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Abstract

System-wide approaches have uncovered a vast spectrum of RNA-binding proteins
(RBPs) in mammals and a few non-mammalian organisms, such as the fruit fly,
zebrafish, roundworms, and plants. However, information on RBPs of arboviral
vectors remains largely unknown. RNA interactome capture was used to characterise
the RBPome in cells of two medically important mosquito vectors, Aedes aegypti
and Aedes albopictus. 852 and 683 RBPs were identified in Aedes aegypti and
Aedes albopictus, respectively. These RBPs exhibited properties similar to those
of human RBPs, having low hydrophobicity that favoured solubility; basic pH to
enable interactions with RNA; and contained intrinsically disordered regions, low
complexity regions, such as the RGG box and poly (K) that allow for dynamically
modular interactions. The use of RBDmap to map mosquito RBPs also revealed that
sequence conservation was most apparent in the RNA-binding site. Underscoring
the evolutionary conservation of RNA-protein interactions.  Further profiling of
Aedes aegypti RPBome during SINV infection using comparative (RIC) identified 219
differentially regulated proteins, seventy-two were upregulated, while 143 proteins
were downregulated. Characterisation of these proteins revealed 80% lacked
canonical RNA binding domains, >25% were metabolic enzymes, and GO terms
identified that the proteins were involved in transport, nucleotide degradation, and
energy metabolism. Lastly, knockdown of 17 differentially regulated proteins revealed
that 15 of 17 candidates were proviral. Knockdown efficiency and duration of
transfection influenced the phenotype of screened RBPs. XRN1 and DCP1A were
found to be proviral, while AAEL010642, a PABP, was antiviral. This study provides the
first comprehensive characterisation of the mosquito RBPome, revealing evolutionary
conservation with other organisms, dynamic reprogramming during SINV infection,
and identifying host factors that predominantly act as proviral regulators of viral

replication.
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1 Introduction

1.1 Alphaviruses

Arborviruses are a diverse group of viruses maintained in cycles between
hematophagous arthropod vectors (for example, mosquitoes and ticks) and vertebrate
hosts [1,4-6]. Medically important arboviruses are mainly found in Flaviviridae,
Togaviridae, and Bunyaviridae families and collectively cause diseases ranging from
mild febrile illness to hemorrhagic fevers and encephalitis [7]. Arboviruses are
typically enzootic and depend on birds and mammals that serve as reservoirs for viral
maintenance in nature. Humans are usually incidental hosts, who, developing high
viremia, can infect anthropophilic vectors, which then transmit the virus in urban cycles
[7]. Alphavirus is one of the two genera within the Togoviridae family. The other genus,
Rubivirus, contains a single species Rubella virus, while the Alphavirus encompasses
over 30 species that infect a wide range of host and vector species, both aquatic and
terrestrial [8—10]. Alphaviruses are zoonotic positive-sense single-stranded viruses
that are maintained primarily in rodents, primates, and birds by mosquito vectors.
However, aquatic arboviruses have no confirmed arthropod vectors. For instance,
salmonid alphavirus (SAV) primary mode of transmission is horizontal transmission
through water columns [11], whereas southern elephant seal virus (SESV) is thought
to be transmitted by sea lice that parasitise seals [12]. Humans are incidental hosts,
often getting infected when they intrude on enzootic transmission habitats or when

alphaviruses emerge to cause epizootics and epidemics [10, 13].

Notably, alphaviruses that infect humans can be broadly grouped by their clinical
manifestation and geographical location. The New World alphaviruses, which include
Venezuelan equine encephalitis virus (VEEV), Eastern equine encephalitis virus
(EEEV), and Western equine encephalitis virus (WEEV), are found in North, Central,
and South America and typically induce neurological disease with potentially high
mortality [14]. In contrast, the Old World alphaviruses, which include Chikungunya
(CHIKV), Ross River virus (RRV), ONNV, Mayaro virus (MAYV), and Sindbis virus

(SINV), are typically found in Africa, Asia, Europe, and Oceania and induce an
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arthritogenic disease characterised by fever, rash, and arthralgia [15]. The primary
vectors for these viruses are transmitted by the Culex and Aedes spp, and they
represent a re-emerging public health threat as vector distribution expands [16].
CHIKV is an example of an alphavirus that has been declared a high-risk to public
health, with cases and deaths increasing by 4-fold from 2022 to 2023 [17]. This is
a result of the geographic expansion of its primary vectors, Ae. aegypti and Ae.
albopictus, due to rising global temperatures [18]. Understanding the interaction

between virus and vector is thus critical to developing effective countermeasures.

1.1.1 Human pathogenesis and immunity of alphaviruses

Pathology The outcome of alphavirus infection results from complex interactions
between the virus and the host’'s immune system. The severity of the disease
and the duration of infection are dependent on the initial immune response [19].
Besides infecting immune cells, alphaviruses also infect endothelial cells, muscle
cells, periosteum, fibroblasts and synovial cells [20,21]. Alphavirus infections are
associated with autoimmune or inflammatory syndromes [16] because they trigger
both the innate and adaptive immune factors [22]. Immune factors released from
the leukocytes, including reactive oxygen species and prostaglandin, are part of the
host’s immune response, and likely contribute to the acute symptoms associated with

alphaviruses [23].

Disruption of the host’s immune defence can also contribute to pathology. For example,
impaired chemotaxis of immune cells can lead to increased viral titres, triggering an
inflammatory response. Conversely, a robust chemotactic and inflammatory response
is likely to be detrimental to the host rather than protective, especially in responses that
promote neuroinvasion [24]. Replication in the central nervous system (CNS) tissues

typically occurs later in the disease pathology [25]

Arthritogenic alphaviruses, including RRV, CHIKV, MAYV, SFV, SINV, ONNV, and
Barmah Forest virus, significantly impact the joints and may cause neurological

manifestations. These infections have two distinct phases: acute and chronic. The
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acute phase typically manifests 3-10 days post-infection, with a viremic period lasting
4-7 days. Clinical manifestations are nonspecific, often leading to misdiagnosis
[15]. The frequency of clinical disease varies among viruses. Most RRV and
SINV infections are asymptomatic, while up to 80% of CHIKV and MAYV infections
result in clinical symptoms [15, 19, 26]. Infection with Old World alphaviruses can
lead to rare but possible fatalities, particularly in neonatal or elderly individuals with
comorbidities. Fatal cases are often associated with respiratory, renal, hepatic,
and neurological complications, especially in individuals with pre-existing conditions
such as hypertension, respiratory, or cardiovascular disease [27-30]. Maternal-fetal
transmission of CHIKV carries a risk of approximately 3% for neonatal death, with
infants infected later in gestation exhibiting various symptoms such as joint edema,
petechiae, rash, thrombocytopenia, disseminated intravascular coagulopathy, and

encephalopathy, potentially leading to long-term disabilities [31, 32].

Innate immune responses The innate immune response to alphavirus infection
involves several key steps: recognition of viral components by pattern recognition
receptors (PRRs), production of interferons and pro-inflammatory cytokines, and the
activation and recruitment of immune cells. Alphaviruses are detected by PRRs,
including Toll-like receptors (TLRs), retinoic acid-inducible gene | (RIG-1)-like receptors
(RLRs), NOD-like receptors (NLRs), and C-type lectin receptors (CLRs) [33, 34].
TLRs and RLRs are key players in sensing viral RNA. TLRs recognize viral RNA
in endosomes, while RLRs such as RIG-I and melanoma differentiation-associated
protein 5 (MDAS), sense viral RNA within the cytoplasm [35]. NLRs, such as NLRP3
and NLRP1, form multiprotein complexes called inflammasomes, which activate
caspase-1 and induce the production of pro-inflammatory cytokines IL-15 and IL-18.
Recent studies have implicated NLRP3 and NLRP1 in the recognition of alphaviral
pathogen-associated molecular patterns (PAMPs), suggesting their involvement in the
induction of inflammatory responses during alphavirus infection [36]. Engagement of
PRRs activates signalling cascades leading to the expression of transcription factors,

which ultimately induce type | interferons (IFNs), pro-inflammatory cytokines, and
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chemokines [33].

Effector cells such as macrophages, dendritic cells (DCs), and natural killer (NK) cells
are quickly drawn to the infection site, playing a vital role in either protecting the
body or contributing to disease development. Through processes like phagocytosis,
cytokine release, and direct killing of infected cells, macrophages, dendritic cells, and
NK cells work together to limit and ultimately eliminate the virus [15]. This carefully
coordinated immune response is essential for the early detection of aphaviruses;

however, excessive activation can lead to immunopathology.

Adaptive responses The adaptive immune response plays a pivotal role in viral
clearance and long-term immunity. Upon encountering alphavirus antigens, antigen-
presenting cells (APCs) such as DCs and macrophages capture and process viral
particles. These APCs migrate to secondary lymphoid organs, where they present
viral antigens to naive T lymphocytes via major histocompatibility complex (MHC)
molecules. This interaction leads to the activation and differentiation of T cells into
effector cells, including cytotoxic CD8+ T lymphocytes (CTLs) and helper CD4+ T cells

(Th cells) that migrate to sites of infection to control virus replication [34, 37].

Upon recognition of viral peptides presented by MHC class | molecules, CTLs become
activated and release cytotoxic granules containing perforin and granzymes, inducing
apoptosis in virus-infected cells. This direct cytotoxicity is essential for controlling viral
replication and limiting viral spread [38, 39]. Most pathogen-specific CTL responses
start 3—4 days post-infection, peak by 7-10 days, and then decline. Helper CD4+
T cells orchestrate the antiviral immune response by providing essential signals for
optimal B and CD8+ T cell responses. In acute CHIKV infection, patients exhibit
transient lymphopenia, a phenomenon that may be partially explained by CD4+ T cell

apoptosis [37,40].

Alphavirus antigens trigger the activation and differentiation of B cells into antibody
producing plasma cells. Virus-specific antibodies target viral particles, neutralise

their infectivity, promote opsonisation and phagocytosis, and activate complement-
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mediated lysis of infected cells [41].

1.1.2 Alphavirus genome and life cycle

The virus particle consists of an RNA genome (about 11.7kb) surrounded by a protein
capsid shell within a host-derived lipid envelope decorated with glycoprotein spikes
[10]. The capsid shell and glycoprotein spikes are arranged into icosahedral particles
of about 70 nm diameter. There are 240 copies of the capsid protein arranged in a
lattice, with the surface glycoprotein spikes, consisting of envelop glycoproteins E1 and
E2, also forming a T=4 structure as 80 trimers of heterodimers (Fig.1.1A). The genome
is a single strand of positive-sense RNA that possesses a type 0 5 7-methyl-GpppA
cap and a 3’ poly(A) tail (Fig.1.1B). The genome has two open reading frames (ORFs),
the second of which is expressed through production of a subgenomic mRNA from an
internal promoter in the minus-strand RNA replication intermediate. The second ORF
encodes the structural proteins that function in the assembly of new virus particles
and the attachment and entry to new cells. The first ORF is translated directly from
genomic RNA and encodes the non-structural proteins required for RNA synthesis [42]

(Fig.1.1,1.2).

Upon entry into a host cell, the genomic 49S RNA serves as mRNA for the
nonstructural polyprotein (nsP1-nsP4), which is translated immediately. These
nonstructural proteins assemble into a viral replication complex on host cell
membranes, primarily endosomal or plasma membrane-derived vesicles, and
synthesise a complementary negative-strand RNA. This negative strand then
templates two processes: (i) production of new genomic RNA for packaging into
progeny virions, and (ii) transcription of a subgenomic mRNA (26S mRNA) encoding
the structural proteins. The structural proteins include the capsid protein, which
binds the genomic RNA and forms the nucleocapsid, and the envelope glycoproteins
(E1 and E2) that embed in the host-derived lipid envelope. The subgenomic
mRNA is translated later in infection to produce these structural components.
Alphavirus assembly occurs at the host cell plasma membrane, where capsid proteins

encapsidate genomic RNA and associate with the cytoplasmic tails of E2; virions then
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bud from the membrane, acquiring their envelope studded with E1/E2 spike proteins.
Mature virions (70 nm in diameter) are spherical particles capable of initiating a new

infection (Fig.1.1, 1.2) [42—45].

Capsid protein
A (CP) Membrane

26S subgenomic
5'UTR promoter 3'UTR

| opal stop ‘
*
A(n)

| non-structural ORF | structural ORF |

Figure 1.1: Schematic of the alphavirus structure and genome [1]
A)The virus particle consists of an RNA genome surrounded by a protein capsid shell within a host-
derived lipid envelope decorated with glycoprotein spikes. The capsid shell and glycoprotein spikes
are arranged into icosahedral particles of 70 nm diameter. There are 240 copies of the capsid protein
arranged in a T = 4 lattice, with the surface glycoprotein spikes, consisting of E1 and E2, also forming
a T = 4 structure as 80 trimers of heterodimers
B) The genome is about 11.7 kb in length and encodes two open reading frames (ORFs) flanked by
5" and 3’ untranslated regions (UTRs) and contains a 5° methylguanylate cap and 3’ polyadenylated
tail. The first ORF encodes a polyprotein that is cleaved into four non-structural proteins (nsP1—4),
with cleavage intermediates that function in RNA replication. The second ORF is translated from a
subgenomic RNA and encodes the structural polyprotein, which is cleaved into five structural proteins
(capsid, E3, E2, 6K, and E1), or, alternatively, a frameshift event leads to a truncated polyprotein that

produces capsid, E3, E2, 6K, and TF.
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Cell entry is typically via receptor-mediated endocytosis: the E2 glycoprotein on the
virion attaches to a host cell receptor, and the virion is internalised into an endosome.
Acidification of the endosome triggers conformational changes in E1/E2, leading
to membrane fusion and release of the nucleocapsid into the cytosol. Alphavirus
replication is cytoplasmic, though the RNA synthesis occurs in protected membrane
invaginations known as spherules to shield viral RNA from host defences (Fig.1.2)
[44,46]. A single infected cell can produce thousands of new virions within hours,

reflecting the efficiency of the alphavirus replication strategy.

In mosquito vectors, alphaviruses generally establish persistent, non-lethal infections;
the virus must infect midgut epithelial cells after ingestion, disseminate to the
hemolymph, and ultimately infect the salivary glands to be transmitted in the saliva. In
vertebrate hosts, infections are usually acute and immunogenic, with robust interferon

responses controlling viremia [47].

21



Attachment Egress

Assembly\

Membrane fusion Genome x
encapsidation /;f
I ."‘L' \‘
pE2-E1 | &‘\? (
Replication \ N\ JJL, |J,
, 4,% \ L}"« \ :h
P123  nsP4 3 U5 AN
nsP1 P23 nsP4
5 An3’ C PpE2 6K E1
nsP1-4 - Structural
A3 polyprotein

Figure 1.2: Schematic of Alphavirus life cycle [1]
After entry and translation of the genomic RNA, the non-structural polyprotein P1234 is first cleaved
to generate P123 and nsP4, which transiently assemble into an early replication complex responsible
for negative-strand RNA synthesis. Subsequent trans-cleavage of P123 produces nsP1, P23, and
nsP4, shifting the replication complex toward genomic RNA synthesis. Final cleavage into the four
individual non-structural proteins (nsP1—4) establishes the mature replication machinery that supports
both genomic and subgenomic RNA synthesis. Translation of the subgenomic RNA yields the
structural polyprotein, which undergoes coordinated processing for virion assembly. Capsid proteins
encapsidate newly synthesised genomic RNA to form cytoplasmic nucleocapsids, while the E1/E2
glycoproteins are processed and trafficked to the plasma membrane. Virion budding occurs at the cell
surface, where nucleocapsids acquire their envelope by interacting with the membrane-embedded

glycoproteins

1.2 Mosquitoes as a vector

Mosquitoes (Diptera, Nematocera: Culicidae) comprise of over 3,500 known species,

organised in 44 genera and 145 sub-genera [48]. Their distribution is quite vast,
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being found on every continent except Antarctica. Beyond their ecological ubiquity,
mosquitoes have a profound influence on human history and health than any other
insect group. Interestingly, only about 5% of species are involved in pathogen
transmission. The primary genera of medical importance are Aedes, Anopheles, and
Culex, which are responsible for transmitting major diseases such as dengue (DENV),
Zika (ZIKV), CHIKV, yellow fever, malaria, West Nile virus (WNV), among others
[49,50]. Notably, Aedes aegypti (native to Africa) and Aedes albopictus (native to Asia)
have expanded their range, reaching the Americas and European continents. This
invasive spread has been facilitated by globalization and climate change contributing
to global resurgence of mosquito-borne epidemics [51-54]. Despite decades of
sustained efforts, effective and sustainable mosquito control remains an urgent and

elusive challenge in global health.

1.2.1 Mosquito morphology and life cycle

Mosquitoes are tiny insects, typically 0.5 - 1cm long, with the body divided into three
parts: head, thorax, and abdomen (Fig.1.3). As members of the order Diptera, they
possess a single pair of mesothoracic wings, with hindwings modified into halteres
that stabilise flight. Culicidae’s defining feature is the proboscis, a piercing-sucking
structure used for blood and nectar feeding. Sexual dimorphism is distinctive, with
females bearing filiform antennae and short maxillary palps (with the exception of
anopheline mosquitoes, where the palp is as long as the proboscis). Meanwhile,
males exhibit plumose antennae, elongated palps, and a terminal hypopygium with
claws for mating. Adults are covered in scales of varying colouration that, alongside
features such as bristle distribution and genital morphology, provide key taxonomic

identifiers [55, 56] (Fig.1.3).

Immature stages of mosquitoes are aquatic, characterised by filter feeding, with a
distinct head, enlarged thorax, and abdomen terminating in a respiratory siphon
or spiracles. Diagnostic features for larval identification include the morphology of
antennae, head bristles, abdominal ornamentation, and the structure of the siphon

and anal segment. The pupal stage is mobile and aquatic, completing metamorphosis
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within 1-2 days [56] (Fig.1.3).

