation studies of the insect specific flavivirus, Donggang virus,
combined with structural modelling, showed that the CS2 forms S3 and P3 helixes
which are part of a four-way junction supporting PK formation at the 3′ DB struc-
ture [42]. Despite the changes in SHAPE reactivities of CS2 in the Site C mutant,
there was no obvious disruption to the PK. Furthermore, the Site C+D mutant
showed a non-significant difference in replication compared to the Site D mutant,
indicating that the mutation of Site C had a minimal impact on viral fitness. Future
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work testing the Site C mutant virus will be conducted to investigate this.

Although no structural changes were introduced by the Site D mutant, changes in
sequence alone could still be detrimental to viral fitness. Indeed, the CS2 sequence
and not the structure has been deemed more important for viral fitness. Three
different mutations within regions of CS2 that should in theory maintain the DB
structure led to a ≈50% reduction in translation and a ≈10 fold reduction in rep-
lication in a DENV2 replicon [246]. Flaviviruses, such as DENV, WNV and JEV,
contain duplicated DB structures, unlike ZIKV, which has a pseudo DB and DB
structure [225]. Therefore, these viruses also contain a duplicated CS2 sequence,
namely, repeat conserved sequence 2 (RCS2), and it has been suggested that RCS2
and CS2 could act cooperatively in translation and replication [246, 19]. In a DENV2
replicon, the deletion of DBS 1 or 2 containing both RCS2 and CS2 respectively led
to a 100X reduction in replication compared to WT, and when both DBS were de-
leted, replication was completely abolished [18]. Comparatively the Site D mutant
only displayed a ≈2 fold reduction in replication compared to WT. It is important
to highlight that in the case of these DENV studies, deleting a significant proportion
of the 3′UTR could cause other structural disruptions as well as the disruption of
protein binding, and thus, adversely affect viral fitness. The 3′ terminal flavivirus
PK structure does overlap with the cyclisation sequence, leading to the suggestion
that disruption of this PK through binding of proteins to CS2 could allow genome
cyclisation and replication to take place [42]. Perhaps disruption of binding of pro-
teins that promote destabilisation of the PK led to the replication defect observed
in the Site D mutant. However, if this mutation affected the translation-replication
switch, a greater reduction in viral fitness would be expected. It is possible that the
mutation just weakened the interaction leading to the slight reduction in replication
observed for the Site D mutant.

The high reactivity and single stranded nature of the region containing the CS2
sequence where Site C and Site D are located, identified it as a prime site for MSI1
binding, although this also makes it generally an accessible site for protein binding
[188, 178]. Certainly, in the case of DENV, the RNA helicase DDX6 binds to
either DB1 or DB2 and the presence of DDX6 was shown to be important for viral
replication [247]. This indicates that theoretically DDX6 could bind to ZIKV via its
DB structure, however, a yeast three-hybrid screen failed to detect DDX6 binding
to ZIKV RNA despite confirming DDX6 binding to DENV RNA [248]. It is also
worth considering the possibility that a protein binding site has been introduced via
mutation, which is detrimental to viral fitness. It would be interesting to try and
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identify differences in protein binding profiles between the Site D mutant and WT
3′UTRs using mass spectrometry.

Clear differences in the structure were observed for the Site B mutant (Figure 4.9B).
Although Site B is present in an unpaired region within the secondary structure,
it is likely involved in tertiary structure formation at this site [40, 33, 30]. This is
supported by the crystal structure for ZIKV SLI, demonstrating that nucleotides
present at the equivalent site to Site B in SLII are involved in the formation of
an internal PK structure, which supports the formation of a three-way junction
[40]. Previous work has shown that mutations disrupting the three-way junction
at ZIKV SLI, DENV SLI, WNV SLII, and MVEV SLIV, lead to a reduction in
Xrn1 resistance, and hence sfRNA production [40, 134, 41]. In both ZIKV and
WNV, the mutation of the three nts proceeding the SL structures, including Site
B in ZIKV SLII, has also been shown to disrupt sfRNA production [41, 136]. In
MVEV xrRNA2, mutation of the equivalent of the revertant nucleotide in the Site
B mutant alone is enough to disrupt Xrn1 resistance, although restoration of base
pairing of the internal PK did not rescue Xrn1 resistance [41]. This highlights the
difficulty in introducing mutations at this site and highlights the importance of
structural mapping following mutation. Utilising the high throughput fluorescent
SHAPE mapping set up will allow the rapid screening of different 3′UTR mutants
in vitro, before the introduction of mutations into the FL virus. This does, however,
provide a potential explanation for the loss of viral fitness observed for the Site B
mutant, due to the likely role that sfRNA production plays in viral replication as
well as immune evasion [136, 148, 45]. In the following Chapter, further investigation
of the effects of the Site B mutation on sfRNA production will be conducted.

The results presented in this chapter indicate that the viral defects observed for
site mutants C, D and E are not due to structural changes introduced into the
3′UTR. It is possible that these mutants display different protein binding profiles
compared to the WT virus, and therefore, future mass spectrometry analysis may
reveal interesting hits important for viral fitness. In the case of Site B, it is likely
that the disruption to viral fitness is due to disruption of tertiary structure formation
at SLII, which may hamper sfRNA production. Further work will be carried out
in the following chapter to investigate this. Overall, a reliable high throughput in
vitro SHAPE method for mapping the full 3′UTR of ZIKV was established and will
prove useful for the future screening of 3′UTR mutants.
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Chapter 5

Disruption of the three-way junction in
SLII of the ZIKV 3′UTR disrupts sfRNA
production leading to reduced viral fitness

5.1 Introduction

The general architecture of the 3′UTR is similar between different members of the
Flavivirus genus, playing important roles in both viral replication and translation
[32, 33, 31, 30, 26]. Formation of PK structures and complex folding of the flavivirus
3′UTR structural elements has also been shown to be important for viral pathogen-
esis [136, 38, 30]. In particular, the formation of a three-way junction is crucial
for the production of sfRNAs [136, 134, 40, 41]. ZIKV produces two main sfRNAs
during infection, namely sfRNA1 and sfRNA2, as a result of resistance at the SLI
and SLII structures to degradation by host enzymes (Figure 5.1). These RNAs are
also referred to as xrRNA1 and xrRNA2, owing to their resistance to degradation by
the host enzyme Xrn1 [40, 136]. In the case of ZIKV, sfRNA formation was shown
to be required for successful viral replication in mammalian cells, as well as for es-
tablishing successful infection in mosquitoes, and thus viral transmission [136, 148].
Flaviviral sfRNA has also been linked to the evasion of host immune signalling
in both vertebrates and invertebrates [45]. Thus, studying sfRNA production by
flaviviruses is important for enhancing our understanding of viral-host interactions.
Any mutations that disrupt the structure and lead to viral attenuation also provides
useful information for the design of vaccines, of which none are currently licensed
for ZIKV.

As shown in previous chapters, it was found that the mutation of two nucleotides
at the base of SLII generating the Site B mutant (AG→CC) reduced viral fitness,
leading to smaller plaque size and delayed virus production following electropora-
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tion of viral RNA into Vero cells. Further investigation utilising SHAPE mapping
indicated that this site mutation introduced structural changes to the 3′UTR, likely
disrupting PK formation required for the formation of the three-way junction and
thus XRN1 resistance and sfRNA production [41, 40]. For simplicity, the nucleotides
at Site B (AG) will be referred to as A2 and G3 for comparison with previous stud-
ies, referring to the fact that they are the second and third nucleotides of sfRNA2.
Reversion of one nucleotide back to the WT sequence (G3) produced the Site B
rev virus, indicating that this nucleotide was particularly important for viral fitness.
This coincides with previous work whereby mutation of G3 in SLIV of MVEV abol-
ished XRN1 resistance [41]. It is also worthwhile noting that G3 at the base of the
SLs of both xrRNA1 and xrRNA2 is well conserved among flaviviruses, highlighting
its importance. The A2 residue preceding G3 in the Site B mutation is less well
conserved, although it is present at the base of ZIKV SLII, WNV SLI, JEV SLI and
both SLs in DENV. Indeed mutation of the equivalent residue in SLI of ZIKV from
A to U for crystallization studies had minimal effect on XRN1 resistance, indicating
that this nucleotide is not essential (Figure 5.2)[40]. Any disruption to SLII will
likely adversely affect viral fitness, as in ZIKV this disrupts sfRNA1 production, as
well as sfRNA2 production [136, 148].

Figure 5.1: ZIKV WT 3′UTR structure. Shown are the secondary and tertiary
structural elements that make up the 3′UTR of ZIKV. Bases are coloured to indicate
SHAPE reactivity values. Highly reactive, moderately reactive and unreactive bases
are red, orange and uncoloured respectively. The corresponding sfRNAs produced
from xrRNA1 stalling at structural elements are indicated. The location of the Site
B mutation is underlined in blue. This figure was based on previous work from [30].
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Figure 5.2: Structure of ZIKV xrRNA1. (A) Diagram depicting the internal PK
coloured in red, main PK coloured in orange and additional interactions involved in
three-way junction formation. As it is predicted that xrRNA2 has a similar structure
to xrRNA1, the black arrow depicts the equivalent location of the Site B reversion.
(B) Ribbon representation of the crystal structure of xrRNA1 coloured according
to Figure A. PDB accession code 5TPY. (C) Shown are the 5′ end interactions of
ZIKV xrRNA1. The black arrow is used to highlight the G3 nucleotide which is the
site of reversion in xrRNA2 of the Site B mut (Adapted from [40]).

Although the structure of ZIKV xrRNA1 and xrRNA2 are important for sfRNA
generation, this specific mutation in SLII has never been investigated. Additionally,
few studies have shown that mutation of a single nucleotide within the 3′UTR has
such a negative impact on viral fitness in mammalian cells. For ZIKV, previous
work has shown that mutation of the three nucleotides proceeding the SL structures
negatively impact viral fitness [136]. Furthermore, mutation of a single unpaired C
residue in SLI, referred to as C22, disrupts three-way junction formation and ab-
olishes XRN1 resistance in both ZIKV and DENV [134, 40]. Correspondingly this
mutation hugely inhibited sfRNA production in the context of ZIKV infection in
Vero cells [40]. The equivalent mutation in SLII at position C18, also hampered
ZIKV infection in mosquitoes [148]. Similarly, following WNV infection of HEK
293T cells, this mutation was shown to reduce XRN1 resistance in SL1 and abol-
ished resistance in SLII, corresponding to a reduction in sfRNA1 and no sfRNA2
production respectively [134]. However, the effects of these mutations on viral fitness
was not further investigated [40, 134]. As the Site B mutant only reverted at one
nucleotide, it seems likely that mutation of a single nucleotide in xrRNA2 was suf-
ficient to disrupt this complex fold, and hence production of sfRNA2. This chapter
aimed to determine whether the Site B reversion had restored the PK structure,
and if this was the case, elucidate the effects on sfRNA production and viral fitness
in the context of infection.
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5.2 Results

5.2.1 The Site B reversion restores the 3′UTR structure

In the previous chapter, SHAPE mapping demonstrated that the Site B mutation
located at the base of SLII introduced a structural change to the 3′UTR, likely
disrupting an internal PK structure and thus three-way junction formation. As
the flavivirus 3′UTR structure plays an important role in the viral life cycle, this
likely explains the reduction in viral fitness observed for the Site B mutant [136,
41, 40, 134, 38, 30]. Following viral passage, the Site B mutant partially reverted
to WT sequence from CC to CG. This was accompanied by an increase in plaque
size, indicating improved viral fitness. To determine whether the reversion of a single
nucleotide back to the WT sequence was enough to restore the PK structure, SHAPE
mapping was also carried out on the 3′UTR RNA of the Site B revertant virus using
the SHAPE mapping protocol established in Chapter 4. As shown in Figure 5.3,
Site B mut again demonstrated a different SHAPE reactivity profile compared to
WT, with increased reactivity at the top and base of SLII. The reactivity profile of
the Site B revertant was almost identical to the WT 3′UTR, and most importantly,
the nucleotides at the top and base of SLII displayed low levels of reactivity. This
indicates that a single nucleotide reversion in the Site B mutant was indeed enough
to restore the PK structure, accounting for the increased viral fitness observed for
Site B rev.
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Figure 5.3: SHAPE reactivity profile of Site B mut, WT and Site B rev 3′UTRs.
Shown is the structure of the ZIKV 3′UTR with bases coloured according to levels
of reactivity. High reactivity (red) >0.85, medium reactivity (orange) 0.4-0.85, and
low reactivity (uncoloured) 0-0.4. The blue arrowhead depicts the location of Site
B. The star highlights the location of increased reactivity at SL2 in the Site B mut.