Mosquitoes undergo complete metamorphosis with four distinct stages: egg, larva,
pupa, and adult, with each life stages adapted to ecological niches. Gravid females lay
eggs in aquatic or semi-aquatic environments and may apply survival strategies such
as desiccation-resistance dormancy (e.g. Aedes spp). The larvae are aquatic and
feed via filter-feeding on microorganisms, moulting through 4 instars before pupation.
The pupae are motile but non-feeding and emerge into a flying adult (Fig.1.4). The
entire life cycle take 1-2 weeks if the conditions are favourable, such as warm, stable
temperatures (24-30°C) and calm waters that allow for pupae to remain at the water
surface [49]. Mating often occurs soon after emergence, with males forming swarms to
attract females through visual, chemical, and acoustic cues [57,58]. Females typically
mate once, storing sperm in spermathecae for lifelong use. Mating plugs in some
species prevent further copulations. Adult longevity ranges from weeks to several
months, with overwintering or aestivation strategies owing for survival in extreme
conditions. Only adult females feed on blood, which is essential for egg development.
This gonotrophic cycle repeats multiple times in the life of female mosquitoes and is

what drives the pathogen transmission cycle. [50, 55].
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Figure 1.3: Adult and larva mosquito morphology [2]

Adult: Adult mosquitoes are slender insects with a distinct head, thorax, and elongated abdomen.

The head bears large compound eyes, multi-segmented antennae, maxillary palps, and a proboscis

composed of modified mouthparts (stylets) for blood feeding in females. The thorax is dominated

by the mesothorax and supports one pair of scaled wings, halteres, and three pairs of articulated

legs. Wing venation and leg scaling are key taxonomic features. The abdomen consists of 7-8

visible segments, with terminal segments housing the genital structures; these show species-specific

morphology, particularly in males.

Larva: Mosquito larvae are apodous, aquatic, and characterised by a distinct head, enlarged fused

thorax, and nine apparent abdominal segments. The head is dorsoventrally flattened and bears

diagnostic setae, antennae, mandibulate mouthparts, and paired larval and developing compound

eyes. The thorax forms a single globular unit with prominent setae. The abdomen carries segment-

specific setae and ends in anal papillae for osmoregulation. Culicine larvae possess a tubular siphon

with apical spiracles and species-specific pecten teeth, whereas Anopheline larvae lack a siphon and

breathe via a spiracular plate while resting parallel to the water surface.
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Figure 1.4: Mosquito life cycle [3]
The mosquito life cycle comprises four aquatic-to-terrestrial stages: Eggs are laid on moist surfaces
and hatch within 2 days. Larvae develop underwater, breathing at the surface and undergoing four
moults before pupation. Pupae remain active but do not feed, with adult development completed in
2—4 days. Adults emerge from the water surface, with males surviving a few days post-mating and

females living several weeks to 2 months

1.2.2 Vector competence

For a mosquito to efficiently transmit a virus, it must be vector competent. This journey
begins when a female mosquito takes a blood meal from an infected host. The
virus in the blood then enters the mosquito’s midgut epithelial cells and replicates.
Subsequently, the virus spread through the entire body tissues, including the fat
bodies, eventually reaching the salivary glands. Finally, upon a subsequent blood
meal, the mosquito transmits the virus through its saliva. The time between the
ingestion of an infected blood meal and the mosquito becoming infectious is known
as the extrinsic incubation period. [59]. For a virus to be successfully transmitted, it
must be able to overcome host components. These are anatomical barriers such as
the midgut and salivary glands; microbial barriers, these are resident microbes such as

Wolbachia and insect-specific viruses; and immunological barriers [4] (Fig.1.5), which
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will be discussed in detail under mosquito immune pathways later.

In nature, relatively few mosquitoes are competent vectors of specific pathogens. Ae.
aegypti and Ae. albopictus, for example, are the principal urban vectors of DENV,
ZIKV, CHIKV, and YFV. On the other hand, Ae. japonicus, Ae. koreicus and Culex spp
only play secondary roles. Some flaviviruses, including JEV and WNV, are primarily
transmitted by Culex mosquitoes. Members of the Togaviridae family, CHIKV, Sindbis
virus (SINV), Semliki Forest virus (SFV), and Ross River virus (RRV), are primarily
transmitted by Aedes mosquitoes. The Anopheles mosquito, which is the main vector
for the parasite Plasmodium falciparum, is only known to transmit O’nyong-nyong
virus (ONNV) [56, 60]. This illustrates that a mosquito’s intrinsic susceptibility to a
given virus is shaped by its evolutionary history and genetics. Even within a species,
different populations or genetic strains can exhibit varying competence. For instance,
certain strains of Ae. aegypti are inherently refractory to DENV infection, whereas

more susceptible strains show lower antiviral immune activity [4].
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Figure 1.5: Components that determine vector competence [4]
Multiple mosquito-intrinsic factors shape both vector competence and viral evolution. For horizontal
transmission to occur, ingested virions must infect and replicate within the midgut epithelium, escape
into the hemocoel, disseminate through the body cavity, and subsequently invade the salivary glands,
from which they are released in saliva during the next blood meal. At each stage, the virus encounters
physical, cellular, microbial, and immune barriers whose effectiveness is strongly influenced by the

mosquito’s genetics.

1.3 Mosquito innate immune pathways

Mosquitoes lack the adaptive immunity of vertebrates and instead rely entirely on
innate immune mechanisms to combat infection. Mosquitoes are constantly being
threatened by invading microorganisms and, as a result, have developed immune
pathways that target invading pathogens. Key to these are i) the RNA interference
(RNAI) pathway, ii) the Janus kinase/signal transducer (JAK-STAT) pathway, iii) the Toll
pathway, iv) the immune deficiency (IMD) pathway, and v) the MAPK pathway. The

interaction of arborviruses with these pathways is critical in mosquito infection control
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strategies. [5,61].

1.3.1 The RNAi pathway

The RNAIi pathway is the main antiviral pathway in mosquitoes. Its primary mode
of action involves the targeted degradation of viral RNA molecules, thus inhibiting
their replication. Other mechanisms it uses are transposable elements and post-
transcriptional gene regulation. The RNAi machinery can be divided into three classes

depending on the type of RNA molecule it targets and its primary function:

Micro RNA (miRNA) miRNAs are small noncoding RNAs that are generated in
the nucleus from distinct genetic loci. miRNA genes are transcribed into pre-
miRNA molecules, which produce stem-loop structures. These pre-miRNAs are then
processed in a protein complex known as the microprocessor complex. Here, the
ribonuclease Ill superfamily protein Drosha, along with a double-stranded binding
protein, Pasha, cleaves the pre-miRNAs at the stem loop into 70- to 80-nt dsRNAs
with a 2- to 3-nt ssRNA overhang. These dsRNAs are then recognised by exportin-
5, a RanGTP-dependent dsRNA-binding protein, and transported into the cytoplasm,
where they are cleaved by Dcr1 into 22-nt dsRNA duplexes. These dsRNAs are
then loaded onto miRNA-specific RISC complexes, where they are separated into
two strands. One strand serves as the guide strand that leads to the cleavage of
complementary mRNA with Ago1 nuclease. Dcr1 and Ago1 play a role in the miRNA

pathway that is analogous to that of Dcr2 and Ago2 in the siRNA pathway [5](Fig.1.6A).

Small interfering RNA (siRNA) The siRNA pathway specifically degrades viral RNA
in a sequence-specific manner. Dicer2 (Dcr2), R2D2, and argonaute-2 (Ago2) are
the main components of this pathway. The double-stranded RNAs (dsRNAs) that
are produced during viral replication are processed by Dcr-2’s RNA Ill domain and
the closely associated R2D2 into 21-nucleotide fragments. The fragments are then
loaded into the RNA-induced silencing complex (RISC) where they are separated into

individual strands. One of the strands is directed for degradation, while the other
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remains in the RISC complex and acts as a guide strand. The guide strand then binds
to complementary viral RNA that it encounters, and RNA nuclease Ago-2 mediates its

cleavage [5](Fig.1.6B).

P-element-induced wimpy testis (PIWI) interacting RNA (piRNA) The piRNA
pathway also targets viral RNA; however, its mechanism of action is not yet clearly
known. Piwi proteins are key components of this pathway and belong to the Argonaut
superfamily. Unlike the siRNA pathway, the piRNA pathway is not conserved in insects,
especially within the order Diptera. This suggests a diversification of the pathway [62].
The piRNA targets RNA that is 24-30 nt long and shows uracil bias at nucleotide
position 1 at the 5’end, a 10-nucleotide-long complementary sequence to the opposite
strand, an adenine bias at nucleotide position 10 of the complementary strand (ping-

pong signature), and methylation at the 3’end [5].

Most of our knowledge of the piRNA pathway in mosquitoes is from Ae. aegypti,
which was found to encode 7 PIWI proteins (PIWI1-7) and Ago3. Based on gene
expression data and silencing experiments, different sets of PIWI proteins are used
for defence against endogenous transposons and active viral infection. PIWI1-3 and
7 are highly expressed in the germline, whereas PIWI4-6 and Ago3 are expressed
in cell lines and somatic tissues. PIWI5 and Ago3 are particularly responsible for
the ping-pong amplification-based biogenesis of viral piRNA. PIWI4 is involved in the
methylation or maturation of viral piRNA. PIWI4 has also been shown to interact with
PIWI5 and PIWI6 and Ago3; as well as with Dcr2 and Ago2. This interactions serves
as a connector of the two RNAI pathways [63](Fig.1.6C).
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Figure 1.6: The RNAI pathway [5]
A) miRNA pathway: miRNA genes are transcribed as primary miRNAs, processed in the nucleus by
Drosha and Pasha into precursor miRNAs (pre-miRNAs), and exported to the cytoplasm via Exportin-
5. Dicer-1 cleaves pre-miRNAs to generate miRNA duplexes, which load onto AGO1 to form the
miRISC complex that regulates host gene expression through translational repression or mMRNA
destabilisation.
B) siRNA pathway: dsRNA derived from viral replication intermediates or endogenous sources is
processed by Dcr2 into 21-nt siRNA duplexes. These duplexes are transferred to R2D2 and then
loaded into AGO2 to form the siRISC complex, which mediates cleavage of complementary viral RNA
and is the primary antiviral RNAi response in mosquitoes.
C) piRNA pathway: In the germline and somatic tissues of Aedes mosquitoes, viral and transposon-
derived RNAs give rise to 24-30 nt piRNAs. Primary piRNAs are generated through Zucchini-
dependent cleavage and load onto PIWI proteins (Piwi5, Piwi6, and Ago3). Secondary piRNAs arise
via the ping-pong amplification cycle, characterised by complementary piRNA pairs with a 10-nt

overlap. The piRNA pathway contributes to antiviral defence and transposon control.

1.3.2 The JAK/STAT pathway

The JAK/STAT pathway activates signal transcription factors that induce the expression
of multiple effector genes that directly target invading microbes. The JAK/STAT

pathway is activated when a ligand binds to the receptor Domeless. Once
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bound, it is activated through dimerisation, which results in self-phosphorylation of
receptor-associated tyrosine kinase Hopscotch (Hop). Phosphorylated Hop then
phosphorylates the Domeless receptor, which acts as a docking site for the SH2
domains of the STAT proteins. STATs are transcription factors that lie dormant in
the cytoplasm. Once STAT is docked, it is phosphorylated and dimerised. The
active dimers are then transported to the nucleus in a RanGTP-dependent manner.
In the nucleus, they bind to palindromic sequences in the promoters that regulate
the expression of target genes. The JAK/STAT pathway is known to have two
negative regulators, suppressor of cytokine signalling (SOCS-1), and protein inhibitor

of activated STAT (PIAS-1) [5].

The JAK/STAT pathway has been shown to play an antiviral role against DENV
infection in Ae. aegypti [41]. dsRNA-mediated silencing of the negative regulator PIAS
decreases DENV titres in mosquitoes, whereas silencing of the JAK/STAT receptor
Domeless and associated kinase HOP increases DENV titres [41]. Transcriptomics
analysis of JAK-STAT-induced and DENV-infected mosquitoes has revealed common
DENV restriction factors. Two factors, DENV restriction factor 1 (DVRF1) and 2
(DVRF2), have been shown to exhibit antiviral activity against DENV. Both DVRF1
and DVRF2 have STAT binding sites in their promoter regions. The mode of action
of JAK/STAT-induced DVRFs remains unknown [41]. In transgenic Ae. aegypti
mosquitoes, expression of Domeless and HOP in the fat body has also been
successful in reducing DENV titers in multiple mosquito tissues [64]. In addition,
another study showed that silencing of the negative regulator PIAS decreases ZIKV
infection in the Ae. aegypti midgut [65]. The results of these studies indicate the tissue

and virus-specificity of the JAK/STAT pathway antiviral response.

1.3.3 Toll pathway

This pathway plays important roles in development, immunity, and metabolism in
Drosophila and mosquitoes. The Toll pathway acts as a preliminary defence against
fungal and bacterial pathogens. However, it plays a key role in mosquito anti-viral

defense [66, 67]. The Toll pathway comprises a ligand, receptor, and associated
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adaptor proteins, and transcription factors. Spatzle (Spz), a cytokine-like molecule,
serves as the central ligand for the Toll pathway. Spz has a prodomain and a
hydrophobic C-terminal that recognises Gram-positive and Gram-negative bacteria,
and fungal pathogens by various pattern recognition molecules. This recognition
leads to proteolytic cleavage of Spz that then activates it by exposing the C-terminal
domain. Toll receptor then binds to the C-terminal domains of Spz and is activated.
Activated Toll receptor binds to adaptor protein Myd88 and protein kinase Pelle,
which phosphorylates Cactus (an | kappa 5 homolog), allowing it to bind to the Rel1
transcription factor. Phosphorylation of Cactus leads to its degradation, resulting in
its dissociation from Rel1. The free Rel1 transcription factor is translocated to the
nucleus, where it regulates the gene expression of multiple antimicrobial peptides
(AMPs) [68, 69].

The antiviral role of the mosquito Toll pathway was first demonstrated in DENV-infected
Ae. aegypti mosquitoes [70]. DENV infection upregulates Toll pathway genes and
downregulates its negative regulator, Cactus. Silencing MYD88 results in increased
DENV titres, whereas silencing Cactus decreases the DENYV titre. The antiviral effect
of the Toll pathway is also conserved in various laboratory and field-derived strains of
Ae. aegypti, and is also effective against multiple DENV strains [71]. Gene expression
analysis of ZIKV-infected mosquitoes has indicated that Toll pathway-related genes
are highly upregulated in ZIKV infection when compared to other immune pathways.
Silencing the negative regulators of multiple immune pathways has also shown that
the Toll pathway plays a critical role in controlling ZIKV infection in Ae. aegypti [65] .
However, it appears that this pathway has only a minimal effect on CHIKV infection.
Indeed, prior stimulation of the Toll pathway has been shown not to affect CHIKV
infection [72]. These studies suggest that the Toll pathway may be specific against

flaviviruses, but not active against alphaviruses.

1.3.4 Immune deficiency pathway (IMD)

The IMD is another NF-kB signal transduction pathway that plays a vital role in

the antibacterial, antifungal, and anti-plasmodium defence in mosquitoes [73]. The

33



IMD pathway is comprised of receptors, associated phosphorylation proteins, and
caspases, as well as a transcription factor that regulates the expression of multiple

AMPs.

In case of Aedes spp , the IMD pathway plays a minor role, if any, in the direct response
against DENV, CHIKYV, or ZIKV infection [65, 70, 72]. However, there is some evidence
of a role in antiviral activity in the salivary glands of Aedes mosquitoes [74]. In the case
of SINV infection, microbiota-dependent IMD activation has been shown to control
viral titers, given that antibiotic treatment prevents the activation of the IMD pathway
and increases SINV infection levels [75]. This study showed a tripartite interaction
between the microbiota, the IMD pathway, and SINV. The exact mechanism governing
this microbiota-mediated antiviral effect is not yet known. In Culex mosquitoes, the
IMD transcription factor Rel2 has been shown to induce the expression of secretory
cytokines such as Vago, with the Rel2 activation controlled by Dcr2 and TNF receptor-
associated factor 2 (TRAF 2). Vago, in turn, activates the JAK/STAT pathway and
controls WNV infection in Culex mosquitoes [76]. This interaction demonstrates a

potential crosstalk between the IMD, RNAI, and JAK/STAT pathways.

1.3.5 Mitogen-activated protein kinase pathway (MAPK)

The MAPK pathways are also known to be involved in the antiviral immune response
in Drosophila, but are less well-characterised in mosquitoes [5]. A few studies have

supplied a growing body of evidence supporting their importance in arboviral immunity.

The MAPK/ERK pathway is activated when a ligand binds to the receptor. The
binding relays a signal via a phosphorylation cascade that activates ERK-regulated
transcription factors and alters the expression of responsive genes. RNAi-mediated
depletion of two core components of the ERK pathway has been shown to increase
SINV, and Vesicular stomatitis Indiana virus (VSV) infection in Ae. aegypti cells [77].
Chemical inhibition of the ERK pathway also results in increased SINV and VSV titers
in mosquito cells. It has also been demonstrated that vertebrate insulin activates

the ERK pathway and mediates antiviral immunity in mosquito cells [77]. In Culex
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mosquitoes, vertebrate insulin reduces WNYV titres in mosquitoes. In the same study,
a parallel comparison between Drosophila and Culex mosquitoes has suggested that
insulin-mediated activation of the ERK pathway ultimately activates the JAK/STAT
pathway [78]. Microbiota-mediated priming and virus-induced signalling have both
been shown to activate the ERK pathway, which mediates antiviral immunity in the
Drosophila gut [79]. The microbiota also plays a major role in the antiviral response
of vector mosquitoes, either by altering immunity or by secreting antiviral or proviral
molecules. All the core proteins required for ERK-mediated priming are present
in mosquitoes, suggesting that this response may be conserved in Drosophila and

mosquitoes [80].

The JNK pathway is another MAPK pathway that plays an important role in apoptosis.
This pathway is induced in Ae. aegypti salivary glands by DENV, ZIKV, and CHIKV
infection [81], suggesting broad antiviral activity for the JNK pathway. Silencing the
JNK core component Kayak prior to infection increases viral titers, whereas silencing
the negative regulator Puckered leads to decreased viral titers in the salivary glands.
The JNK pathway has been shown to induce the antiviral response via apoptosis and
the complement-like protein TEP20 [81]. The complement-like system also recognises

DENYV infection and upregulates AMP expression [82].

The p38s are another set of MAPKs that are highly responsive to external stimuli.
The p38 pathway has been implicated in the antiviral defence against invertebrate
iridescent virus 6 in Drosophila [83]. However, silencing the p38 pathway components
in Drosophila cells does not result in a significant increase in the numbers of
Drosophila C virus (DCV), SINV, or VSV [77], suggesting that the p38 response may be
virus-specific in Drosophila. In Anopheles mosquitoes, the p38 pathway is involved in
the immune response against Plasmodium parasites [84]. In Ae. aegypti cells, the p38
protein has been shown to regulate the expression of the AMP gene Defensin A [85],
butin Ae. albopictus cells, p38 acts as a negative regulator of the cecropin A gene [86].
The detailed involvement of this pathway in the antiviral defence in mosquitoes is still

unknown.
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Overall, mosquitoes have varied tools at their disposal to react and inhibit viral
infections. The exact mechanism by which these occur is specific to the tissue and
to the virus. In direct contrast to the inhibitory tools mosquitoes have at their disposal,
viruses have co-evolved mechanisms to target these pathways. Understanding the

virus-host interactions is essential for improving our control strategies.

1.4 Control strategies to control arbovirus infection

While vaccines exist and have been licenced for some alphaviruses (e.g. CHIKV),
there is currently no antiviral against alphaviruses, and treatment is based on
supportive care [87]. Public health efforts have focused on vector control to mitigate the
transmission cycle. A variety of chemical, environmental, and biological approaches
have been employed to reduce mosquito populations or inhibit their ability to transmit
viruses [88, 89]. Here, major control strategies currently employed will be reviewed,
with an emphasis on biological interventions that relate to mosquito-virus interactions

and have the potential to target mosquito RNA-binding proteins.

1.4.1 Chemical control

This involves the use of chemical solutions or materials such as organophosphates
and pyrethroids to expel or kill mosquitoes. These methods include the use of durable
materials, such as insect-treated bed nets; the use of insecticides for peri-domestic
space treatment and indoor residual spraying; and the use of larvicidal treatment in
water bodies to destroy mosquito breeding habitats. These can be effective in the short
term; However the development of insecticide resistance in mosquito populations and

the harmful environmental impacts are the major challenges [88, 89].

1.4.2 Environmental control

This aims to eliminate breeding sites. For example, community programs to remove
standing water containers, improve water storage, and enhance sanitation to reduce

Aedes larval habitats. These conventional methods, while important, often struggle
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to keep up with Aedes mosquitoes in densely populated tropical urban settings, thus

spurring interest in more sustainable and targeted biological control tools [88, 89].

1.4.3 Biological control

These largely remain experimental and include the introduction of biological agents
such as larvivorous fish or copepods that feed on mosquito larvae. The method,
though effective in small settings such as containers, was not sustainable as it required
a large coverage of multiple production of larvivorous fish containers to achieve any
impact [90]. The use of Bacillus tungiensis, a naturally occurring, spore-forming Gram-
positive bacterium that produces mosquito-specific larvicidal toxins, has been used to
target mosquito larvae effectively. However, its effects on non-target organisms is
proving challenging [91]. While the above biological strategies target mosquito larvae,

other biological methods targeting the vector are being explored/implemented.

Wolbachia Wolbachia pipientis is a naturally occurring intracellular bacterium found
in many insects, but notably not in wild Ae. aegypti. However, it can be artificially
introduced to Ae. aegypti from donor species into embryos and establish stable
maternally inherited infections [89]. Remarkably, certain Wolbachia strains, such as
wMel and wAIbB (from Drosophila and Ae. albopictus, respectively), greatly reduce
the replication of arboviruses like DENV, ZIKV, CHIKV, and YFV in Aedes mosquitoes.
While the exact mechanism is still being elucidated, several hypotheses have been

reported, summarised in Table1.1.
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Table 1.1: Proposed mechanisms by which Wolbachia inhibits arbovirus replication

Mechanism Description Effect on Arboviruses Ref
Competition Wolbachia induces and | Deprives viruses of key | [92]
for intracellular | manipulates autophagy, | resources needed for growth.
resources restricting access to essential

metabolites such as cholesterol
and iron required for viral

replication.

Immune priming | Pre-activation of innate immune | Enhances baseline antiviral | [93]
pathways including Imd, Toll, | immunity and reduces infection.
and JAK-STAT.

Phenoloxidase | Stimulation of melanisation | Direct antiviral effects through | [94]

cascade pathways that deposit melanin | encapsulation/melanisation.

activation around invading pathogens.

Modulation Alteration of host miRNA | Suppresses viral replication | [95]
of miRNA | expression to reshape antiviral | via miRNA-mediated immune
pathways gene regulation. modulation.

No matter the mechanism, Wolbachia-infected mosquitoes have drastically lower viral
loads in salivary glands and thus are much less likely to transmit infection. Another
advantageous feature of Wolbachia is cytoplasmic incompatibility: infected males
sire inviable offspring with uninfected females, giving a reproductive advantage to
infected females in a population. This trait allows Wolbachia to spread into a mosquito
population over time, as releases of infected mosquitoes can result in the Wolbachia
infection frequency increasing each generation. Field trials have demonstrated the
efficacy of Wolbachia-based control, for example, releases of Ae. aegypti with
Wolbachia (wMel strain) in Yogyakarta, Indonesia, led to approximately 77% reduction
in dengue incidence in treated communities compared to controls [96]. Wolbachia
deployments by the World Mosquito Program in Australia, Asia, and the Americas
have shown sustained establishment of Wolbachia in local mosquito populations and
corresponding drops in dengue transmission. Notably, this method is self-sustaining
after initial releases, since the bacterium is maternally inherited and can persist

in the mosquito population without continuous reapplication. Challenges remain,
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such as the sensitivity of Wolbachia to high temperatures, which can cause infected
mosquitoes to lose the infection and the potential for evolutionary pressures on
viruses or mosquitoes. Nevertheless, Wolbachia appears to be a promising and safe

biocontrol strategy [89].

Sterile Insect Technique (SIT) SIT involves the mass-rearing of the target
mosquito species in the lab, sterilising the males, usually by irradiation, through
chemosterilisation or genetic methods, followed by their release in large numbers
into the wild. The sterile males compete with wild males to mate with females; any
female that mates with a sterile male will lay eggs that do not hatch, thus reducing
the reproductive output of the population [89,97]. Over time and sufficient coverage,
the mosquito population can be suppressed or even locally eliminated by sustained
releases. SIT has been successfully used for decades against agricultural insect
pests and is now being explored for mosquitoes. For instance, field pilots in parts
of China, Malaysia, and Brazil have reported significant reductions in Ae. aegypti
populations using SIT in combination with other methods [98]. A variation called
Incompatible Insect Technique (IIT) uses Wolbachia-induced sterility: release of males
carrying a Wolbachia strain that causes cytoplasmic incompatibility with wild females
(effectively a form of sterilisation). This approach has shown success in suppressing
Ae. aegypti in Guangzhou, China, by over 90% when Wolbachia-infected males were
released weekly. In practice, modern programs sometimes combine |IT with irradiation
(to kill any accidentally released Wolbachia-infected females) [98]. However, there
are practical challenges with the techniques: rearing and sorting millions of male
mosquitoes (separating females is critical to avoid biting mosquitoes in the releases),
potential mating competitiveness issues if irradiation weakens males, and the need
for repeated large-scale releases as long as there is immigration of fertile mosquitoes.
Nevertheless, SIT is gaining momentum as part of integrated vector management, with

active programs exploring its feasibility in various regions.

Genetically modified mosquitoes Other genetic approaches include releasing

genetically modified mosquitoes (GMM) designed to suppress populations or replace
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them with non-competent strains. A known example is the OX513A Ae. aegypti
developed by Oxitec: males carry a dominant lethal gene that kills offspring, causing
a population crash upon sustained release. This approach is a form of RIDL (Release
of Insects carrying a Dominant Lethal) and has shown some success in field trials
of approximately 80% population reduction in trials in Brazil, but requires continuous
releases to maintain suppression. There are also efforts toward gene drives that could
spread either a lethal gene or a refractoriness gene through a population, though gene
drive use in mosquitoes remain in experimental phases due to ecological and ethical

considerations [99, 100].

In summary, current control strategies are increasingly embracing novel biological
interventions like Wolbachia and SIT, in addition to improved insecticides and
community measures. These strategies aim either to reduce mosquito populations
or render mosquitoes less competent to transmit pathogens. Each approach has
its pros and cons, but collectively they represent essential tools in the fight against
arboviruses. Importantly, the success of any strategy may depend on mosquito-
pathogen interactions at the molecular level. For example, Wolbachia’s ability to
block viruses presumably taps into mosquito cellular pathways that viruses need, and
refractoriness genes often involve immune pathway components or other host factors
that inhibit virus development [89]. This connection raises the pertinent question:
are there other intrinsic mosquito factors (e.g. mosquito RNA-binding proteins) that
modulate vector competence, which could be exploited for control? Recent advances
in the study of host-virus interactions suggest that targeting such host factors could
complement existing strategies by understanding how they modulate viral infection

[101-103]

1.5 RNA-binding Proteins(RBPSs)

RNA-binding proteins (RBPs) are proteins that associate with RNA molecules and
influence their processing, function, and stability. They participate in every stage

of the RNA life cycle, from transcription through translation to degradation. By
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forming ribonucleoprotein (RNP) complexes, RBPs regulate key post-transcriptional

processes, including splicing, polyadenylation, nuclear export, subcellular localisation,

translation, and turnover [104].

Many RBPs achieve RNA recognition through conserved RNA-binding domains
(RBDs) [105, 106] detailed in Table1.2.

Table 1.2: Major RBDs and their mechanisms of RNA recognition

RNA-binding

domain

Key Features

Mode of RNA Recognition

RNA Recognition

Motif (RRM)
K-Homology (KH)
Domain

Zinc Finger
Domains

Double-stranded
RNA-binding
Domain (dsRBD)

Abundant in spliceosomal and other

RNA-processing proteins.

Found in proteins such as FMR1 and

Nova.

Includes TFIIIA and related proteins.

Common in proteins involved in RNA

silencing and innate immunity.

Binds RNA through electrostatic

interactions between positively
charged residues (Arg, Lys) and the
phosphate backbone, complemented
by aromatic stacking  against
nucleobases.

via

Recognises nucleotides

hydrophobic interactions, hydrogen

bonding to bases, and structural

complementarity with the sugar—
phosphate backbone.

Uses electrostatic interactions and zinc
coordination to stabilise RNA loop
structures and distinguish RNA from
DNA.

Engages RNA in a sequence-
independent manner by recognising
the 2-OH groups and the phosphate

backbone of A-form dsRNA.

However, the catalogue of RBPs has expanded well beyond proteins containing

these classical RBDs. Increasing numbers of proteins have been identified that lack

canonical domains, often referred to as enigmRBPs [107] or unconventional RBPs

[101,108]. A striking example is the discovery of metabolic enzymes that “moonlight”

as RBPs while lacking obvious RBDs [109,110]. Such findings underscore that RNA-
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binding activity can arise through diverse structural solutions, many of which remain
to be uncovered, and highlight that RBPs frequently play multiple roles in the RNA life

cycle.

Viruses, and especially RNA viruses, are intimately dependent on host RBPs. As
purely intracellular parasites that use RNA as their genetic material, RNA viruses
co-opt host RBPs for every stage of their life cycle [101, 102]. RBPs may serve
as proviral factors by stabilising viral RNA, aiding in translation or as part of the
replication complex; or as antiviral factors that detect viral RNA for degradation. A
good example is G3BP (Ras-GAP SH3 domain binding protein), which interacts with
alphavirus nsP3 hypervariable domain with tandem FGDF motif. G3BP1 and G3BP2
are host RNA-binding proteins involved in assembling stress granules. Alphaviruses
like CHIKV sequester G3BP via nsP3, effectively blocking stress granule formation,
thereby preventing an antiviral host response and promoting efficient viral protein
translation [111]. Another example is the Staufen protein, which was shown to bind
DENV RNA in mosquitoes and restrict its accumulation in multiple Ae. aegypti tissues,

including the salivary glands [112].

Despite their importance, mosquito RBPs remain relatively understudied. Most of our
understanding of RBPs in host-virus interaction comes from mammalian cell cultures
[101,103,113-115]. However, mosquitoes are evolutionarily distant from humans and
have distinct sets of RBPs and behave in a manner that tolerates viral infection. A
recent study by Yeh and colleagues, using RNA affinity-pulldown, identified 14 RBPs
in Ae. aegypti cells. They showed that AePur (Purine-rich element binding protein)
had affinity to DENV just like the human homolog; however, the anti-viral function was
specific to the mosquito. [112]. This shows that some RBPs may have divergent role

and host-specific studies are needed.

1.5.1 Strategies employed to uncover RBPs

The first techniques used to discover RBPs were by protein microarray and RNA

probes, and by stable isotope labelling of amino acids and mass spectrometry
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[116—118]. However, this approach could not reliably distinguish proteins that interact
directly with RNA from those that are recovered indirectly through protein—protein
associations with bona fide RBPs. In addition, they did not discriminate between
genuine physiological RNA-binding activity and non-specific or artificial interactions.
Furthermore, the above-mentioned techniques were performed in vitro with limited
RNA subtypes and did not account for cellular factors (e.g. stress conditions, RNA
secondary structure, subcellular compartmentalisation and chemical modifications)

affecting RNA-protein interactions in vivo.

Identification of RNA in vivo came with the development of RNA interactome capture
(RIC) [119,120]. In RIC, ultraviolet irradiation was used to covalently link proteins to
RNA positioned at zero distance (2 angstroms). This was followed by the pulldown of
the protein-RNA complex by oligo(dT) beads under chaotropic conditions. The bound
proteins were subsequently identified by mass spectrometry. Castello and team used
both conventional crosslinking, which relies on the excitability of nucleoside bases by
254 nm ultraviolet light, and photoactivatable ribonucleoside-enhanced crosslinking
(PAR-CL) that utilises the nucleoside analogue 4-thiouridine (4SU) [119]. In this
method, 4SU is incorporated into nascent RNA within the cells, allowing for more
efficient and selective crosslinking of RNA-protein complexes using UV light at 365
nm. This enhances the ability to capture RBPs in a physiological context and increases
crosslinking efficiency [119]. In parallel, Baltz and team used 4SU in combination with
6-thioguanosine labelling, exploiting the U-C transitions occurring as a consequence of
crosslinking between 4SU and the RBP to globally analyse the RNA interactome [120].
Both studies were able to identify 860 RBPs in HelLa cells and 791 RBPs in HEK293,

respectively.

Since the innovative development of RIC the breadth of RBPs has dramatically
expanded to include studies from different species such as Mus musculus [121],
Saccharomyces cerevisiae [122], Drosophila melanogaster [107], Caenorhabditis
elegans [123, 124], zebrafish [125], plants [126-128] and parasites (Plasmodiun
falciparum and Leishmania donovani) [129, 130]. Interestingly, comparative analysis

of RBPs across species showed that hundreds of RBPs appear to be conserved
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across species suggesting an evolutionary pressure to conserve their roles in cellular

metabolism [122,130, 131].

While RIC is effective in capturing RBPs, it is subject to biases arising from
exclusively capturing poly(A) tailed RNA, protein abundance, molecular size, and
the physicochemical properties of their tryptic peptides. UV irradiation generates
RNA—protein crosslinks with high specificity, as it requires zero-distance interactions
between nucleotides and amino acids. However, this specificity comes at the cost
of reduced efficiency compared with chemical crosslinkers such as formaldehyde.
In particular, UV cross-linking performs poorly in detecting transient interactions
or contacts involving the ribose—phosphate backbone, since the cross-link is
predominantly mediated through nucleotide bases [106]. Several methods have been
developed to try and mitigate some, if not all, of these biases [132]. Techniques
such as RNA Interactome Using Click Chemistry (RICK) [133], Click Chemistry-
Assisted RNA-Interactome Capture (CARIC) [134], complex capture 2C method [135],
Total RNA-Associated Protein Purification (TRAPP) [136], Viral Cross-Linking and
Solid Phase Purification (VIR-CLASP) [137], Protein-Cross-Linked RNA eXtraction
(XRNAX) [138], Orthogonal Organic Phase Separation (OOPS) [139], and Phenol-
Toluol Extraction (PTex) [140] have been used for bulk RBP capture. Individually, in
vitro and in vivo techniques have their respective challenges; however, combining
methods can provide a more accurate understanding. Below is a table summarising

the pros and cons of the different techniques and how they can be applied (Table1.3).
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Table 1.3: Comparison of RBP capture methods

Method RNA Target Advantage Disadvantage Cell Type
RIC Poly(A)-tailed RNA Isolates only mRNA complexes (if Isolates only mRNA complexes. Low All poly(A)-tailed organisms
subset is of interest). Widely used signal-to-noise ratios. Additionally, co-purification
protocol. of non-cross-linked (free) RNA. Can purify
off-target RNA containing poly(A) stretches within
its sequence.
e/cRIC  Poly(A)-tailed RNA Isolates only mRNA complexes (if Isolates only mRNA complexes. Additionally, All poly(A)-tailed organisms
subset is of interest). Better co-purification of free RNA. Can purify off-target
signal-to-noise ratios than RIC. RNA containing poly(A) stretches within its
sequence.
CARIC Newly transcribed RNA All RNA types. RNP monitoring Use of nucleoside analogs. Potential co-purification Limited to cell cultures
through time. of naturally biotinylated proteins. Additionally, receptive for nucleoside
co-purification of free RNA. analogs
RICK Newly transcribed RNA All RNA types. RNP monitoring Use of nucleoside analogs. Potential co-purification Limited to cell cultures

through time.

of naturally biotinylated proteins. Additionally,

co-purification of free RNA.

receptive for nucleoside

analogs
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Method RNA Target Advantage Disadvantage Cell Type
2C All RNPs Fast and cost-effective method. Contamination of both free protein and free RNA. Al cell types and tissue
Dependent on the scale of the silica columns. A
nucleotide-size limitation can occur inherent to
silica matrices.
(PAR)-  All RNPs Cost-effective method. Scalable DNA is co-eluted. Additionally, co-purification of All cell types and tissue
TRAPP protocol. free RNA. A nucleotide-size limitation can occur
inherent to silica matrices.
VIR- Pre-replicated viral RNPs  Study of early-stage viral infection. Current field of application is small but highly Limited to cell cultures
CLASP Theoretically adaptable to every interesting. SPRI beads can have size-selective receptive for nucleoside
type of in vitro transcribed RNA artefacts. analogs
molecule. Cost-effective method.
XRNAX All RNPs All RNA types. Little free RNA. Glycoproteins and RNA—protein adducts cannot be  All cell types and tissue
Cost-effective method. Easily distinguished. Technically challenging. Crude
scalable. Good starting point for fraction.
more specific techniques.
OOPS Al RNPs All RNA types. Cost-effective Technically challenging. Cannot be used as a All cell types and tissue

method. Easily scalable.

starting point for more specific techniques.
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Method RNA Target Advantage Disadvantage Cell Type

PTex All RNPs > 30 bp All RNA types. Little free RNA. Glycoproteins and RNA—protein adducts cannot be  All cell types and tissue
Cost-effective method. Easily distinguished. Technically challenging. 25—-30%
scalable. Good starting point for recovery.

more specific techniques.