5.2.2 The Site B mutant virus is defective in sfRNA pro-
duction

The structural changes introduced into the 3′UTR of Site B mut were particularly
detrimental to viral fitness as there was a rapid reversion to restore the original
3′UTR structure. Furthermore, previous studies have shown that disruption of the
three-way junction in xrRNAs can lead to reduced resistance to XRN1 degradation
and hence a reduction in sfRNA production [136, 41, 40, 134]. To test this, northern
blotting was carried out on total RNA isolated from Vero cells infected with WT,
Site B rev and P0 stocks of Site B mut. From this, it was clear that the Site B mutant
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produced much less sfRNA than WT and Site B rev. Additionally, reversion of Site
B led to the rescue of sfRNA production, although this was still lower than WT
levels (Figure 5.4). Cumulatively this linked the disruption of the 3′UTR structure
in the Site B mutant to a defect in sfRNA production.

Figure 5.4: The Site B mutant is impaired in sfRNA production. Northern blot on
total RNA extracted from Vero cells following infection with WT, Site B mut and
Site B rev showing the sfRNA patterns obtained for the respective viruses. The full
length signal is also indicated.

5.2.3 The reduction in viral fitness observed for the Site
B mutant is not due to impaired viral replication or
translation

Flavivirus sfRNA is thought to modulate the host environment to promote viral in-
fection, and it is therefore not surprising that the Site B mutant displays clear fitness
defects [45]. The Site B mutation practically abolishes sfRNA production which is
important for ZIKV fitness following infection of mammalian cells (Figure 5.4) [136].
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To further investigate this, A549 and Vero cells were selected to represent cells that
are immunocompetent and immunodeficient respectively. A549 cells were employed
instead of U251 cells, as A549 cells are easier to handle and have lower levels of
MSI1, and were therefore deemed more comparable to Vero cells. Cells were infec-
ted with the Site B virus, Site B rev virus, or WT virus. At 24 hours post-infection,
cellular RNA was collected for qPCR and supernatants were collected for viral ti-
tration. Cell lysates were also collected following high MOI infection and western
blotting for viral E protein was carried out. In both A549 and Vero cells, the Site
B virus showed similar levels of viral RNA to both the Site B rev and WT virus,
indicating that viral replication was not hampered by the introduction of the Site B
mutation (Figure 5.5A). Similarly, the Site B mutation caused no obvious effect on
viral translation as shown by western blotting for viral E protein (Figure 5.5C). In-
terestingly, following infection of A549 cells, the Site B mut virus displayed a slight
reduction in viral titre of ≈4X less at MOI 3 and ≈5X less at MOI 0.1 compared
to the WT virus, although this was not statistically significant (Figure 5.5A). This
trend towards a reduced titre for the Site B mutant was not observed in Vero cells.
As A549 cells are IFN competent and Vero cells are IFN deficient, the reduction
in titre observed for the Site B mutant may be linked to the immune response.
Further repeats are required to confirm these findings. As observed previously, the
Site B mut was defective in plaque formation, producing smaller plaques than the
WT virus (Figure 5.5B). The Site B rev virus produced larger plaques than Site
B mut but still appeared to be attenuated in plaque production compared to WT
(Figure 5.5B).

Combined, these results indicate that the single nucleotide mutation of G→C at
the base of SLII disrupts proper folding of xrRNA2, hampering the production of
sfRNAs and potentially hindering viral immune evasion.
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Figure 5.5: Analysis of viral replication, virion production and translation of the Site
B mutant, Site B revertant and WT. (A) Replication of WT, Site B mut and Site
B rev in A549 and Vero cells. Total RNA was isolated from cells by trizol extrac-
tion and viral RNA assessed by RT-qPCR. Viral titres are also shown, determined
following titration of supernatants onto Vero cells. Repeat titrations were carried
out by Taissa Ricciardi. For A549 MOI 3 n=3, A549 MOI 0.1 n=2, Vero MOI 3
and Vero MOI 0.1 n=1. *p<0.05, determined by student t test. (B) Representative
plaque assays for Site B rev, Site B mut and WT, highlighting plaque phenotypes.
(C) Western blot for viral protein E and loading control GAPDH on viral lysates
following infection of A549 cells with WT, Site B mut and Site B rev at MOI 0.1.
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5.3 Discussion

The structure of the flavivirus 3′UTR plays an important role in the virus life-cycle,
regulating the binding of host and viral proteins and promoting viral replication and
translation [26, 27, 28, 29]. Specific structures within the 3′UTR, namely SLI and
SLII in ZIKV, form complex structural conformations which have been shown to
resist degradation by host enzymes, leading to the production of sfRNAs [40, 136].
The production of sfRNAs is thought to play many different roles in promoting
viral infection, and therefore, it is not surprising that changes to the structure of
the 3′UTR that subsequently disrupt sfRNA production adversely affect viral fitness
[45]. This is the first time that the Site B mutation has been investigated in the
context of ZIKV SLII, and thus the first time the specific effects of this mutation
on sfRNA production have been investigated.