RIC - RNA interactome capture, e/cRIC - Enhanced/comparative RNA interactome capture,
CARIC - Click Chemistry-Assisted RNA-Interactome Capture,

RICK - RNA Interactome Using Click Chemistry,

2C - complex capture 2C method,

PAR-TRAPP - Total RNA-Associated Protein Purification,

VIR-CLASP - Viral Cross-Linking and Solid Phase Purification,

XRANAX - Protein-Cross-Linked RNA eXtraction,

OOPS - Orthogonal Organic Phase Separation,

PTex - Phenol-Toluol Extraction



1.5.2 Plasticity of RBPs

The binding of RBPs to RNA is consistently changing in a cell, and with it, the
repertoire of the RNA interactome is determined by physiological cues. While
housekeeping RBPs may always be active, many RBPs are more restricted to
expression patterns, and their RNA-binding activity may be regulated by post-
transcriptional modifications, cofactors, binding, or protein-protein interactions.
Moreover, some RBPs can lie dormant for the lack of an RNA target. For
example, cellular sensors against viral infection, such as interferon-induced, dsRNA-
activated protein kinase (PKR), retinoic acid-inducible gene | protein (RIG-1), or toll-like
receptors, can only be activated by products or viral RNA replication, such as dsRNA

or triphosphate 5’ ends [141-143].

RIC has been adapted to investigate changes in RNA-binding proteomes in response
to physiological and environmental cues. It was applied to murine macrophages
responding to lipopolysaccharide stimulation, to primary mouse embryo fibroblasts
(MEFs) treated with the DNA-damage inducing agent etoposide, and to fruitfly and
zebrafish embryos at different stages of development and in mammalian cells infected
with viruses [101,102,114,131,144]. In each of these scenarios, most of the RBPome
remodelling was stimulus-specific. For example, in virus-infected cells, many of the
proteins with altered RNA binding were linked to antiviral or proviral responses [101].
Garcia-Mareno’s study on how SINV alters the RPBome showed that infection, rather
than protein abundance, influences the RPBome. However, this is not unusual as
infection induces massive cellular host shut-off while redirecting resources for viral
replication and proliferation [101]. This shows RIC is a useful tool to study RBP

dynamics in different biological scenarios, such as infection.

Early studies of RBPs in viral infection largely focused on individual proteins, chosen
for investigation based on their presumed mode of action. It was not until the
last decade that methods to unbiasedly identify viral RBPs were implemented,
as reviewed in Iselin and colleagues [145]. These techniques have four key

components: infection, protein-RNA cross-linking, RNA isolation or capture, and mass

48



spectrometry. The techniques reviewed in the above mentioned paper differed in the
protein-RNA crosslinking and the method of RNA isolation. Protein crosslinking is
achieved through different methods. One approach uses 4-thiouridine (4SU), which
selectively labels viral RNA and requires higher energy ultraviolet light (365 nm)
for crosslinking. This method prevents the crosslinking of unlabelled, natural RNA.
Another approach is formaldehyde cross-linking, which is less specific because it

captures both RNA—protein and protein—protein interactions.

Three proteome-wide approaches have been recently used to elucidate the
composition of alphavirus RNPs. These include viral crosslinking and solid-phase
purification (VIR-CLASP), crosslink-assisted messenger RNP purification (CLAMP),
and vRNA interactome capture (VRIC). Kim and group used VIR-CLASP to capture
the early events viral infection by infecting unlabelled host cells with 4SU-labeled viral
RNA, followed by UV cross-linking and solid-phase purification [146]. This method
enabled the identification of hundreds of host RBPs interacting with incoming CHIKV
RNA, including the unexpected discovery of fatty acid synthase (FASN) as a direct viral
interactor with a proviral role. However, VIR-CLASP is restricted to the initial stages of

infection and does not capture interactions during later stages of the viral life cycle.

To extend the analysis to post-entry events, CLAMP was used to profile viral
ribonucleoprotein complexes (VRNPs) at later time points [147]. In this method,
cellular transcription is halted with actinomycin before 4SU labelling, crosslinking is
achieved with formaldehyde, and vRNPs are purified using biotin-based chemistry
and streptavidin precipitation. CLAMP was first applied to SINV and later expanded
to a comparative analysis of CHIKV, SINV, and VEEV, identifying 108 conserved host
RBPs across these viruses [148]. Among these, hnRNP K was validated as a key
interactor with alphavirus subgenomic RNA, with functional studies showing its proviral
role. Nonetheless, CLAMP datasets contained relatively few bona fide RBPs, likely
due to the promiscuous nature of formaldehyde crosslinking and limited purification

specificity [145].

More recently, vRIC was developed to address limitations in capturing post-replicative
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alphavirus RBPs. Originally applied to SARS-CoV-2 [113] and later to SINV [103],
VRIC uses 4SU-labelled VRNA coupled with oligo(dT)-based capture. In SINV,
this method identified approximately 400 host RBPs, with comparative analyses
highlighting enrichment of post-translational modification enzymes, such as kinases,
and differences in translation initiation factors between viral and cellular RNPs.
These findings support earlier reports of non-canonical cap-dependent translation
mechanisms in SINV [149, 150]. Together, these complementary approaches provide

a temporal framework for mapping viral RPBs.

Altogether, the different RBPs discovery methods have expanded our understanding
of host protein and viral RNA interactions. The different methodologies have their
individual caveats; however, together they paint a clear picture of how host RBPs are
hijacked by the virus to sustain infection and further indicate how host immunity reacts
to address the growing cellular threat. Unfortunately, all the above studies focused on
the same host, human cell lines. Understanding how the virus behaves in humans can
aid in developing new antiviral therapeutics. However, understanding how the virus
interacts with the vectors that transmit human infection will be essential in developing

a sustainable vector management system.

1.6 Objective of the study

The overarching research question for this study is whether mosquito RBPs that are
critical in virus-vector interactions can be identified, and whether manipulation of these
RBPs can be used to block viral replication. Based on the background discussed,
mosquito RBPs represent a relatively untapped facet of vector biology that might
be leveraged to interfere with viruses in the vector, complementing strategies like

Wolbachia.
Three objectives were set to address this question:

1. Profile the mRNA-binding proteome (RBPome) of mosquitoes, with a focus on
the arboviral vector Ae. aegypti and Ae. albopictus. RNA interactome capture

will be applied to Aedes cell lines (Aag2-AF5 for Ae. aegypti and U4.4 for Ae.
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albopictus) to comprehensively catalogue RBPs in these vector species. This
will establish which proteins are normally bound to mRNA in mosquito cells,
providing a baseline for comparison and revealing how similar or divergent the

mosquito RBP repertoire is relative to model organisms, the human RBPome.

. Determine how the mosquito RBPome is remodelled during alphavirus infection.
Using the SINV as a model arbovirus, Comparative RNA interactome capture will
be perfomed on infected versus uninfected mosquitoes Ae. aegypi Aag2-AF5
cells. Quantitative mass spectrometry will identify RBPs that show differential
enrichment. By profiling these changes, the aim is to pinpoint candidate RBPs

that either facilitate viral replication or are suppressed by the virus.

. Functionally evaluate the role of selected RBPs in alphavirus infection by RNA
interference (RNAIi)-mediated silencing. From the RBPome obtained in objective
2, a subset of RBPs that are regulated during infection and use RNAi-mediated

silencing to assess their impact on SINV infection by RT-gPCR.

51



2 Materials

2.1 Reagents

Table 2.1: Reagents

Reagent Supplier CAT. #
Leibovitz's L-15 Medium Gibco 11415060
DMEM Gibco 10569010
OptiMEM Gibco 51985034
Triptose phosphate broth Gibco 18950039
Fetal bovine serum Hl Gibco A5670801
Penicillin-Steptomycin (10,000 U/ml) Gibco 15140122
IGEPAL CA-630 Sigma-Aldrich 18896
DMSO Sigma-Aldrich D2260
DTT Sigma Aldrich D1532
Lithium chloride Sigma-Aldrich 310468
Lithium dodecyl sulfate Sigma-Aldrich L5901
Luna Universal One-step RT-gPCR kit NEB E3005E
Oligo(dT)25 beads NEB S1419S
NEBNext High-Fidelity 2X PCR Master Mix NEB MO0541
Xhol NEB R0146S
HiScribe T7 Arca NEB E2065
100bp DNA Ladder NEB M3231
NuPage LDS Sample Buffer (4x) Invitrogen NP0007
NuPAGE MOPS SDS Running Buffer (20x) Invitrogen NPO00O01
NuPAGE Bis-Tris Mini Protein Gels, 4—12% Invitrogen NP0322BOX
Qubit Protein Broad Range Assay Kit Invitrogen A50669
Trypan Blue Stain (0.4%) Invitrogen 710282
SilverQuest staining kit Invitrogen LC6070
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Random Hexamers (50uM) Invitrogen N8080127
RNaseOUT Recombinant Ribonuclease Inhibitor | Invitrogen 10777019
MEGAscript RNAi Kit Invitrogen AM1626
UltraPure 1 M Tris-HCI Buffer, pH 7.5 Invitrogen 15567027
NaCl (5M) RNase-free Invitrogen AM9760G
EDTA (0.5M), pH 8.0 Invitrogen AM9260G
Superscript 1l Thermo Fisher | 18080-044
Deoxynucleotide (ANTP) Solution Mix NEB N0447S
X-tremeGENE 360 Transfection Reagent Roche XTG360-RO
AEBSF BioChemica A14210100
Triton X-100 Promega H5141
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2.2 Consumables

Table 2.2: Consumables

Iltem Supplier CAT. #

Cell culture flask T-175 SARSTEDT 83.3912.300
Cell culture flask T-175 SARSTEDT 83.3911.302
Cell culture flask T-175 SARSTEDT 83.3910.302

MicroAmp Optical 96-Well | Applied Biosystems N8010560

Plate

MicroAmp Optical | Applied Biosystems | 4360954
Adhesive Film

PCR Tube 0.2ml, 8-Strip | Starlab A1402-
Flat Caps 3700c

10ul Grad filter tips sterile | Starlab S1120-3810
racked

20ul Grad filter tips sterile | Starlab S1120-1810
racked

200ul Grad filter tips sterile | Starlab S1128-8810
racked

1000ul Grad filter tips | Starlab S1122-1830

sterile racked

Cell Scrapper Corning 3010 SLS
Falcon 50 ml conical | Corning 352070
bottom

1.5ml  Protein  LoBind | Eppendorf 00030108116
Tubes
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2.3 Equipment

Table 2.3: Equipment

Instrument Supplier

Countess Il FL Automated Cell Counter Thermo Fisher

EVOS M5000 Thermo Fisher

GelDoc Imaging System BioRad

NanoDrop Microvolume Spectrophotometer Thermo Fisher

Odyssey CLx Imaging System LiCor
PCR machine ABI
PowerPac Basic Power Supply BioRad

QuantStudio3 real-time PCR system Applied Biosystems

Qubit Fluorometer Thermo Fisher

Transblot Turbo Transfer System BioRad

254nm UV Crosslinker Roth Selection

Thermofisher scientific

EASY-nano-LC 1000 system

2.4 Software

Table 2.4: Software

Software Version Purpose

MobiDB-lite v3.8.4 Prediction of intrinsically disordered
regions

InterProScan v5.64-96.0 Protein domain annotation and
functional prediction

ChimeraX vi.9 Protein visualisation and structural
analysis

AlphaFold3 2024 release Structure prediction

Rstudio Version 2025 Statistical analysis and plotting
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2.5

In house buffers

Table 2.5: In house buffers

Buffer

Components

RIC lysis buffer

20mM Tris-HCI, 500mM LiCl, 0.5% LiDs, 1mM
EDTA, 5mM DTT, 0.1% IGEPAL, double distilled

water

RIC Buffer 1

20mM Tris-HCI, 500mM LiCl, 0.1% LiDs, 1mM
EDTA, 5mM DTT, 0.1% IGEPAL, double distilled

water

RIC Buffer 2

20mM Tris-HCI, 500mM LiCl, 1imM EDTA, 5mM
DTT, 0.1% IGEPAL, double distilled water

RIC Buffer 3

20mM Tris-HCI, 200mM LiCl, 1imM EDTA, 5mM
DTT, double distilled water

RIC Elution Buffer

20mM Tris-HCI, 1mM EDTA, double distilled

water

RIPA buffer

10mM Tris-HCI, 150 mM NaCl, 0.5 mM EDTA,
0.1% SDS, 1% Triton X-100, 1% sodium

deoxycholate

Blocking buffer

5% W/V Skim milk, 0.1% Tween 20
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2.6 Cell lines & Viruses

Table 2.6: Cell Lines

Cell line or virus Source Modified? or
backbone
HEK293 ECACC #85120602 Parental
VeroE6 Castello lab Parental
BHK Castello lab Parental
Aag2-AF5 Lab of Alain Kohl Parental
U4.4 Lab of Alain Kohl Parental
pT7-SVnsP3Scarlet | Castello lab pTE32J1
pT7-SVwt Lab of L. Carrasco pTE32J1
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2.7 dsRNA oligonucleotides with T7 promoter sequence

Table 2.7: dsRNA Oligonucleotides

Oligonucleotides

Sequence

T7AEDCP1A-FWD

.TAATACGACTCACTATAGGGTAAAGCCATCATCATCGTCG

T7AENOVA1-FWD

TAATACGACTCACTATAGGGAAAGCAAGCCGAGAAAACAA

T7AETDRD7-FWD

TAATACGACTCACTATAGGGTTGGAAAAAGCTGCCAGAGT

T7AEPRP16-FWD

TAATACGACTCACTATAGGGACTTTCACCATTCCAGGTCG

T7AEPANK1-FWD

TAATACGACTCACTATAGGGGCGGTACCTGACGAAACACT

T7AELENG8-FWD

TAATACGACTCACTATAGGGGAATGTTCCGCCAGGTCTAA

T7AEPSMD6-FWD

TAATACGACTCACTATAGGGTTGGAACTGGCACAAATCAA

T7AETCRG1-FWD

TAATACGACTCACTATAGGGCGGAATACCTGGACTGGCTA

T7AESET1B-FWD

TAATACGACTCACTATAGGGCGGTCTTGGACGATTCAGAT

T7AESF3B4-FWD

TAATACGACTCACTATAGGGTATTTGTGTAACCGGCCCAT

T7AAEL025565- TAATACGACTCACTATAGGGTCTCATCGCACTACCGTCTG
FWD

T7AAEL001397- TAATACGACTCACTATAGGGCAGAATAAGGCAGCTTTGGC
FWD

T7AAEL025697- TAATACGACTCACTATAGGGGGCCTACGGTATGGACAAGA
FWD

T7AAEL025553- TAATACGACTCACTATAGGGGTCAGTGTCAAACCTCCCGT
FWD

T7AAEL025569- TAATACGACTCACTATAGGGGGAATACGGATCCTGAAGCA
FWD

T7AAEL023209- TAATACGACTCACTATAGGGTGTTCTGAACTTAGCGTGCG
FWD

T7AAEL008063- TAATACGACTCACTATAGGGACGCGAGGTAAAAAGCTTCA
FWD

T7AEDCP1A-RVS

TAATACGACTCACTATAGGGGGCGGTGTTGAATGTGTAGA
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T7AENOVA1-RVS

TAATACGACTCACTATAGGGGCGTTCGATGGCTATTCATT

T7AETDRD7-RVS

TAATACGACTCACTATAGGGAATAGCTGGTGCGCTTGTCT

T7AEPRP16-RVS

TAATACGACTCACTATAGGGCGGTGTTGGCTAGATTGGTT

T7AEPANK1-RVS

TAATACGACTCACTATAGGGGCTGTATCGCTTCCTCGAAC

T7AELENG8-RVS

TAATACGACTCACTATAGGGACTGCGCTCCATGAAGTTCT

T7AEPSMD6-RVS

TAATACGACTCACTATAGGGAATCGCCACACAATAGGCTC

T7AETCRG1-RVS

TAATACGACTCACTATAGGGCTTCCACGTCGGTTTTGAAT

T7AESET1B-RVS

TAATACGACTCACTATAGGGGATGACAGACTGGACAGCGA

T7AESF3B4-RVS

TAATACGACTCACTATAGGGCGCTCCCTAGAAATTGAACG

T7AAEL025565-RVS

TAATACGACTCACTATAGGGAAGTGGTGAATTCGTCGTCC

T7AAEL001397-RVS

TAATACGACTCACTATAGGGCCATTCAATGATCTCCGCTT

T7AAEL025697-RVS

TAATACGACTCACTATAGGGGAAGATGTCCTGCACGGTTT

T7AAEL025553-RVS

TAATACGACTCACTATAGGGAGTTCAGCACACGGAGACCT

T7AAEL025569-RVS

TAATACGACTCACTATAGGGCGAATTCCGAGAAGCTCAAC

T7AAEL023209-RVS

TAATACGACTCACTATAGGGTCCTGCTGCTGTAAAAGCCT

T7AAEL008063-RVS

TAATACGACTCACTATAGGGGTCAACTTTCCTCTCGGCTG

T7-SINV-FWD

TAATACGACTCACTATAGGGTATATCTCCCGGCGTTGCAC

T7-SINV-RVS

TAATACGACTCACTATAGGGCCGTGGCTAGTATCGGTTCC
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2.8 gPCR Ae. aegypti oligonucleotides

Table 2.8: gPCR oligonucleotides

Oligonucleotides Sequence

gAEDCP1A-FWD ACCCATTGCTCAACAGTTCC
gAENOVA1-FWD GCGACTCAACGTGAGAATGA
gAETDRD7-FWD CACACGTTGATGATTCTGGG
qgAEPRP16-FWD GCCCTCCAAATTCATCTTCA
gAEPANK1-FWD TCGAGGGAAGCGTAGTGAGT
gAELENGS8-FWD GCCAGACTTGAGCAAACCTC
gAEPSMD6-FWD CTTCCGGAACATAACCAGGA
gAETCRG1-FWD GAGGACAAGCAGAACCGAAG
qgAESET1B-FWD AGCCTATGGCTGGTATGGTG
gAESF3B4-FWD TGACGCTCGTTTTCTGTCAC
gAAEL025565-FWD | GGTCCCTTCTGGATGAAACA
gAAEL001397-FWD | CCTGGACGTTTCACCGTACT
gAAEL025697-FWD | AGCTAGTTCCCTGCTCTCCC
gAAEL025553-FWD | CTTATGTGAACAGCCAGCGA
gAAEL025569-FWD | GTGTCTAGAAGGACCGCAGC
gAAEL023209-FWD | TGTTCTGAACTTAGCGTGCG
gAAEL008063-FWD | TCAGAAAAAGGCCTGCTCAT
gAEDCP1A-RVS GCACTGGCAAATAAATCGGT
gAENOVA1-RVS GGGGTATCGAACAAGCAAAA
gAETDRD7-RVS CAGCTGATGTGCAGACGATT
gAEPRP16-RVS GTCGGACGGAAGTTGTGAAT
gAEPANK1-RVS AAACGAATTTGCCTACACCG
gAELENGS8-RVS CGGTAGGATTGTTGAAGGGA
gAEPSMD6-RVS TTGACCTCCTTCATATCGGC
gAETCRG1-RVS ATCCTCACGCAGAGCTGAAT
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gAESET1B-RVS

GTAATCAGAAGCGCCGTAGC

gAESF3B4-RVS GGAACTCCACGAAACCGTAA
gAAEL025565-RVS | AAGTGGTGAATTCGTCGTCC
gAAEL001397-RVS | TTACAGCTCAATGCGTCGTC
gAAEL025697-RVS | TTACGTACCAATAAGCCGCC

gAAEL025553-RVS | CAGCAGATAGCGCATCACAT

gAAEL025569-RVS | GCATTATGGGAGCTGGTGTT
gAAEL023209-RVS | GGTGATGTAACATTGCGTCG
gAAEL008063-RVS | TGAAGCTTTTTACCTCGCGT
gSINV-FWD TATATCTCCCGGCGTTGCAC

gSINV-RVS CCGTGGCTAGTATCGGTTCC
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3 Methods

3.1 Cell Biology
3.1.1 Cell culture

Mammalian cells (BHK21, Vero, and HEK 293 cells) were incubated at 37°C in a
humidified atmosphere with 5% CO,. These cells were maintained in Dulbecco’s
modified Eagle medium (DMEM) GlutaMax supplemented with 10% fetal bovine serum
(FBS), and 1X penicillin-streptomycin. The cells were passaged regularly to maintain
a confluency of 80-90% confluency. To split the cells, the media was first removed,
and the cells were washed with 1X PBS. Trypsin-EDTA 0.25% was added to the cells
and incubated for 3 min. The cells were then resuspended in DMEM supplemented
with 10% FBS and seeded as desired. Cell stocks were made by resuspending cells

in FBS supplemented with 5% DMSO and stored either at -80°C or in liquid nitrogen.

Mosquito cells (Aag2-AF5 - Aedes aegypti and U4.4 - Aedes albopictus cells)
were incubated at 28°C without CO,. These cells were maintained in Leibovitz’s L-
15 medium with 2mM glutamine, 0.1 mM non-essential amino acid, 10% tryptose
phosphate broth, 10% fetal bovine serum, and 1X penicillin-streptomycin. The cells
were passaged regularly to maintain a confluency of 80-90% confluency. To split the
cells, a cell scraper was used to detach adherent cells, the medium was mixed up
and down to ensure cell homogeneity, fresh 10% Leibovitz L-15 medium was added
(1:1), and cells were seeded as desired. Cell stocks were made by resuspending cells
in FBS supplemented with 5% DMSO and complement medium (1:1) and stored at
-80°C or in liquid nitrogen.

When needed, human and mosquito cells were counted using 0.4% Trypan Blue Stain

and the Countess Il FL automated cell counter.

3.1.2 Virus Generation

SINV was generated from a plasmid or by expanding pre-existing viral stock. Plasmid

DNA was linearised using the Xhol restriction endonuclease (New England Biolabs).
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Briefly, 1 pg of plasmid DNA was incubated in a 50 pl reaction containing 10X
rCutSmart Buffer and 10 U Xhol. The mix was incubated at 37°C for 15 min, followed
by 65°C for 20 min to inactivate the enzyme. With the linearised plasmid, mRNA
was synthesised using the HiScribe T7 ARCA mRNA Kit (New England Biolabs)
following the manufacturer’s instructions. Briefly, linearised DNA templates containing
a T7 promoter were incubated in a 20 pl transcription reaction comprising ARCA cap
analogue, NTP mix, reaction buffer, and T7 RNA polymerase enzyme mix. Reactions
were incubated at 37°C for 2 h to allow transcription. Following RNA synthesis, DNA
templates were removed by DNase | treatment at 37°C for 15 min. Poly(A) tailing was
performed by adding Poly(A) Polymerase and tailing buffer directly to the transcription

reaction and incubating at 37°C for an additional 30 min.

After mRNA synthesis, 2 pl of DNase | was added to the reaction mix and incubated
at 37°C for 15 min. The RNA was then purified using the Zymo Research RNA Clean
and Concentrator-5 kit. Briefly, two volumes of RNA-binding buffer were added to
the DNase-treated mRNA, followed by an equal volume of absolute ethanol. The
mixture was transferred to a Zymo spin IC column and centrifuged at 16,000 x g
for 30 s. The column was subsequently washed by adding 400 pl of RNA prep
buffer and centrifuging for 30 s, followed by 700 ul of RNA wash buffer and another
centrifugation for 30 s. A final wash with 400 ul of RNA wash buffer was performed
and the column centrifuged at 16,000 x g for 1 min to ensure complete removal of
residual buffer. The column was then placed into a clean RNase-free tube, and the
RNA was eluted by adding 15 pl of nuclease-free water and centrifuging for 1 min.
Transfection was performed in BHK21 exhibiting 70-90% confluency with 2.5ug of
mRNA in a T175 flask using Lipofectamine 3000 kit according to the manufacturer’s
instructions. Briefly, Lipofectamine 3000 reagent mix and P3000 reagent mix were
mixed and incubated for 15 min at room temperature. The cells were incubated at
37°C in a humidified atmosphere with 5% CO, for 24-48 hours or until cytopathic effect

(CPE) was observed, after which the cells were harvested.

To harvest, the supernatant was transferred to a Falcon tube, and if the solution was

acidic (yellow) HEPES solution was added to a final concentration of 500 mM. The
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supernatant was centrifuged at 1000rpm for 5 minutes to remove cell debris and
was filtered through a 0.45uM filter. Single-use aliquots were stored at -80°C. For
expansion stocks, a T175 flask of BHK21 cells was infected with virus at an MOI of
0.1 in 15ml DMEM. Cells were incubated for 48 hours (37°C, 5% CO,) and harvested
as described above. No more than one round of expansion was performed for tagged

virus stocks.

3.1.3 Virus Titration

SINV was titrated by plaque assay. 1x10° Vero cells per well were seeded in a 24-well
plate in DMEM (10% FBS, 1x P/S) and incubated overnight. Serial dilutions of virus
stock or prepared in serum-free DMEM with 1X penicillin-streptomycin. The media
was carefully removed from the 24-well plate, and 100pl of virus stock serial dilution
was added to each well. Cells were incubated for 1 hour (37°C, 5% CO,) before 1ml of
prepared 0.6% Avicell overlay was added. Cells were gently shaken to distribute the
overlay evenly. After 2 days of incubation (37°C, 5% CO,), Avicell was removed and
500ul 8% Formaldehyde was added to each well. Plates were incubated in the fume
hood for 1 hour, then rinsed twice with PBS. 100ul of crystal violet stain was added
and incubated for 1 hour, before the plates were washed in water and plaques were

counted. Viral titre was calculated as per the formula:

_ Averagenumbero fplaques
PFU/ml ~ StockdilutionxV olumeo finoculum

3.1.4 Translation Shutoff using click-chemistry

Aag2-AF5 and HEK 293 cells were infected with SINV (MOI 1) and left and incubate
as per the cells’ requirements mentioned above for 16 hours. Starvation of cells was
done for 1 h by incubating in methionine/cysteine-free media, supplemented with 1X
NEAA, glutamine, sodium pyruvate, 2% FBS. Cells were then incubated with the same
medium supplemented with the Click-IT-AHA (L-Azidohoalanine) reagent for 4 h. The
cells were lysed in a solution containing 1% SDS, 50mM Tris-HCI HCL pH 8, with

protease and phosphatase inhibitors. Click chemistry reaction for protein detection
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was performed using biotin alkyne according to the manufacturer’s instructions using
the Click-1T protein reaction buffer kit. Briefly, 50 ul of labelled protein was mixed with
100 pl of Click-iT reaction buffer and 160 pl of double-distilled water, and the mixture
was vortexed for 5 s. Subsequently, 10 pl of CuSO4 was added and vortexed briefly,
followed by the addition of 10 pul of Click-iT reaction additive 1 solution. After vortexing
for 5 s, the reaction was incubated for 3-5 min at room temperature. A further 20
ul of Click-iT reaction buffer additive 2 solution was then added, and the mixture was
vortexed continuously for 20 min, during which the solution developed a bright orange
colour. The reaction was quenched by adding 600 ul of methanol, followed by 150 pl of
chloroform and 400 pl of double-distilled water, with brief vortexing after each addition.
The sample was centrifuged at 13,000 x g for 5 min, and the upper aqueous phase
was carefully removed, leaving the protein precipitate at the interphase undisturbed.
The precipitate was washed twice with 450 ul of methanol, each time vortexing and
centrifuging at 13,000 x g for 5 min before discarding the supernatant. The pellet was
then air-dried for at least 15 min, resuspended in 4x sample loading buffer, and heated
at 70°C with shaking at 1000 rpm for 10 min. Proteins were subsequently resolved
by SDS-PAGE and transferred onto a cellulose membrane for downstream analysis.
Labelled proteins were incubated in a solution containing 1% BSA with streptavidin-

HRP for subsequent visualisation with the Odyssey CLx Imaging System.

3.1.5 dsRNA Knockdowns

dsRNA primer design was done using Snapdragon, a web-based tool used for
designing long double-stranded RNAs (dsRNAs) to facilitate RNA interference (RNAI)
gene knockdown experiments [151]. To each primer T7 promoter sequence was

added.

Preparation of DNA template Complementary DNA (cDNA) was synthesised from
total RNA using the SuperScript Il First-Strand Synthesis System (Thermo Fisher
Scientific) according to the manufacturer’s protocol. Briefly, 1 ug of DNase-treated
RNA was mixed with 1 pl oligo(dT) primers, 1 ul 10 mM dNTP mix, and nuclease-free

water to a volume of 10 pl. The mixture was heated to 65°C for 5 min and placed on
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ice for at least 1 min. First-strand synthesis was performed by adding 10 pl of cDNA
synthesis mix containing 2x First-Strand Buffer, 0.1 M DTT, RNaseOUT recombinant
RNase inhibitor, and 200 U SuperScript Il Reverse Transcriptase. Reactions were

incubated at 50°C for 50 min, followed by enzyme inactivation at 70°C for 15 min.

dsRNA synthesis Double-stranded RNA (dsRNA) was generated using the
MEGAscript RNAI Kit (Invitrogen) following the manufacturer’s instructions. Briefly,
gene-specific primers were designed with T7 promoter sequences appended to the
5" ends. PCR products were purified and used as templates for in vitro transcription.
Each transcription reaction (20 ul) contained the purified DNA template, reaction buffer,
ribonucleotide mix, and T7 RNA polymerase mix, and was incubated at 37°C for 4
h to allow RNA synthesis. Following transcription, RNA strands were annealed by
incubating the reaction at 75°C for 5 min and slowly cooling to room temperature. The
RNA annealed RNA reactions were treated with DNase | and RNase for 15 min at
37°C to remove the DNA template and ssRNA, after which complementary dsRNA
was purified using the kit's column-based system, eluted in nuclease-free water, and
quantified by using qubit. RNA integrity was confirmed by agarose gel electrophoresis

before use in downstream knockdown assays.

3.2 Biochemical and molecular techniques
3.2.1 Western blot

Preparation of the samples involved mixing with NUPAGE 4x LDS sample buffer
(Invitrogen) and heating at 95°C for 5 minutes, followed by loading them into the
precast NUPAGE Bis-Tris Mini Protein Gels, 4-12%, 1.0—-1.5 mm (Invitrogen). The
proteins were separated by SDS-PAGE at 180 volts for 1 hour and transferred
to nitrocellulose membranes using the Trans-Blot Turbo transfer system (Bio-Rad).
Membranes were blocked using 5% skim milk in 0.1% PBST (blocking buffer) for 1
hour at room temperature. The blocking buffer was also used to dilute the primary
and secondary antibodies. The membranes were incubated overnight at 4°C with

the primary antibody. A further incubation with the appropriate secondary antibody
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was done for 1 hour at room temperature in a dark room. After each incubation, the
membranes were washed 3 times with 0.1% PBST. Imaging was performed on the

LI-COR Odyssey CLx.

3.2.2 Silver staining

NuPAGE 4x LDS sample buffer (Invitrogen) was mixed with the sample and heated
to 95°C for 5 minutes. This was then loaded into the precast NUPAGE Bis-Tris Mini
Protein Gels, 4-12%, 1.0—1.5 mm (Invitrogen). The proteins were separated by SDS-
PAGE at 180 volts for 1 hour. Silver staining was performed on the gel using the

SilverQuest Kit as per the manufacturer’s instructions.

3.2.3 RNA interactome capture (RIC)

Sample harvesting

To determine the repertoire of mosquito RNA-binding proteins. Three T175 per
mosquito cell type (Aag2-AF5 and U4.4) and per UV treatment (treated and untreated)
were seeded with mosquito cells were incubated at 28°C in the absence of CO,. These
cells were maintained in Leibovitz’s L-15 medium (10% FBS, 10% TPB, 1xP/S). After
48 hours or until confluency, the media was aspirated and cells washed with PBS. Cells
were trypsinized for approximately 5 minutes, and resuspended in 10 ml Leibovitz’s L-
15 medium (10% FBS, 10% TPB, 1xP/S). The resuspended cells were transferred into
a 50 ml Eppendorf tube and centrifuged at 5000 xg for 10 minutes. The media was
discarded, leaving the pellet, which was resuspended in 10 ml PBS. The resuspended
cells were then transferred to a 50 cm? petri-dish, placed on ice, and UV crosslinked
at 254 nm, with the cover off. The crosslinked cells were then transferred into a
50 ml Eppendorf tube and centrifuged at 5000 xg for 10 minutes to pellet the cells.
The supernatant was discarded, and the samples were stored at —80°C until further

processing.

To determine how RBPs modulate infection (cRIC). Three T175 per condition were

seeded with Aag2-AF5 mosquito cells were incubated at 28°C in the absence of COs.
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These cells were maintained in Leibovitz’s L-15 medium (10% FBS, 10% TPB, 1xP/S).
After 48 hours or until confluency, the media was aspirated, 15 ml Serum-free media
containing SINV (MOI = 1) was added for an hour. The media was then replaced with
Leibovitz’s L-15 medium (10% FBS, 10% TPB, 1xP/S). Samples were harvested at 8,
16, and 24 hours post-infection. The media was aspirated and cells were washed with
PBS, cells were trypsinized for approximately 5 minutes, and resuspended in 10 mL
Leibovitz’s L-15 medium (10% FBS, 10% TPB, 1xP/S). The resuspended cells were
transferred into a 50 ml Eppendorf tube and centrifuged at 5000 xg for 10 minutes. The
media was discarded, leaving the pellet, which was resuspended in 10 ml PBS. The
resuspended cells were then transferred to a 50 cm? petri-dish, placed on ice, and UV
crosslinked at 254 nm, with the cover off. The crosslinked cells were then transferred
into a 50 ml Eppendorf tube and centrifuged at 5000 xg for 10 minutes to pellet the
cells. The supernatant was discarded, and the samples were stored at —80°C until

further processing.
RIC and cRIC

Thawed pellets were resuspended in 5ml of lysis buffer (20mM Tris-HCI pH 7.5,
500mM LiCl, 0.5% LiDS Wt/Vol, imM EDTA, 0.1% IGEPAL (NP-40) and 5mM DTT).
Lysates were pelleted homogenized by passing them through a 27G needle, this
process was repeated until the viscosity of the lysate was low. 200ml of lysate was
aliquoted for total proteome analysis. To the remaining lysate, 500 pl of oligo(dT)2s
magnetic beads was added (New England Biolabs, #14195S) and incubated for
1h at 4°C with gentle rotation. The lysate with oligo (DT)xswas placed on an
appropriate magnetic stand, and the supernatant(lysate) was collected into a different
tube 500 pl of oligo(dT).s magnetic beads were added, and further incubation for
1h at 4°C with gentle rotation was carried out. The separated oligo (DT)zsfrom
the supernatant(lysate), was resuspended in lysis buffer and incubated on ice for 5
minutes with occasional pipetting to ensure proper mixing. This was followed by 2
washes each with 5mL: buffer 1(20 mM Tris-HCI pH 7.5, 500 mM LiCl, 0.1% LiDS
wt/vol, 1 mM EDTA, 0.1% IGEPAL and 5 mM DTT) on ice, buffer 2 (20 mM Tris-HCI pH
7.5, 500 mM LiCl, 1 mM EDTA, 0.01% IGEPAL and 5 mM DTT) on ice, and buffer 3 (20

68



mM Tris-HCI pH 7.5, 200 mM LiCl, 1mM EDTA and 5 mM DTT) at room temperature.
All washes were followed by 5 minutes of incubation, with occasional mixing to ensure
homogeneity and placement on the appropriate magnetic stand to discard the wash
buffer. The beads were resuspended in 150mL of elution buffer and incubated for 5
minutes at 55°C with agitation. The process was repeated for the second lysate and
eluates combined and stored at -80°C. 50ml of eluate was used QC checks, which

involved Western blot and silver staining.
Mass spectrophotometry

RIC eluates were processed with a single pot solid phase enhanced sample
preparation (SP3) protocol using 70% acetonitrile for protein binding [152]. All samples
were acidified with 5% formic acid prior to mass spectrometric analysis. For RIC
eluates, liquid chromatography (LC) was performed using an EASY-nano-LC 1000
system (Thermo Fisher Scientific) in which peptides were initially trapped on a 75
um internal diameter guard column packed with Reprosil Gold 120 C18, 3 um, 120
angstrom pores (Dr. Maisch GmbH, r13.9g) in solvent A using a constant pressure
of 500 bar. Peptides were then separated on a 45°C heated EASY-Spray column (50
cm x 75 m ID, PepMap RSLC C18, 2 m, Thermo Fisher Scientific no.164540) using
a 3 h linear 8% 30% [vol/vol] acetonitrile gradient and constant 200 nl/min flow rate.
Peptides were introduced via an EASY-Spray nano-electrospray ion source into an
Orbitrap Elite mass spectrometer (Thermo Fisher Scientific). Spectra were acquired
with resolution 30000, m/z range 350—1500, AGC target 1x106, maximum injection
time 250 ms. The 20 most abundant peaks were fragmented using CID (AGC target
5x103, maximum injection time 100 ms, normalised collision energy 35%) in a data-

dependent decision tree method.