In the case of the Site B mutant, the fitness defects observed can likely be attrib-
uted to disruption of proper folding of xrRNA2 in the 3′UTR structure, and the
subsequent detrimental impact on sfRNA production. The Site B mutation itself
lies within the internal PK structure formed through an AG-UC interaction. Crys-
tallisation studies of MVEV SLIV and ZIKV SLI have revealed that this internal
PK, in conjunction with the second PK structure, supports the formation of the
P1-P2-P3 three-way junction which is integral to sfRNA production (Figure 5.2)
[40, 41]. In particular, the G-C interaction of the internal PK is essential for the
stability of the three-way junction, accordingly, the Site B rev virus only reverted at
this particular residue. This restored the 3′UTR to the WT structure, supporting
that a single nucleotide mutation was enough to disrupt proper folding (Figure 5.3)
[40, 41]. As expected, the Site B mutation disrupted sfRNA production which was
partially rescued in the Site B rev virus, although sfRNA levels were still lower than
WT (Figure 5.4). This indicates that despite restoration of the WT 3′UTR struc-
ture, the single nucleotide reversion is not enough to restore WT levels of sfRNA
production. Certainly, the Site B rev virus still contains a mutation of the A2
nucleotide that alongside G3 base pairs within the PK structure [40, 41]. Repeat
northern blotting experiments are required, although this is comparable to previous
findings for ZIKV SLI, whereby mutation of the residue proceeding G3 marginally
reduces XRN1 resistance from 93% for the WT sequence to 80% for the mutant [40].
It is therefore likely that the A-U pairing in SLII has a small stabilizing effect on
the internal PK, although the C-G base pairing is central to PK formation. This
reaffirms a similar structural organization of ZIKV SLI and SLII despite sequence
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differences.

The pattern of sfRNA production for WT ZIKV matched what has been observed
previously, whereby mainly sfRNA1 and sfRNA2 are produced and a small amount
of sfRNA3, coinciding with stalling of RNA degradation at SL1, SL2 and the pseudo
DB structure respectively (Figure 5.4) [136, 148]. Although, more recent work indic-
ates that sfRNA3 production may actually be the result of 3′ degradation of sfRNA
[42]. A probe against the DB was able to detect the production of three sfRNAs,
whereas a probe against the 3′SL only detected sfRNA1 and sfRNA2, indicating the
3′SL structure was absent from sfRNA3 [42]. In addition to sfRNA3, the production
of a fourth sfRNA species has been observed for DENV, although this was not ob-
served for ZIKV [135]. As previously observed in mammalian cells, there is a clear
band below sfRNA2 which may be the result of cleavage of a larger RNA species or
stalling of host ribonucleases elsewhere [40]. It would be interesting to sequence this
additional product and elucidate whether it plays any role in the flaviviral life cycle.
As has been previously shown for ZIKV, disruption of xrRNA2 led to complete loss
of sfRNA2 and almost complete loss of sfRNA1 production, indicating cooperation
between xrRNA1 and 2 in sfRNA generation [136, 148]. This coupling of xrRNA1
and 2 has also been observed in WNV and DENV2, whereby disruption of sfRNA2
led to a reduction in sfRNA1 production [41, 135]. However, SHAPE modelling
of the Site B mut showed no effects on formation of the PK at SLI, despite the
disruption to PK2.

The production of different sfRNA patterns has been linked to switching between
different hosts during infection. Flaviviruses must replicate within both mosqui-
toes and humans, and thus, need to adapt to very different host environments. For
DENV, deletion and accumulation of mutations in xrRNA2 has been linked to adap-
tion to a mosquito host by switching the pattern of sfRNA production [31, 32, 135].
Previous work has shown that the ZIKV and DENV SL structures appear to be in-
verted in terms of position within the 3′UTR. Additionally, in ZIKV the disruption
of xrRNA1 leads to accumulation of sfRNA2. It is therefore tempting to postulate
that ZIKV SLI is accumulating mutations/deletions which allows adaption to a new
host environment, in a similar manner to DENV SLII [136, 148]. This is further sup-
ported by work demonstrating that sfRNA2 was particularly important for ZIKV in
the context of mosquito infection. An sfRNA2 deficient virus was defective in cross-
ing the midgut barrier and did not reach the saliva, highlighting the importance of
sfRNA2 for viral transmission [136, 148]. However, it has also been suggested that
it is deletion of an inhibitory sequence in SLI that leads to the observed enhance-
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ment in replication, and not a change in sfRNA pattern [136]. This is supported
by the finding that the introduction of mutations to disrupt PK folding at SLI did
not enhance replication in mosquito cells but deletion of SLI did [136]. Although,
it must be considered, that deletion of the full SLI structure disrupts protein in-
teractions which may also promote viral fitness, particularly if these proteins elicit
antiviral effects. Previous work has also linked the production of ZIKV sfRNAs to
anti-apoptotic effects in mosquitoes, whereby a mutant defective in sfRNA2 produc-
tion was shown to stimulate increased levels of the pro-apoptotic enzyme caspase-7
[148]. Furthermore, enhanced expression of caspase-7 and subsequent increase in
apoptosis in Ae. aegypti mosquitoes has been linked to anti-viral activity against
DENV [249]. Therefore, a ZIKV mutant defective in sfRNA2 may trigger a stronger
anti-viral response in mosquitoes. It would be interesting to infect mosquito cells
with the Site B mutant and Site B revertant to further analyse the effects on viral
replication in relation to the sfRNA pattern produced. The mechanism by which
ZIKV modulates its sfRNAs and adaption to new host environments is still unknown
and requires further investigation.