3.3 Data analysis
3.3.1 Ortholog identification

To define orthologs, Vectorbase gene IDs for Aedes mosquitoes were used in

InParanoid-DIAMOND to identify complex orthologous relationships between protein
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sequences from different genomes within Docker.

3.3.2 GO terms

GO enrichment analyses were performed using G:profiler
(https://biit.cs.ut.ee/gprofiler/gost). The use of the "highlighted" column was used to

collapse GO terms with similar functions. A p-value cut-off of 0.01 was used.

3.3.3 Hydrophobicity and Isoelectric Points

The Peptides R package [153] that calculates theoretical physicochemical properties of
protein sequences was used to calculate hydrophobicity using the scale “KyteDoolittle”

and Isoelectric point using pKscale “EMBOSS”.

3.3.4 Intrinsically disordered regions

To predict protein disorder, MobiDB-lite v3.8.4 [154] (a long disorder predictor that
runs on Python) was used to determine regions of disorder in our sequences. The
sequence output (a fasta file with D for disordered amino acids and S for ordered

amino acids) was used to calculate the disordered content of each protein.

3.3.5 Proteins domains

To identify what domains are present in our proteins, InterProScan v5.64-96.0
[155, 156] was run, restricting the output to PFAM domains. If a protein had multiple
domains, priority was given to classical, then non-classical, and then unknown. This

was based on the literature by Castello and team [157]

3.3.6 RBDmapping

RBDpep from RBDmap [158], were used to identify RNA binding sites. Multiple
sequence alignment on Aedes mosquito protein sequences from the proteomics data

was performed to predict possible regions of binding. For every site predicted a
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percentage conservation score was assigned. The higher the conservation score,

the more similar the alignment and vice versa.

3.3.7 Proteomics

Peptide identification and quantitation of all proteomics experiments were then
performed using MaxQuant (v1.5.0.35) [159]. Data were searched against the Aedes
aegypti and Aedes albopictus from Vectorbase for (version, January 2022), and
for cRIC data, were searched against the Aedes aegypti from Vectorbase (version,
January 2022) and SINV from the Uniprot database. False discovery rate (FDR) was
set at 1% and 10%, using both peptide and protein identification, and ‘match between

runs’ was turned on. Otherwise, default parameters were used.

Data analysis of ProteinGroups file from MaxQuant was performed in R. Data was
normalised using the ‘vsn’ package. Rows were filtered to remove any with >2 NA
values for the RIC and >6 for cRIC in each condition under study. Minimum value
imputation was performed for on/off changes (all NA values in one condition and <2
NA values in the other). Only values for replicates corresponding to non-NA values in
the other condition were imputed. Fold-changes and p-values were calculated using
the limma package [160], with replicate included as a block in the regression analysis,

and FDR was calculated from p-values using the fdrtool package.

3.3.8 Statistical analysis

Statistical analysis was performed using R packages ggsignif and rstatix. The Wilcox
test was used to compare two groups with uneven distributions, and the paired t tests
were used to compare the test and control samples. Statistical significance is denoted

as: P <0.05; % P<0.01;**, P <0.001, ***.

3.3.9 Data visualization

RStudio was used to make all the plots in the thesis, ChimeraX v.1.9 was used for

protein structures, and Biorender was used for schematic diagrams. Compilation of
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figures and images was done on Affinity Designer, and cropping of gel images.
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4 The complement of Aedes mosquito RBPs

4.1 Introduction

RBPs are central to virtually all stages of RNA metabolism, from synthesis in the
nucleus to decay in the cytoplasm [104, 161]. Over the past decade, technological
advances have significantly expanded our understanding of the RBPome. These
methods often rely on chemical or photochemical crosslinking followed by enrichment
of protein-RNA complexes using antisense probes, oligo(dT) beads, or biotin-
streptavidin system, reviewed in [132, 145]. Among these techniques, RNA
interactome capture (RIC) has emerged as the gold standard for global and unbiased
identification of RBPs. RIC involves Ultraviolet (UV) crosslinking to induce in vivo
covalent bonding of proteins to RNA that are at zero distance, usually 2 angstrom,
followed by the selective capture of polyadenylated (PolyA) RNA using oligo(dT) beads
under denaturing conditions and the identification of proteins by mass spectrometry
[119,120]. This approach offers key advantages: UV light only promotes covalent
crosslinking of native RBPs and RNA at zero-distance while avoiding protein-protein
interactions, and the hybridisation of RNA to oligo(dT) beads allows the use of high-salt
and chaotropic buffers to eliminate non-convalently linked proteins (piggback riders).
However, a known limitation is its bias towards polyadenylated RNA, with mRNA being
the dorminant species (about 70%) excluding interactions with non-polyadenylated

species, such as tRNA, rRNA and other non-polyadenylated non-coding RNA.

RIC has been successfully used to characterize RBPs in several model organisms
such as Homo sapiens [119,122], Mus musculus [121], Danio rerio [125], Drosophila
melanogaster [107], Caenorhabditis elegans [123, 124], Saccharomyces cerevisiae
[122], and plants [126—128]. These studies have revealed that the RBPome is broader
than previously anticipated including proteins with no recognisable RNA-binding
domains, often harbouring enzymatic domains, protein-protein interaction domains or
intrinsically disordered regions (IDRs). A large proportion of these are evolutionarily
conserved in their ability to bind RNA and share physicochemical properties such as

low complexity regions or overall positive charge. Resources such as RBPbase [162],
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RBPDB [163], and RBP2GO [164] consolidate these findings, offering centralized

repositories of experimentally supported protein-RNA interactions across species.

Despite these advances, the RNA-binding proteomes of non-model organisms,
particularly arthropod viral vectors, remain poorly characterised. This gap is
particularly evident in mosquitoes such as Aedes (Ae.) aegypti and Ae. albopictus,
both of which are vectors of arboviruses, including DENV, CHIKV, ZIKV, and YFV
[88,165,166]. Given the essential roles of RBPs in regulating viral replication, immune
responses, and gene expression [101,113,167-169], a detailed characterisation of
the mosquito RBPome is critical in elucidating the mechanisms of vector competence

and host-pathogen interactions at the post-transcriptional level.

In this chapter, RIC and mass spectrometry will be employed to comprehensively
characterise RNA-binding proteins (RBPs) in Ae. aegypti and Ae. albopictus. The
characterisation will include analyses of domain architecture, biochemical properties,

and conservation with respect to human RBPs.
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4.2 Results

4.2.1 RNA interactome capture (RIC) specifically enriches for mosquito RNA-

binding proteins (RBPs)

As modulators and regulators of gene expression, RBPs are crucial in all living cells, by
ensuring physiological processes for normal cell function, development, and response
to environmental stress take place. Characterising mosquito RPBs in two mosquito
species of medical concern will provide the basis for functional studies during infection.
To comprehensively and systematically characterise RBPs in mosquitoes, RIC was
employed [119, 120], a stringent proteomics-based technique that identifies proteins
interacting with poly(A) RNA in cells. Briefly, cells were irradiated with 150mJ/cm? UV
light at a wavelength of 254nm. The cells were then lysed under denaturing conditions
and homogenised by passing them through a 26G needle. This ensures that the DNA
is sheared to reduce the viscosity of the sample. The covalently linked protein-RNA
complexes were then isolated, using oligo(dT).; magnetic beads that bind the poly(A)
tailed RNA. Under denaturing conditions, the beads were washed first with a high-
salt buffer and high concentrations of chaotropic detergents to remove non-covalently
bound proteins. This was followed by a low-salt buffer. This allowed for the removal of
unbound proteins and RNAs, respectively. The crosslinked proteins were eluted from
the beads by heating at 55°C. The eluate was then digested using a combination of

RNase A and RNase T1 to release the proteins (Fig.4.1).
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Cell culture UV crosslinking Cell lysis OllgoDT capture Mass spectrometry

Figure 4.1: Schematic representation of RNA intractome capture (RIC)
mRNA-protein complexes are formed by employing UV-irradiation to proliferating mosquito cells.
These complexes are isolated by pulldown with oligo(dT).5 magnetic beads, stringent washes with
high salt buffers, and subsequent low salt buffers. The bound protein is eluted with RNase and

identified by mass spectrometry.
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Two mosquito cell lines were used, Ae. aegypti (Aag2-AF5) and Ae. albopictus
(U4.4). These cell lines were selected because they are derived from two key
mosquito vectors of medical importance known to transmit viruses such as CHIKV and
DENYV [166]. Additionally, they are immunocompetent cells, having a functional RNAi
pathway that limits viral propagation [5,170]. The use of immunocompetent cell lines is
important for capturing a comprehensive repertoire of RBPs, including those involved
in antiviral response. Moreover, to ensure sufficient protein yield for downstream mass
spectrometry, all experiments were conducted in three biological replicates, with each
replicate comprising pooled lysates from three T175 flasks. Biological replicates were
generated for each cell line, Aag2-AF5 and U4.4. Each replicate included a non-
irradiated sample (-UV) as a negative control for identifying background protein co-
isolated with RNA in a cross-linking independent manner. A second control was taken
following UV irradiation but prior to oligo(dT),5 capture, referred to as the input, to
represent the whole cell lysate. A third set of controls included RNase treatment prior
to oligo(dT),5 capture in both UV-irradiated and non-irradiated conditions. This was
used to assess the dependence of protein enrichment on RNA integrity (not cross-
linking as above). The RNAse-treated samples were denoted as +RNase, while the

untreated controls were denoted as -RNase.

To assess the quality of RIC enrichment, whole cell lysates/input and eluates were
confirmed by SDS-PAGE gel electrophoresis followed by silver staining. From the
silver-stained gels, UV-irradiated (+UV) inputs and eluates showed distinct banding
patterns, with eluates showing a distinctive but less complex pattern than that of
inputs, indicative of specific enrichment (Fig.4.2A and B). The resulting pattern showed
similarities to previous RIC experiments [122, 123, 158]. Notably, the +UV eluates
displayed consistent banding patterns across replicates for both mosquito cell lines,
reinforcing the reproducibility of the RIC protocol (Fig.4.2B). In contrast, the non-
irradiated (-UV) eluates lack visible protein bands, except for the prominent RNase
band at the bottom of the gel (Fig.4.2B). This suggests minimal non-specific isolation of
proteins non-covalently bound to RNA. The input profiles from +UV and -UV conditions

were similar, suggesting overall protein composition in the inputs remained unaffected
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by irradiation, and that enrichment was oligo(dT),5-dependent (Fig.4.2A).

To test if the adaptation of RIC is dependent on RNA isolation as a result of the
formation of protein-RNA complexes by UV-irradiation, the effects of RNase treatment
was examined. SDS-PAGE gel electrophoresis and silver staining were performed
on eluates from +UV and -UV samples, with (+RNase) or without (-RNase) RNase
digestion. +RNase samples were largely devoid of protein bands apart from the RNase
band itself, whereas the -RNase samples showed complex protein profiles compatible
with the cellular pool of RBPs (Fig.4.2C). This confirms that protein recovery is only
possible if cellular RNA is intact, highlighting the strong RNA dependency of our assay.

Together, these results confirm the robustness of RIC in enriching for bona fide RBPs.
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Figure 4.2: Validation of RIC enrichment in mosquito cell lines by silver staining
A) Analysis of whole cell inputs and eluates from UV-irradiated (+UV) and non-irradiated (-UV)
samples. Input profiles from +UV and -UV conditions showed similar banding patterns in both
Ae. aegypti Aag2-AF5 and Ae. albopictus U4.4 cells, suggesting protein composition remained
unaffected. U4.4 bands were not as intense as Aag2-AF5 cells due to differences in cell count, which
is influenced by growth patterns. Aag2-AF>5 tend to clump up while U4.4 are more spread out on the
plate surface. B) +UV and oligo(dT) eluates showed distinct and reproducible banding patterns across
replicates, indicating specific enrichment of RNA-binding proteins. -UV and oligo(dT) eluates were
largely devoid of protein bands, except for an RNase band, suggesting minimal non-specific isolation.
These patterns were observed in both Aag2-AF5 and U4.4 cells. C) Comparison of RNase-treated
(+RNase) and untreated (-RNase) eluates. +RNase samples lacked visible protein bands except for
the RNAse band at about 13kDa, confirming that protein enrichment is RNA-dependent. This image is

a representative of 3 replicates that were tested. This was observed in both Aag2-AF5 and U4.4 cells.

To identify systematically and comprehensively the scope of mosquito RBPs, the
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eluates were subsequently processed for proteomics on an LC-MS/MS in collaboration
with Dr Yana Demyanenko, Dr. Wael Kamel, and Prof. Shabaz Mohammed at the
Roslin Franklin Institute. Peptides and proteins were determined and quantified by
MaxQuant 2.0 [159]. The analysis revealed, 1,545 RBPs were enriched in both
Ae. aegypti (852) and Ae. albopictus (683) over the negative. Data analysis
was conducted under the supervision of Dr. Wael Kamel. The distribution of
protein intensities in the UV-irradiated (+UV) samples was consistent across biological
replicates in both the Aedes species, while the non-irradiated (-UV) samples showed
markedly lower intensities (Fig.4.3A), consistent with what was observed in the silver
stains (Fig.4.2B). Principal component analysis (PCA) further demonstrated clear
separation of -UV and +UV samples (Fig.4.3B), supporting the UV-dependent isolation

of proteins.
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Figure 4.3: Protein intensity distribution and principal component analysis (PCA) of

RIC enriched mosquito RBPs

Quality assessment of proteomics data. A) Protein intensities were consistent across all three
replicates in both conditions (+UV and -UV) in Ae. aegypti Aag2-AF5 and Ae. albopictus U4.4 cell
lines. The -UV had lower intensities compared to the +UV samples. B) PCA revealed clear separation
between the -UV and +UV samples. Together, these confirm the UV-dependent protein enrichment of
RIC.

To identify bona fide RPBs in Ae. aegypti and Ae. albopictus, a moderated t-test

was applied, followed by p-values adjustment using the limma R package [160].
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This analysis identified 852 and 683 significantly enriched proteins over the non-
irradiated control (-UV) in Ae. aegypti and Ae. albopictus, respectively. These
enriched proteins displayed a clear shift towards the UV-irradiated (+UV) condition,
as shown on the volcano plot (Fig.4.4A). Proteins that were significantly enriched at
10% FDR in both mosquito species were considered high-confidence RBPs, while
those present only in one mosquito species were considered candidate RBPs. These
results support the effectiveness of the RIC technique in enriching for RBPs, consistent
with protein patterns observed in silver-stained gels (Fig.4.2B). Further comparison
of the two mosquitoes identified 396 RBPs that were shared between Ae. aegypti
and Ae. albopictus, with 33 unique to Ae. albopictus (Fig.4.4B). The overlap in RBP
composition across mosquito species identifies conserved RBPs, while RPBs unique
to each mosquito exemplifies species-specific expression or culture conditions that

favour specific RBPs binding to RNA.
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Figure 4.4: Identification of RNA-binding proteins by quantitative proteomics and
orthologs between Aedes mosquitoes

A) Volcano plots showing differential protein enrichment between UV-irradiated (+UV) and non-
irradiated (-UV) conditions for Ae. aegypti and Ae. albopictus. Proteins significantly enriched at

10% FDR (purple) and 1% FDR (red) were considered candidate RBPs. Enrichment toward the +UV
condition supports UV-dependent capture of RNA-binding proteins by RIC.