Interestingly as has been seen before for ZIKV, disruption of xrRNA2 also abrog-
ated sfRNA3 production (Figure 5.4) [136, 40]. This is unlike what has been seen
for WNV, whereby infection of HEK-293T cells with a WNV mutant defective in
sfRNA2 or sfRNA1/2 increased sfRNA3 [134]. Similarly, for DENV, mutations
and deletions in xrRNA2 and subsequent loss of sfRNA2 lead to the production of
sfRNA3 and sfRNA4 [135]. As previously discussed, it is still unknown how ZIKV
modulates the production of different sfRNA patterns. Furthermore, previous work
investigating the higher- order structural organisation of the flavivirus 3′UTR high-
lighted clear differences as well as similarities. Most notably in relation to sfRNA3,
the DBs of ZIKV and WNV have been demonstrated to be compact due to PK3
and PK4 interactions and therefore coupled, whereas the DBs of DENV are exten-
ded, indicating that the DENV DBS may function independently from each other
[30]. Perhaps in the case of ZIKV, xrRNA2 and xrRNA3 structures are also func-
tionally coupled. This is further evidenced by the fact that disruption of SLI and
subsequent increase in sfRNA2 coincides with an increase in sfRNA3 in mosquito
cells/mosquitoes [148, 136].

The introduction of mutations designed to disrupt PK formation at the ZIKV DB
structure has been shown to hamper ZIKV replication which may be explained by
a reduction in sfRNA3 production, or could also be due to a disruption in protein
binding [30]. Many different host proteins which are important to the viral life
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cycle bind to the flavivirus DB structures. For example, the RNA helicase DDX6
is known to bind to DB1 and DB2 of DENV-2, and knockdown of this protein
hampered viral infection, leading to a reduction in viral RNA production and titre
[247]. When investigating Site B mut utilising SHAPE, no detection in changes
to the structure of the dumbbells was detected, however, it is well known that the
flavivirus 3′UTR structure adopts different conformations throughout the course of
infection. Long- range interactions occur between the 5′ and 3′UTRs promoting
viral replication which could be disrupted if structural changes are introduced into
the 3′UTRs [24, 16, 22, 250]. SHAPE on the 3′UTR RNA provides a snapshot of the
general conformation of the 3′UTR, but does not capture dynamic conformations,
and thus, it cannot be ruled out that other structural conformations important
to the ZIKV life cycle have been disrupted. It is also possible to miss structural
conformations of the RNA that are induced by protein binding. The importance
of sfRNA3 to ZIKV infection remains unclear and hence further work is required,
although due to the likely coupling of sfRNA production, this is difficult to study
in isolation. It is interesting to note that sfRNA3 appears much less abundant in
both mammalian and mosquito cell culture systems compared to mosquito infection
[136, 148]. This indicates that it may play a more important role in the context of
mosquito infection, coinciding with the fact that mutations leading to disruption of
SL2, and thus subsequent disruption of sfRNA3 production, coincides with impaired
mosquito infection and hence lower viral transmission [136, 148]. Again, infection
of mosquito cells and mosquitoes with the Site B mutant would help to further
investigate this hypothesis.

The reduction in fitness of the Site B mutant was not attributed to replication
defects, as following infection of A549 and Vero cells, genome copy number was
similar between WT, Site B mut and Site B rev (Figure 5.5A). Additionally, no
difference in viral E protein levels was observed between WT, Site B and Site B
rev, indicating that the fitness defect in the Site B mutant appears to be post-viral
replication and translation (Figure 5.5C). The smaller plaque phenotype and the
delayed observation of CPE in the Site B mutant may be explained by the poten-
tial link between sfRNA production and the induction of apoptosis and cytopathic
effects (Figure 5.5B). Contrary to what has been seen in mosquitoes, previous work
has shown that the production of sfRNA1 by both DENV and WNV is important for
the induction of apoptosis and the ability of these viruses to form plaques, similar
to what has been observed for the Site B mutant [153, 38, 148]. Furthermore, com-
plementation of sfRNA1 deficient mutants with a plasmid encoding sfRNA rescued
plaque formation [153, 38]. Flavivirus proteins actively induce apoptosis, indicating
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that it likely plays some role in promoting viral infection. If this is the case, inhibi-
tion of apoptosis could also contribute to the fitness defects observed for the Site B
mutant [45].

Interestingly, there was a trend towards a reduction in viral titre for the Site B
mutant in A549 cells that was not observed in Vero cells. The lack of statistical
significance for this trend may be explained by the fact that the Site B reversion
occurred rapidly and was already apparent at passage 2. Although P0 stocks of
Site B mut were used to conduct infections, by the time titrations were carried out
the virus has already been passaged twice, once during infection, and then again
for titration. Accordingly, the appearance of larger plaques was observed for the
Site B mutant, indicating that there was some revertant virus present in the viral
population. To further investigate the Site B mut and Site B rev viruses, it would
be worthwhile to utilise the reverse genetics system and transfect the FL viral RNA
into cells, minimising the effects of a mixed viral population on the results. Although
this trend was not significant, it supports the findings that the Site B mutatant is
defective post replication and translation.

Nevertheless, it is interesting that although no obvious difference between the viruses
was observed in IFN deficient Vero cells, a trend towards a higher ratio of genomes
compared to productive virus was observed in A549 cells which do mount an IFN
response to ZIKV infection [251, 252]. Previous work infecting A549 cells with
a ZIKV mutant containing deletions of SLI and SLII indicated that this virus was
unable to modulate the host IFN response as well as WT. This mutant virus, despite
lower replication levels, induced similar or higher levels of MxA, OAS1 and IRF-
7 mRNAs conducive to being unable to inhibit IFN signalling [136]. Further work
measuring the immune response to the Site B mutant is required to confirm whether
a lack of immune control is contributing to the loss of viral fitness observed for the
Site B mutant.

Cumulatively these results indicate that the mutation of a single nucleotide at the
base of SLII disrupts proper folding of xrRNA2, leading to impaired sfRNA produc-
tion and thus reduced viral fitness in mammalian cells. It may be that the defective
sfRNA production observed for the Site B mutant leads to an inhibition in apop-
tosis, as well as a reduced ability of the virus to modulate the host immune response
during infection. Further research must provide greater understanding of the link
between ZIKV sfRNAs and the modulation of host immune signalling. Additionally,
follow up studies in mosquito cells/mosquitoes will further our understanding on the
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role of specific ZIKV sfRNAs in switching between mammalian vs mosquito hosts,
and the mechanism by which ZIKV induces this switch without hampering viral
fitness.
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Chapter 6

Conclusions and future work

The main aim of this study was to further elucidate MSI1 enhancement of ZIKV
replication, and in doing so investigate the overall importance of the ZIKV 3′UTR
to viral fitness. Understanding how the host and virus interact is imperative to
understanding the pathology caused by infection. For MSI1, expression in NPCs,
as well as its links to enhanced ZIKV replication, indicated that this host protein
may be involved in the neural pathology observed in infected neonates [178]. Due
to these findings, MSI1 was the initial focus of this thesis.

In Chapter 3, different cells were screened for MSI1 expression to identify cell types
useful for studying the effects of MSI1 on ZIKV replication. It was found that MSI1
expression is not stable in U251 human glioblastoma cells, and was unexpectedly
expressed in high levels by HEK-293T cells, which were previously thought to be
lacking MSI1. It was also demonstrated that A549 cells had very low levels of
MSI1 and in Vero cells MSI1 was not detected. This provides useful information on
suitable cell types for future studies investigating MSI1.

Reverse genetics was then used to mutate putative MSI1 binding sites in the ZIKV
3′UTR. Utilising U251 cells ± MSI1 highlighted that the mutation of Site D hampered
viral replication in a MSI1 dependent manner, with a 2-fold reduction in viral rep-
lication observed for the Site D mutant compared to WT. This identifies that Site
D is likely important for MSI1 binding, however, future work demonstrating the
disruption of MSI1 binding will be carried out by pull down analysis. This mutant,
therefore, may provide a highly useful tool for future investigations characterising
the effects of MSI1 on ZIKV replication without relying on knockout or knockdown
of MSI1. It would be interesting to test more biologically relevant systems, such as
brain organoids or mouse models, to further investigate how significant a role MSI1
plays in ZIKV replication.

Mutating sites within the 3′UTR not only provided useful information about the
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effects of MSI1 on ZIKV, but also provided useful information on the contribution
of the ZIKV 3′UTR to overall viral fitness. MSI1 binding site mutations only con-
sisted of a two nucleotide change, but in some cases drastically affected viral fitness.
The 3′UTR provides sites for the binding of host and viral proteins, with specific
sequences and RNA structures within the 3′UTR facilitating the switch from rep-
lication to translation of the viral genome [26, 27, 28, 29, 24, 224]. It is therefore
imperative to screen viruses with 3′UTR mutations for the disruption of binding of
off-target proteins as well as structural changes induced by mutation.

The Site E mutant proved to be highly detrimental to viral fitness and was only
rescued following the detection of an additional mutation upstream from Site E in
the 3′SL of the 3′UTR. Further work is required to characterise the importance of
Site E to ZIKV fitness, including the use of reverse genetics to elucidate the role of
the additional mutation in viral rescue. The disruption of binding of La autoantigen
provides a plausible explanation. Previous work has demonstrated that the binding
site of La autoantigen is within the 3′SL in DENV4, and in JEV binding occurs at
a site within the 3′SL just proceeding the equivalent to Site E in the ZIKV 3′UTR
[236, 237, 238, 239]. Furthermore, knockdown of this protein led to a 97% reduction
in viral titres in JEV, which may explain why the Site E mutant virus was not viable
[239]. To confirm this, future work will involve pull down analysis for testing protein
binding to the ZIKV 3′UTR. This will allow investigation of whether La autoantigen
binding has been disrupted by mutation of Site E, and facilitate future studies into
the importance of La autoantigen to ZIKV fitness.

In Chapter 4, utilising an adapted structural cassette based on previous work by
the Weeks lab, it was possible to SHAPE map the ZIKV 3′UTR [231, 232]. Unlike
previous in vitro SHAPE mapping of the ZIKV 3′UTR, this allowed structural in-
formation to be obtained for the full 3′UTR structure, including the 3′SL structure.
The developed method is reproducible and high throughput, providing a useful tool
for the screening of ZIKV 3′UTR mutants. Furthermore, utilising this method not
only allowed the visualisation of secondary RNA structures within the 3′UTR but
also tertiary PK structures. This was particularly useful for demonstrating the dis-
ruption to PK folding caused by mutating Site B, the slight changes in structure
caused by mutating Site C, and for demonstrating that no structural changes were
introduced by mutating Site A, D or E. As this structural cassette has been shown
to have no effect on the 3′UTR structure, it can also be utilised to add additional
sequences to the 3′ end of the 3′UTR. Currently, a major restriction in using the
ZIKV 3′UTR RNA as bait in a pull down is that modifications such as biotinylation
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can affect RNA structure. To overcome this, 3′ end biotinylation can be used, but
this is inefficient due to the highly structured 3′SL. Utilising this structural cassette
it is possible to enhance biotinylation efficiency by the addition of an unstructured
sequence, whilst having a minimal impact on RNA structure (Appendix). This
method of enhanced labelling of the ZIKV 3′UTR will be used for future pull down
analysis and mass spectrometry to investigate whether any of the site mutations
affected the protein binding profile of ZIKV.