B) Venn diagram showing overlap of identified RBPs between Ae. aegypti and Ae. albopictus. A total
of 396 RBPs were shared, with 33 found exclusively in Ae. albopictus, highlighting both conserved and

species-specific components of the mosquito RBP repertoire

4.2.2 Analysis of RNA-binding domains (RBDs) in mosquitoes RBPs

Given the considerable overlap in RBPs between Ae. aegypti and Ae. albopictus,

RBDs were investigated to determine whether they were conserved.  First,
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InterProScan v5.64-96.0 was run [155, 156], restricting the output to PFAM domains,
then using list of protein domain from published work by Castello et al. and Lunde
et al [105, 119], RBPs were classified based on the presence or absence of known
RBDs. Consistent with published literature, RBDs were classified into classical
and non-classical categories. Approximately 50% harboured either classical (having
specific sequence and architecture) or non-classified (containing enzymatic domains
and intrinsically disordered regions) RBPs, while the other half lacked recognisable
RBDs (Fig.4.5). This large proportion of "orphan" RBPs (proteins with unrecognisable
RBDs) is similar to what has been reported in humans and the fruitfly [107,119]. These
findings suggest that a substantial number of RBPs may interact with RNA through
unconventional domains, highlighting the potential for the discovery of novel RNA-

binding domains in mosquitoes.
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Figure 4.5: Classification of mosquito RBPs by RNA-binding domains RBDs
Mosquito RBPs were grouped based on the presence of classical (light pink), non-classical (pink),
or unknown (red) RNA-binding domains, as defined in previous studies. Approximately half of the
identified RBPs contained known RBDs, while the other half lacked any annotated domains, consistent
with what is described in human and fruitfly proteomes. These findings suggest widespread RNA
binding beyond currently known domain families. Protein PFAM ids from 852 and 683 for Ae. aegypti

and Ae. albopictus, respectively, were used to classify these domains.

To further characterise the RBD landscape, the frequency of individual domains
among the mosquito RBPs was plotted. Similar to findings in other species, the
most prevalent classical RBPs were RNA recognition motifs (RRMs), K-homology
(KH) domains, and DEAD box helicase domains (Fig.4.6A). In the non-classical
RBD group, ribosomal proteins, spectrin proteins, and zinc finger proteins were the
most prominent (Fig.4.6B). This domain distribution suggests that mosquito RBPs are
architecturally similar to other organisms, which is consistent with the evolutionarily

conserved biochemical needs of RNA binding.
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Figure 4.6: Distribution of RNA-binding domains types in mosquito RBPs
Bar plot showing the most frequent RNA-binding domains among identified RBPs in Ae. aegypti
(brick red) and Ae. albopictus (orange). A) Classical domains, such as RRMs, KH domains, and
DEAD-box helicases, were the most abundant. B) Non-classical domains included ribosomal proteins,
spectrin repeats, and zinc finger motifs. The observed pattern mirrors domain usage in other species,

suggesting evolutionary conservation of RNA-binding architecture.

4.2.3 The physicochemical and structural properties of RNA-binding proteins

in mosquitoes

To validate the mosquito RBPome, physicochemical and structural properties of
identified RBPs was assessed to determine if they exhibited characteristics of known
RBPs. For comparative analysis, the human RBPome derived from Hela cells was.
The human RBPome has been extensively studied and provides a robust reference
[119]. Specifically, features that are commonly found in mammalian RBPs were
examined, including key physicochemical properties such as hydrophobicity (HI) and
isoelectric point (pl), and intrinsically disordered regions (IDRs) and specific IDRs
motifs. These features are known to contribute to RNA binding function and provide
an additional layer of evidence for the accuracy and biological relevance of Aedes

mosquito RBPome.

Hydrophobicity (HI) and Isoelectric points (pl) Effective RNA binding requires

proteins to have specific physicochemical properties: Low HI, which contributes to
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their solubility and explains why they are not typically associated with membranes,
and basic pl due to the abundance of positively charged amino acids that enable
electrostatic interactions with the negatively charged RNA backbone. To assess
these parameters in mosquito RBPs, the Peptides R package was used [153], which
calculates HI and pl from protein sequences. The results showed that RBPs in both
mosquito species were less hydrophobic than their whole proteome, similar to human
RBPs (Fig.4.7A). The pl of mosquito RBPs was generally more basic than that of the
whole proteome and closely resembled the human RBPs (Fig.4.7B). These findings
suggest that mosquito RBPs are biochemically optimised for electrostatic interactions
with RNA while maintaining solubility in the aqueous intracellular environment,

consistent with what is observed in the human RBPome.
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Figure 4.7: Physicochemical properties of mosquito RBPs
A) Density plots showing the hydrophobicity of the RNA-bound (RIC) proteome (pink) to be less
hydrophobic than the whole proteome (lavender).
B) Isoelectric points showing RBPs (RIC) (pink) to be more basic than their whole proteome
counterparts (lavender), which was significant p < 0.001, ***. These properties ensure interactions

between protein and RNA. WP - whole proteome, RIC - RNA interactome capture

Intrinsically disordered regions/domains (IDRs/IDDs) A large proportion of
human RBPs contain extensive intrinsically disordered regions (IDRs), which lack
stable 3D structure. These flexible regions can participate in non-canonical modes
of RNA binding and, in some cases, promote co-folding of the protein and RNA upon
interaction [119, 131]. To identify IDRs, mobiDBlite v3.8.4 was used [154], an in silico

Python tool that integrates nine different predictors to estimate disordered consensus
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regions of at least 20 residues. The analysis revealed that RBPs in both Ae. aegypti
and Ae. albopictus were more disordered compared to the overall proteome, although
the difference was not statistically significant in Ae. albopictus. This is consistent with

what was observed in humans (Fig.4.8).
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Figure 4.8: Violin plots showing the distribution of intrinsically disordered regions in

RBPs

Proportion of Intrinsically disordered regions (IDRs) in Homo sapiens, Ae. aegypti, and Ae. albopictus
RBPs (pink) compared to the whole proteome (lavender), showing higher disorder in RBPs. In Homo
sapiens and the Ae. aegypti the difference was significant with a p > 0.001, ***, whereas that of Ae.
albopictus was not significant (NS).

RIC - RNA interactome capture

IDRs can be classified on the basis of sequence motif with enrichment of residues such
as serine (S), proline (P), glycine (G), arginine (R) and glutamine (Q) [119,131]. Upon
examining for specific short sequence motifs within IDRs, the RGG box was the most
abundant motif observed, which is also very frequent in human RBPs. Interestingly,
other glycine rich motifs such as YGG, GYG, GYS, SYG, and SYS boxes were
identified in mosquitoes just like in humans (Fig.4.9). This motif is known to mediate
RNA binding and induce molecular condensates [171]. Other well-established motifs
in humans, such as the SR and poly (K) motifs, were also observed in the mosquito
datasets. The presence and evolutionary conservation of these low-complexity motifs

suggest they may play crucial roles in RNA biology.
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Figure 4.9: Intrinsically disordered motifs in mosquito and human RBPs
Barplot showing the proportions of motifs associated with intrinsically disordered regions. Glycine (G),
serine (S), lysine (K), and arginine (R) -rich motifs were the motifs observed in Aedes mosquito RBPs
and were comparable to Homo sapiens RBPs, although some motifs were preferentially enriched in
mosquitoes, such as the SYG, GGRGG, and GGSYS. These low complexity motifs seem to influence

RBP function.



4.2.4 Conservation of mosquito RBPs

To assess whether discovered RBPs are conserved across species, a systematic
ortholog prediction using both mosquito species (Ae. aegypti and Ae. albopictus) and
human was used, for which the RNA-bound proteome (RBPome) is well characterised.
To circumvent the limitation due to different numbers of paralogs and orthologs
between species, the InParanoid-DIAMOND algorithm was used [172]. This analysis
was performed using HeLa RBPome as a reference for human proteins, as this is
a highly benchmarked and validated resource that sets the basis for a high-quality
dataset [119]. The analysis revealed that 79% (n=662) of Ae. aegypti and 78%
(n=537) Ae. albopictus has human orthologs (Fig.4.10A). High incidence of orthologs
suggests overall functional conservation between mosquitoes and humans, supporting
the use of human RBP data to inform hypotheses in mosquitoes. GO term analysis
further revealed functions related to RNA biology, such as processing, modification,
translation and turnover (Fig.4.10B). This further ascertains the robustness of RIC to

enrich for RBPs.
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Figure 4.10: Orthologous relationships, species-specific overlap, and GO processes

of mosquito RBPs

A) Proportion of RBPs from mosquitoes with predicted orthologs in the human RNA-bound proteome.
Approximately 79% (n = 662) and 78% (n = 537) of RBPs in Ae. aegypti and Ae. albopictus,
respectively. Homo sapiens orthologs (pink) and without (purple). This indicates that the majority of
RBPs identified in Aedes mosquitoes are shared with Homo sapiens.

B) GOterms showing processes involving RNA, such as translation, RNA binding and RNA helicase

activity in Ae. albopictus and Ae. aegypti.

4.2.5 RNA-binding sites (RBS) are evolutionarily conserved

Protein regions involved in RNA interaction are biochemically constrained, and based
on the hypothesis that RBS must be, on average, more conserved than other RBP
regions, RBS sequences were assessed for level of conservation. With the assistance
of Rozeena Arif, RBDmap data from Hela cells was utilised. In brief, RBDmap
combines protein—RNA UV crosslinking, limited proteolysis, and mass spectrometry
to globally map protein segments directly involved in RNA binding (Fig.4.11A) [106].
The analysis revealed that RNA-binding regions are by far more conserved than other

protein sequences in the RBPs (Fig.4.11B). These results validate the hypothesis,
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reinforcing the idea that RNA-binding regions are more constrained biochemically than

other RBP regions.
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Figure 4.11: RBDmap schematic and sequence conservation of RBPs in mosquitoes
A) Schematic of RBDmap showing the UV crosslinking of protein to RNA, followed by oligo(dT)
capture. An additional protease digestion was performed that targets lysine (Lys) and arginine (Arg),
followed by a second oligo(dT) capture and mass spectrometry.

B) Violin plots showing sequence conservation increases with proximity to the RNA-binding site
(RBS), emphasising the importance of sequence conservation in ensuring proper function of RBPs.
Full length RBP (purple), Full length RBP without RBS (blue), proteolytic fragment (lavender), RNA

binding site (pink). P < 0.001, *** , is significant, while NS was not significant.

RBDmap was generated in human cells, and based on the hypothesis that the high
level of interspecies conservation would allow for the identification of RBS in relevant

mosquito RBPs. As a proof of principle, DHX15 and TOP3B were chosen because
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they are known to play regulatory roles during viral infection, and there is a human
RBDmap dataset available [106, 168, 169]. Protein domain annotations were obtained
using InterProScan v5.64 [155,156], which provided tabular domain information based
on protein sequences. After mapping the human RBDmap sequences to mosquito
orthologs, this regions were visualised and highlighted using ChimeraX [173]. PFAM
domain analysis showed that domain architecture was largely conserved across Ae.
aegypti, Ae. albopictus, and Homo sapiens (Fig.4.12 A, DHX15 and TOP3B ). DHX15
was highly conserved across species, both in sequence and domain architecture
(Fig.4.12). In contrast, TOP3B exhibited an additional domain in humans that was
absent or truncated in both Aedes mosquitoes (Fig.4.12). This suggests a loss of

domain in mosquitoes or gain in domain in humans over evolutionary time.

RBDmap RNA-binding site (RBS) showed DHX15 RNA binding activity to be located
in the DEAH helicase domain (PF00270) (Fig.4.12B, DHX15). By contrast, TOP3B,
with unorthodox RBP with no recognisable RBD. The analysis revealed the RNA-
binding site to be located in the topoisomerase domain (PF01131) that is highly
conserved from mosquito to human (Fig.4.12 B, TOP3B). This conservation analysis
was consistent in human and the Aedes mosquitoes, highlighting the power of

evolutionary analysis at identifying RBDs given their biochemical constraints.

By performing multiple sequence alignment using the MSA R package, and visualising
using amino acid conservation with the "prettyshade" parameter [174], sequence
similarity between the human and mosquito RBPs at the RBS was quantified. Ae.
aegypti and Ae. albopictus DHX15 RBS had 100% sequence identity, although a
few conservative substitutions were observed in humans (i.e., biochemical properties
were maintained) (Fig.4.12C, DHX15 ). Similarly, TOP3B RBS had 100% identity, with
few conservative substitutions in humans (Fig.4.12C, TOP3B ). These results suggest
sequences can vary at RBS across evolution, but the overall biochemical properties

are conserved to some extent.
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Figure 4.12: RNA binding domains, RNA binding sites, and their sequences
A) Comparison of RBPs, DHX15 and TOP3B, across species (human and mosquitoes), showing their
PFAM domains as predicted by InterProScan, highlighted in blue and purple,
B) RNA binding site (RSB) as predicted by RBDMap mapping highlighted in magenta, and
C) Sequence alignment showing degree of conservation with blue showing conserved sequences,

pink showing sequence similarity and white showing no sequence conservation.
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4.3 Discussion
4.3.1 Conservation of RBPs

This study provides the first comprehensive study of RBPs in mosquitoes, which is
a major vector of medical concern. Particularly, high-quality RPB resources for both
Ae. aegypti and Ae. albopictus was generated, offering potential avenues for vector
control interventions. Using RNA interactome capture [119, 120], over a thousand
RBPs were identified in both species. Remarkably, approximately 78% had orthologs
in human RBPs, suggesting a degree of evolutionary conservation and reinforcing the
notion that core RNA processing components are maintained even in taxa as divergent
as insects and mammals. This is consistent with cross-species analysis in yeast and
nematodes, where they found 56% of nematode RBPome to match yeast and 62%
of yeast RBPome to match that of nematodes [124]; in the Drosophila RBPome, 148
RBPs were found to be shared by at least three species (mouse, nematodes and
humans) [107]. Reinforcing that even across evolutionary distance, species RBPs
appear to be retained, suggesting strong selective pressure to maintain RNA-protein

interactions.

Interestingly, these shared RBPs that appeared to be in all interactomes have been
shown to be predominantly proteins previously known and are involved in core
processes of RNA metabolism, such as translation and processing, whereas species-
specific proteins are enriched for novel RBPs [107]. In the mosquito data sets, 396
proteins were shared between Ae. aegypti and Ae. albopictus, with 33 RBPs Ae.
albopictus having no ortholog in Ae. aegypti. While the 33 show possible novel
species-specific RBP enrichment, overall, the overlap shows that RBPs are highly

conserved, as their biological functions need to be maintained.

4.3.2 Known (Classical and non-classical RBDs) vs unknown (unconventional

RBDs) RBPs

Another important observation in the mosquito data set was the identification of

known or unknown RBDs. Known are those with known RBDs, while those with
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unrecognisable RBDs are unconventional. Remarkably, about 50% of RBPs identified
in mosquitoes have known RBDs, which contain classical or non-classical RBDs that
have been previously identified [105,119] while the remaining 50% represent unknown
RBDs. This mirror findings from humans, where 53% of the RBPs were found to have
known RBDs and 47% to have unknown [106]. Similarly, another study reported that
approximately 60% of yeast RBPs and about 70% of human RBPs contain known
RNA-binding domains [122]In Drosophila, only 14% of fly-specific RBPs carried known
RBDs, whereas among RBPs conserved across species, 86% possessed identifiable
RBDs [107]. This concordant observation in human, fly, yeast and now mosquitoes
indicates that roughly about 50% of cellular RBPs fall outside the scope of typical
RBDs. This, therefore, presents the notion that the majority of RBPs bind RNA through
diverse domains such as enzymatic domains and regions of low complexity rather than

dedicated domains [106,119, 131]

The repertoire of classical RBDs detected in mosquitoes is identical to that in other
species, reflecting the evolutionary conservation of RNA-binding architecture. RRMs
were the most predominant domains in the mosquito RBPome, followed by well known
KH domain and DEAD/DEAH-box helicase. This matches the profile of mammalian,
yeast, flies and nematode RBPomes, where RMMs, KH domains and DEAD-box
helicase proteins were prevalent domains [106, 107, 121-123]. This widespread
presence of RRMs, KH domains and helicase domains emphasises their ancient origin
and indispensable role in binding and remodelling RNA. Non-classical RBDs, such as
zinc fingers, ribosomal proteins, and spectrin proteins, were among RBPs present in
mosquitoes. This analysis classified known RBPs as classical or non-classical based
on prior definition by Castello and team [106], and found similar proportions of these
RBPs to be reported in HelLa cells and Drosophila [106,107]. Such RBPs represent a

class of RBPs that also play a role in the binding and remodelling of RNA.

4.3.3 Biochemical features of mosquito RBPs

Biochemical properties also offer evidence for the validation and conservation of

mosquito RBPs identified. Like in human and yeast RBPome [106, 107] where
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biochemical properties are intrinsically tied to RNA binding function, low HI was
observed in mosquito RBPome, which is to be expected as RBPs need to remain
soluble in the cytoplasm or nucleoplasm and to easily shuttle between compartments.
In Castello and colleagues’ Hela cells study, they showed that hydrophobic proteins
were underrepresented in the captured fraction of RBPs relative to the whole proteome
[119]. The mosquito RBPome aligns with this trend, reinforcing that RBPomes are

inherently enriched for soluble, hydrophilic proteins across species.

Another feature of RBPs is the overall basic (positively charged) character, measured
by pl. RNA is a polyanion; amino acid residues such as lysine and arginine in proteins
allow for effective binding by mediating electrostatic contact with the RNA backbone.
The mosquito RBPome was found to have a more basic pl than the whole proteome,
reaffirming that mosquito RBPs are enriched in positively charged amino acids. This
closely resembles that of human RBPs, which was shifted toward basic pl when
compared to non-RBPs [106,119]. Nematodes and Drosophila also showed a similar
trend of basic RBPs [107, 123]. This convergence in pl suggests a biochemical
optimisation for RNA binding across evolution, where RBPs accumulate basic residues

to bind negatively charged RNA.

Another key feature is that RBPs tend to contain intrinsically disordered regions (IDRs).
These are regions in the protein that lack a fixed 3D structure and often facilitate RNA-
binding in many proteins, providing scaffolds and low-affinity interaction interfaces that
can accommodate a plethora of RNA [106]. In the mosquito RBPome, RBPs were
found to be more disordered than typical proteins. This aligns with findings in human
cells where more than half of RBSs in the human RBP lie within IDRs [119]. This
shows that IDRs are common in the RBPome world and allow for dynamic interaction
of RBPs. Like in other species, the detection low-complexity motifs within the mosquito
RBPs was observed. For instance, RGG boxes were the most abundant motifs in
mosquitoes, and have been observed in human, mouse and yeast [122, 158, 175].
These RGG/RG motifs are known to contribute to RNA binding and phase separation,
such as stress granule formation, due to their biochemical properties [131,176]. YGG,

GYG, GYS, SYG and SYS motifs were also observed to be present in mosquito RBPs
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just like in humans. These glycine, tyrosine and serine subsets of low complexity
motifs are thought to work similarly as RGG boxes. Other low complexity motifs, such
as poly(K), SR-rich motifs that were present in mosquito RBPs are also common in

mammals [119,175].