In Chapter 3, the Site B mutation was shown to be detrimental to viral fitness, lead-
ing to delayed viral rescue and a smaller plaque phenotype. Passage experiments
demonstrated that the Site B mutant reverted at a single nucleotide, highlight-
ing that this nucleotide was particularly important for viral fitness. In Chapter
4, SHAPE mapping revealed that the Site B mutation disrupted the three-way
junction, which was imperative for PK2 folding and was likely responsible for the
observed negative effects on viral fitness. Reversion at one nucleotide not only res-
cued the PK2 structure, but also viral fitness, and highlighted the importance of
maintenance of the structural organisation of the ZIKV 3′UTR (Chapter 5). Indeed,
previous work has shown that tertiary structures within the 3′UTR are important
for xrRNA resistance to degradation, and thus, sfRNA production [136, 41, 40, 134].
Correspondingly, the Site B mutant was shown to be defective in sfRNA production.
Due to the links between sfRNA production and the induction of apoptosis in mam-
malian cells, this disruption in sfRNA production could explain the smaller plaque
type observed for the Site B mutant. The trend of increased genome copy number
to virions produced in IFN competent cells also indicated that replication of Site B
was not hampered and that disruption was at a later stage in the viral life cycle. As
this trend was not observed in Vero cells lacking IFN, it is proposed that the Site
B mutant was unable to modulate host immune signalling. This supports previous
work showing that ZIKV sfRNA inhibits RIG-I or MDA-5 induction of IFN-beta
production, as well as work demonstrating that the replicative defects of an sfRNA
deficient WNV mutant compared to WT WNV were only displayed in cells that
could mount a type I IFN response [139, 150]. Further work characterising the host
immune response to the Site B mut vs the Site B rev and WT virus will further
elucidate this. The rapid reversion of the Site B virus, and thus, the presence of
WT virions, likely diluted out some of the effects of this mutation. To minimise the
effects of a mixed viral population on the results, future work will involve the trans-
fection of the Site B mut and Site B rev FL RNA into cells. Furthermore, studies
with sfRNA defective ZIKV mutants in mosquito cells/mosquitoes would also prove
interesting and provide insights into the role of specific ZIKV sfRNAs in the switch
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between replicating in a mammalian vs mosquito host.

Despite an increased focus on ZIKV research following the 2015/2016 epidemic,
and clear links to severe disease, including congenital microcephaly and Guillain
Barre syndrome, the mechanisms underpinning these severe pathologies are yet to
be fully understood. It is also worthwhile highlighting that ZIKV still poses a huge
threat globally, with the potential for worldwide ZIKV spread enhanced by climate
change, urbanisation, and international travel. The main methods for ZIKV control
are still control of vector populations which have proven difficult to implement due to
socio-economic factors. Continued research into viral-host interactions and factors
important for viral fitness are imperative for obtaining a better understanding of
ZIKV induced pathologies, in addition to the development of antivirals and vaccines
to combat ZIKV infection.
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Chapter 7

Appendix

7.1 Intro

Previous work by Chavali et al., 2017 utilised in vitro biotinylation to label ZIKV
3′UTR RNA, and used it as bait in a pull down to display MSI1 binding. However, as
this thesis has shown, maintenance of the RNA structure is vital for the functionality
of the RNA, including the binding of host and viral proteins. As shown below,
initial attempts to recapitulate the pull down carried out by Chavali et al., 2017,
failed to demonstrate MSI1 binding (Figure 7.1). In vitro biotinylations randomly
incorporate Biotin-16-UTP into the RNA, and therefore, depending on where these
random incorporations occur, could affect the formation of RNA structures. To
minimise the effects on RNA structure, end labelling is preferred. 3′ end labelling
kits are available, however, due to the highly stable 3′ SL structure at the terminal
of the ZIKV 3′UTR, 3′ end labelling of this RNA is highly inefficient. As previously
shown in Chapter 4, the use of a specifically designed structural cassette to add
additional sequence onto the end of the ZIKV 3′UTR had no effect on the ZIKV
3′UTR RNA structure. The methods and work detailed below show that utilising
the structured cassette allows the addition of extra unstructured sequence onto the
end of the ZIKV 3′UTR to enhance biotinylation efficiency. Although this work
is incomplete, it may provide useful information for future investigations utilising
ZIKV 3′UTR RNA as bait for protein pull downs.
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7.2 Methods

7.2.1 Pull down

ZIKV 3′UTR DNA was generated using the F primer (TAATACGACTCACTATAG
CACCAATCTTAATGTTGTCAGGCCTG), adding a T7 promoter to the 5′ end
of the 3′UTR, and the reverse primer (AGACCCATGGATTTCCCCACACCGGC)
which anneals to the end of the ZIKV 3′UTR. PCR amplification was carried out
with the reaction conditions as follows; 1X Buffer for KOD Hot start DNA Poly-
merase, 1 mM MgSO4, 0.2 mM of each dNTP, 0.3 µM forward and reverse primers,
0.02 U/µL KOD Hot Start DNA polymerase (Novagen) and 40 ng FL WT plasmid
template. Cycling conditions were an initial denaturation of 95◦C followed by 28X
(95◦C for 30 seconds, 60◦C for 30 seconds, 70◦C for 30 seconds) and a final extension
of 70◦C for 5 minutes. Following PCR amplification, DNA was ethanol precipitated
and purified by gel extraction.

1 µg of ZIKV 3′UTR DNA was used in an in vitro transcription reaction containing
recombinant T7 polymerase (50 ng/µL), 40 mM Hepes pH 7.5, 32 mM MgoAc, 40
mM DTT, 2 mM spermidine, 5 mM each of ATP, GTP, CTP, 1.3 mM UTP, 0.7
mM Biotin-16-UTP (Invitrogen) and 1.6U/µL RNaseOUT (Invitrogen). Reactions
were incubated at 37◦C for 2 hours prior to DNASE (NEB) treatment for 1 hour
at 37◦C and purification by phenol chloroform extraction and ethanol precipitation.
Following resuspension in water, RNA was purified by passing down two Illustra
MicroSpin G-50 columns (GE Healthcare). RNA was quantified using the Qubit
RNA Broad Range Assay kit (Invitrogen).

RNA was refolded by heating at 60◦C for 10 minutes and then slowly cooled down
to 40◦C by lowering the temperature by 5◦C every 5 minutes. The temperature was
then lowered to 37◦C for 3 minutes, MgCl2 added, and incubation at 37◦C continued
for 7 minutes. The temperature was then reduced to 22◦C for 5 minutes and the RNA
held at 4◦C. Washing and preparation of Dynabeads MyOne Streptavidin T1 for
RNA binding was carried out following the manufacturer’s instructions (Invitrogen).
1 mg of U251 lysates in lysis buffer (25 mM Tris HCl pH 7.5, 150 mM KCl, 5 mM
EDTA, 5 mM MgCL2, 1% NP40, 0.5 mM DTT, protease inhibitor cocktail (Roche),
100 U/mL RNASE OUT) was pre-cleared with 40 µL beads for 30 minutes on a
rotator at 4◦C. Pre-cleared lysates were diluted 1:2 in lysis buffer and 0.1 µg/µL
tRNA added prior to incubation with 10 pmol of refolded biotinylated RNA at 4◦C
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with gentle rotation. Following a 2 hour incubation, 40 µL of beads was added
and the samples incubated at 4◦C for another hour. Beads were then washed three
times with protein lysis buffer containing 300 mM KCl and then resuspended in 5X
protein sample buffer (10% SDS, 50% glycerol, 25% 2-mercaptoethanol, 0.0125%
w/v bromophenol blue, 0.3125 M Tris HCl pH 6.8). Beads were spun down and
boiled at 95◦C for 5 minutes and the supernatants collected and stored at -80◦C.

Samples were boiled again before western blotting with a monoclonal antibody raised
against MSI1 EP1302 (1:500, ab52865, abcam) and rat anti-beta tubulin (1:10)
grown from a hybridoma kindly provided by Stephen Graham. Goat anti-rabbit
IgG H&L IRDye 800CW antibody (1:10,000, ab216773, abcam) and Goat anti-rat
IgG H&L Alexa Fluor 680 (1:10,000, ab175778, abcam) were used for detection
using an Odyssey CLx Imaging System (Li-Cor).

7.2.2 3′ end biotinylation

ZIKV 3′UTR RNA was generated by PCR amplification as described in Section 7.2.1.
ZIKV 3′UTR DNA containing a 3′ structured extension cassette and poly(C) tail was
generated by PCR using KOD polymerase and the reaction conditions described in
Section 7.2.1. The forward primer (TAATACGACTCACTATAGGCCTTCGGGC-
CAAGCACCAATCTTAATGTTGTCAGG) encoding a T7 promoter and 5′ struc-
tured extension cassette, and the reverse primer (GGGGGGGGGAACCGGAC-
CGAAGCCCGATTTATAGTAAATGGATCCGGCGAACCGGATCTAGACCCAT
GGATTTCCCCAC) encoding the 3′ structured extension cassette and a poly(C)
tail were used to amplify the 3′UTR. The following cycling conditions were used;
95◦C for 2 minutes followed by 28X (95◦C for 30 seconds, 57◦C for 30 seconds, 70◦C
for 30 seconds) and a final extension of 70◦C for 5 minutes. Samples were ethanol
precipitated into a smaller volume and purified by gel extraction.

1 µg of DNA was then added to a transcription reaction containing recombinant
T7 polymerase (50 ng/µL), 40 mM Hepes pH 7.5, 32 mM MgoAc, 40 mM DTT, 2
mM spermidine, 10 mM each of ATP, GTP, CTP, UTP. Reactions were incubated
at 37◦C for 2 hours prior to DNASE (NEB) treatment for 1 hour. RNA was then
purified by phenol chloroform extraction and ethanol precipitation and resuspended
in water.

T4 RNA ligase was used to ligate biotinylated cytidine Bis(phosphate) to the 3′ end
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of the ZIKV 3′UTR RNA using the Pierce RNA 3′ End Biotinylation kit (Thermo
Scientific). RNA was heated to 85◦C for 5 minutes and snap cooled on ice. Reac-
tions contained 3 µL 10X RNA ligase buffer, 1 µL RNASE inhibitor (40 U/µL), 50
pmol RNA, 1 µL biotinylated cytidine (Bis)phosphate (1mM), 2 µL T4 RNA ligase
(20 U/µL), 15 µL 30% PEG in a total reaction volume of 30 µL. Reactions were
incubated at 16◦C overnight and RNA purified by phenol chloroform extraction and
ethanol precipitation. Following resuspension in water, RNA was quantified using
the Qubit RNA broad range Assay kit.

To assess the efficacy of 3′ end biotinylation, 20 ng of RNA was incubated with 0.5
µg of streptavidin (Acro Biosystems) at 37◦C for 10 minutes. Samples were then
resuspended in RNA loading dye (0.05% bromophenol blue, 0.05% xylene cyanol, 20
mM EDTA pH 8 and 91% formamide) and heated to 85◦C for 2 minutes. Samples
were resolved in a 6% polyacrylamide gel containing 7M urea. The gel was pre-run
for 30 minutes at 300V in 1X Tris-Borate-EDTA (TBE) prior to loading of samples
and running at 300V for 30 minutes. The gel was stained with 1 µg/mL ethidium
bromide in 0.5X TBE for 30 minutes prior to visualisation in a UV transilluminator.
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7.3 MSI1 pull down with in vitro biotinylated
ZIKV 3′UTR RNA

Figure 7.1: MSI1 pull down. Shown is the result of a MSI pull down using U251
cell lysates and in vitro biotinylated 3′UTR RNA, utilising the method developed
by Chavali et al., 2017. No protein binding was detected.

141



7.4 Enhancing 3′ end biotinylation of the ZIKV
3′UTR using the 3′ structural cassette

Figure 7.2: (A) Shown is the structured extension cassette with a poly(C) tract
added to enhance the efficiency of 3′end biotinylation of the ZIKV 3′UTR RNA.
The presence of the 3′RT primer site allows for SHAPE structural mapping of the
ZIKV 3′UTR to ensure any modifications do not affect RNA structure. (B) Mfold
structures show that addition of the poly(C) tract likely has no effect on overall
3′UTR structure. (C) Shown is a UREA denaturing gel used to detect streptavidin
binding to the ZIKV 3′UTR. WT 3′UTR RNA containing the structured binding
cassette plus a poly(C) tail (WT + Poly(C)) or without the cassette (WT) were
generated. 3′UTR RNA with mutations at Site A, B, C, D and E with the structured
cassette (Site A-E mut + Poly(C)) or without the cassette (Site A-E mut) were also
generated. RNA was incubated with streptavidin (+) or with water (-), mixed with
RNA loading dye and heated prior to running.
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