4.3.4 Domain and RBS conservation

Looking at specific examples, to assess how well the domain architecture and RBS are
conserved across mosquitoes to humans, focus was given to two proteins, DHX15 and
TOPS3B, which have both been functionally implicated to be antiviral [168, 169]. This
provides a contrast between conventional vs unconventional RBPs. DHX15 contains
a known helicase (DEAH-box) domain often found in RNA-binding helicases, whereas
TOPS3B is an unconventional RBP, a topoisomerase enzyme not classically categorised

as an RNA-binding protein.

Using InterProScan for domain annotation, RBDMap Hela data as a guide for
RBS, and Alphafold models. DHX15, a DEAD box helicase involved in splicing
quality control, suppresses transcription upon detection of widespread intron retention
[177]. DHX15 has been reported to recognise viral RNA and modulate anti-viral
signalling in mosquito cells by regulating glycosylation during DENV and CHIKV
infection [169]. DHX15 showed remarkable conservation of the RNA-binding site in
the helicase domain (PF00270) across mosquitoes and humans. TOP3B, a DNA/RNA
topoisomerase, has been shown to form a complex with RDRD3 and facilitate gene
transcription and resolution R-loops [178] and to have anti-viral activity in tick cells by
impairing the production of viral particles [168]. TOP3B contained its RNA-binding site
in the topoisomerase (PF01131) domain across mosquitoes and humans. However,
the mosquito TOP3B structures had a truncated domain/region that only appears in
the human TOP3B. The loss of a domain could reflect divergence in the biological role
of TOP3B; perhaps in vertebrates, it acquired an additional regulatory domain for RNA
or protein interactions that insects do not require. However, the core architecture of the
RNA-binding site remains conserved. This aligns with the RBDmap study in human

cells that reported RBD to have a high degree of evolutionary conservation, with many
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critical RBD residues being similar biochemically across species [106].

4.3.5 Limitations of the study and future work

While RIC is highly effective in capturing mRNA-bound proteome, it is inherently biased
to polyadenylated RNA, which means RBPs that act on rRNA, tRNA and snRNA are
underrepresented or absent. This may be valuable when studying mRNA-associated
proteins; however, if the intent is to capture the total RBPome, complementary
methods, such as enhanced RIC, are advisable. The identified RBPs in mosquito
cells, while insightful, do not give a clear picture of what happens in different tissues,
where the physiological composition is different and future experiments should work

on the whole mosquito.

Future work should expand RBP discovery and focus on functional characterisation,
particularly of unconventional and mosquito-specific RBPs. Key questions include
whether unconventional RBPs bind RNA sequence-specifically or act as chaperones.
Approaches like CLIP-seq or RIP-seq will be crucial to map these interactions and

uncover links between metabolism and gene regulation in mosquitoes.

In conclusion, mosquito RBPs retain core architectural and biochemical features
observed in higher organisms, including conserved RBDs, enrichment of IDRs, and
preservation of RNA-binding sites. This evolutionary convergence speaks to the
fundamental role of RBPs across species. Furthermore, the identification of species-
specific and unconventional RBPs offers insight into mosquito-specific RBPs as targets
for vector or antiviral strategies. In the next chapter, the remodelling of the mosquito

RBPome during viral infection will be investigated.
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5 The remodelling of Ae. aegypti RBPs by SINV virus

5.1 Introduction

Over the years, the study of protein interactions was limited to individual proteins. A
systematic search for classical RNA-binding domains, such as RNA recognition motifs
and KH domains, facilitated the identification of RBPs [105]. These classical RBDs
often have a modular architecture that enhances affinity and specificity [179]. However,
over the last two decades, it has become apparent that non-canonical RBPs can also
mediate interactions with RNA with unusual topologies and RNA binding modes [180,
181]. The discovery of these unorthodox RNA binders highlights the existence of a

broader universe of RBPs that remain unknown.

The establishment of RIC led to the unbiased identification of RBPs [119, 120, 182].
RIC takes advantage of the photo-reactivity of nucleotide bases to UV irradiation to
covalently bind RNA and proteins at zero distance. This is followed by the capture of
polyadenylated RNA by hybridisation to Oligo(dT) magnetic beads under denaturing
conditions. When RIC was applied to HeLa cells, 800 RPBs were identified, where
two-thirds of them lacked canonical RBDs [119]. Adjusting the RIC protocol by
adding a partial proteolytic step revealed that newly identified RBPs interact with
RNA through catalytic cores, protein-protein surfaces and intrinsically disordered
regions (IDRs) [106, 183]. Application or RIC to other systems, including tissues,
revealed that the RNA interactome is very diverse but highly conserved across species
[107,184,185]. Evolution of RNA-protein capture methods, such as protein-crosslinked
RNA eXtraction (XRNAX) to capture total RNA as opposed to only poly(A) RNA,
identified proteins that largely overlap those captured by RIC [138]. RIC has also
been applied to identify RBPs influenced by physiological and pathological cues.
In Drosophila embryonic development, it was observed that the maternal zygotic
transition correlates with hundreds of changes in RBPs associated with RNA. The
changes were mostly related to protein abundance as a result of proteomic alterations

associated with embryonic development [107].
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Viruses are expected to dynamically interact with host dependency and antiviral
factors, which provides an excellent context for RIC to profile cellular RBPs
dynamically. In mammalian cells, RIC has been used to characterise the cellular
RBPome during infection with SINV, SARS-CoV-2, and influenza virus (IAV) [101,
113, 114]. Notably, these studies showed an alteration of the RBPome as infection
progressed, with over 30% RBPs exhibiting changes in RNA binding activity at
later time points [101, 113, 114]. Investigation of RNA transcripts using RNA-seq
further revealed that SINV infection resulted in widespread degradation of cellular
housekeeping genes, and viral RNA became the most abundant RNA species in cells
(70%) [101]. RIC in infection also revealed many relevant antiviral and dependency
proteins. For example, Interferon-gamma inducible factor 16 (IFI16) was one of the
early responders to SINV infection. IFI16 has been shown to bind DNA [186]; However,
RIC also shows it binds RNA [101]. Previous studies have also demonstrated that
IF116 interacts with CHIKV RNA and suppresses infection [187]. These confirm how
antiviral proteins like IFI16 are vital in antiviral defences to modulate virus success
during infection. Dependency RBPs, such as 5°-3’ exonuclease 1 (XRN1) were also
upregulated during infection. XRN1 was shown to play a pivotal role in SINV and
SARS-CoV-2 infection, where its depletion led to cells being refractory to infection
[101,188]. Activation of XRN1 could explain the degradation of cellular RNA observed
during SINV and SARS-CoV-2.

This demonstrates the applicability of comparative RIC as a powerful tool for
elucidating the RBPome under diverse conditions, including during infections with
different viruses, across multiple cell types such as mosquito cells, and following
experimental conditions such as interferon stimulation. Such experiments broaden

our understanding of the complex interactions between viruses and their hosts.

In this chapter, The aim is to define the atlas of RNA-binding proteins in Ae. aegypti
Aag2-AF5 cells at 8, 16, and 24 hpi (hours post-infection) using comparative RIC. By
profiling host RBPs over the course of infection will aid in determining what factors

drive viral replication in mosquitoes.
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5.2 Results
5.2.1 Infection kinetics in Ae. aegypti derived Aag2-AF5 cell line

Mosquitoes often show little to no cytopathic effect during infection, establishing
persistent, non-lethal infection, unlike in mammalian cells [189]. To characterise
infection kinetics in mosquitoes, two components were considered in the study design:
firstly, the cell line to use, Ae. aegypti Aag2-AF5 cells were selected due to
their monoclonal nature and a functional RNAi system [190]; second, the choice of
virus, SINV was chosen as a representative of alphavirus due to its tractability and
widespread use in arbovirus research [16,43,101,169,189,190]. The infection kinetics
were then conducted over an 18-day time course. Briefly, cells were infected with
SINV, and samples were collected (every day and every other day after day 10) to
assess viral replication and cell viability. Specifically, supernatants were harvested
to quantify viral titres, while cell pellets were used for viable cell counts, quantitative
reverse transcription polymerase chain reaction (RT-gPCR) to evaluate viral gene
expression. All infections were performed in a T25 flask, with three biological replicates
per condition, mock (uninfected) and SINV-infected (28°C, 0% CO,). Cells were

infected at a multiplicity of infection (MOI) of 1.

To assess the impact of infection on cell viability, samples were stained with trypan blue
and counted. A two-sample t-test (p> 0.01) on the mock and infected was calculated
for each time point. The results indicated minimal cell death across all time points in
both uninfected (mock) and SINV-infected conditions, with 93% or higher cell viability
being observed. There were no statistically significant differences between mock and
infected except on days 1 and 9. These findings suggest that cell death observed
during the time course was not driven by viral infection, but was likely due to baseline
cellular turnover and environmental stress associated with the harvesting process and

long-term culture (Fig.5.1).
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Figure 5.1: SINV infection does not significantly affect cell viability in Aag2-AF5 cells
Percentage viable cell counts were measured at multiple time points over an 18-day infection time
course by staining cells with trypan blue. SINV-infected (green) and mock/uninfected (gold) Ae.
aegypti Aag2-AF5 cells exhibited minimal differences in viability across all time points. Using a
paired t-test and mean and SD error bars for triplicate samples showed that mock vs infected cells
did not differ significantly except on days 1 and 9 (p < 0.1, *, and p < 0.05, **, not significant, ns). This
suggests that SINV infection does not induce significant cytopathic effects and that any difference in

cell viability was likely due to routine cellular turnover.

Infectious particle release over time Formation of viral particles indicates that the
virus is replicating and spreading. To estimate the number of infectious particles
released into the culture medium, plaque assays were performed on mammalian Vero
cells using the supernatants collected at each time point. Viral titres were calculated
in plaque-forming units per millilitre (PFU/ml) as described in the methods. The
results revealed a logarithmic increase in PFU/ml up to day 2, indicative of rapid viral
replication and release in the early stages of infection. This was followed by a gradual
decline from days 3 to 6 (2-fold decrease), with the exception of a transient increase

on day 5 (approx. 0.5 increase), though it did not reach the levels observed in early
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infection. A secondary increase in viral load was observed on days 7 and 8 (about
2-fold), followed by a decline on day 9, where it eventually stabilises for the remainder
of the experiment (Fig.5.2). These temporal dynamics suggest a biphasic infection
profile: an acute phase, corresponding to two replication cycles, characterised by high
viral replication and release; and a subsequent persistent phase, also spanning two
replication cycles, marked by lower and relatively stable viral titres. This reflects the

persistent pattern of infection generally observed in mosquito cells [189].

log10 PFU/mI
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Figure 5.2: Temporal profile of infectious virus release measured by plaque assay
Boxplot of quantified SINV viral particles from supernatants collected from infected Aag2-AF5 cells
passaged with virus over an 18-day time course using plaque assays on Vero cells, the error bars
showing mean and SD of triplicate samples. Viral titres (PFU/mL) increased exponentially, peaking
at day 2 post-infection, followed by a gradual decline from days 3 to 6 (with a transient increase on
day 5). A secondary increase in viral load was observed on days 7 and 8, followed by a decline
on day 9 and stabilisation from day 10 onwards. These dynamics indicate a biphasic infection
pattern comprising an acute phase of high replication and a persistent phase with lower, stable viral

production.
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Viral RNA gene expression over time Upon alphavirus entry into the host cell, they
hijack the host proteins for their replication. The process begins with the translation
of non-structural polyproteins (nsPs), which are synthesised to form new viral RNA.
Subsequently, synthesis of subgenomic RNA follows to produce structural proteins
[42]. To characterise viral replication kinetics, the expression of genomic (g) (non-
structural protein) and subgenomic (sg) (structural protein) viral RNA (vRNA) was
assessed by RT-gPCR over the 18-day time course. The results show that gvRNA
levels were lowest on day 1, peaked sharply on day 2, and then gradually declined until
day 6 by 1.5 fold, after which they remained relatively stable (Fig.5.3a). In contrast,
sgvRNA levels were highest on day 1, followed by more than a 5-fold decrease on
day 2, which continued to decline gradually to day 6, then rose gradually before
stabilising (Fig.5.3b). This suggests that the formation of new viral RNA occurs at
the onset of infection, as gvRNA levels are much higher, while sgvRNA levels occur
later on [42]. The eventual stable state of both the genomic and subgenomic RNA

suggests a persistent infection, which was also evident from the viral titres (Fig.5.2) .
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Figure 5.3: Genomic and subgenomic viral RNA dynamics during SINV infection in

Aag2-AF5 cells

Box of the expression of SINV genomic + subgenomic RNA (genomic) and subgenomic RNA showing
mean and SD from triplicate samples from each time point up to 18 days of infection. Genomic

RNA levels were lowest at day 1, peaked sharply at day 2, and gradually declined until day 6 before
stabilising. In contrast, Subgenomic RNA levels were highest on day 1 and decreased by more than 5-
fold on day 2, followed by a slow and steady decline that reached its lowest at day six, and then began
to steadily rise and then stabilise onwards throughout the infection. The presence of genomic RNA
reflects ongoing viral replication, while the Subgenomic formation of virus particles. Together, these
results reflect dynamic regulation of the SINV replication cycle in mosquito cells. Primers targeting
nsP2 were used to target genomic and subgenomic RNA while primers targeting the capsid were used

to target the subgenomic RNA.

5.2.2 Translation dynamics in mosquito and human

Viral infection in mammalian cells is lytic, while in mosquito cells is non-lytic [189]. To
assess the impact of SINV infection on host translation in arthropod versus human
cells, comparison of the global protein synthesis in Aag2-AF5 cells and human
HEK293 cells under uninfected (mock) and SINV-infected conditions. Both cell lines
were infected with SINV at an MOI of 1 for 16 hours, which ensured minimal cytopathic
effect in the HEK cells. To label the newly synthesised proteins, cells were treated with

a methionine analogue, L-Azidohoalanine (AHA) , which could later be conjugated
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to biotin for protein visualisation. In the HEK293 cells, robust protein synthesis was
observed in the uninfected (-) cells as indicated by the diverse banding pattern. In
contrast, the SINV-infected (+) HEK293 cell displayed a single band corresponding to
the viral capsid protein, suggesting host translational shutoff and redirection of cellular
resources to viral protein production (Fig.5.4). In Aag2-AF5 cells, both uninfected (-
) and SINV-infected (+) cells exhibited comparable banding patterns, similar to that
observed in uninfected (-) HEK293 cells. This indicates that SINV infection does not
induce shutoff of host protein synthesis in mosquito cells, and that translation remains
active during infection (Fig.5.4). These results highlight the fundamental differences
between mammalian and mosquito cells, with arthropod cells supporting persistent

infection (which is shown earlier Fig.5.2) without repression of translational activity.
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Figure 5.4: Comparison of host protein synthesis in infected and SINV-infected (+) and

uninfected (-) HEK293 and Aag2-AF5 cells

Cells were infected with SINV (MOI = 1) for 16 hours (to ensure minimal cytopathic effect on the

HEK cells), followed by a 1-hour methionine/cysteine starvation and a 4-hour pulse with AHA. Newly
synthesized proteins were detected using a biotin-azide click chemistry reaction and visualized by
streptavidin-HRP on a nitrocellulose membrane. In HEK293 cells, SINV infection led to suppression of
host translation, evidenced by a loss of banding and a single capsid band (30 kDA). In contrast, Aag2-
AF5 cells showed no apparent change in translation profile between mock and infected conditions,

indicating preserved host translation during infection.

5.2.3 Viral infection determines the RNA-bound proteome

Having observed that mosquitoes sustain persistent infection without an apparent
fitness cost and with translation remaining unhampered, it is evident that mosquito

infection dynamics differ from those in mammalian systems. Viruses are obligate
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intracellular parasites that rely heavily on host machinery for genome replication and
virion assembly. RNA-binding proteins (RBPs) exemplify such host factors frequently
co-opted during infection. The roles of RBPs have been extensively characterised
in mammalian systems [101,113]. Based on the hypothesis that RBP dynamics in
mosquitoes will differ from those observed in mammals, comparative RNA interactome
capture (cRIC) was performed in Ae. aegypti Aag2-AF5 cells infected with SINV and
uninfected. For cRIC, Aag2-AF5 cells were seeded and infected at approximately 80%
confluency with SINV at a multiplicity of infection (MOI) of 1. Cells were harvested
at 8, 16, and 24 hours post-infection (hpi). All experiments were conducted in three
biological replicates, each replicate comprising pooled lysates from three T175 flasks
to ensure sufficient material for proteomic analysis. RIC was then performed as

described in the previous chapter and in the Methods section (Fig.5.5).

AF5

[ > 7 4

> g UV 254nm ) AA

ahpi — f —

gi o — - - T ) — .,
% \ / ’W\/\/\,‘% N

24hpi
. " Mol 1 -
Cell culture UV crosslinking Cell lysis OligoDT capture Mass-spectrophotometry

Figure 5.5: Schematic of the cRIC workflow
Overview of the comparative RNA interactome capture (cRIC) methodology. SINV infected Aag2-
AF5 cells were UV-crosslinked at 254 nm to covalently link RNA-protein complexes, followed by lysis,
oligo(dT) magnetic bead pulldown of poly(A)-RNA, stringent high salt washing, and RNase digestion to

release crosslinked proteins for proteomic analysis.

Quality of protein enrichment To confirm successful SINV infection, western
blotting was performed for the viral capsid protein. Capsid levels increased with time,
peaking at 24 hpi, while tubulin levels remained unchanged, serving as a loading
control and representative housekeeping protein. As expected, capsid was absent
in mock controls (Fig.5.6A). The success of RIC enrichment was confirmed by SDS-
PAGE followed by silver staining. Eluates displayed distinct banding patterns (Fig.5.6

C) compared to input, indicating specific enrichment of RNA-bound proteins (Fig.5.6

109



B). Notably, eluate profiles were consistent across all infection time points (Fig.5.6 C),

suggesting that abundant, constitutive RBPs remain stable during infection [101].

B Inputs Cc Eluates
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Figure 5.6: Western blot and Silver staining of input inputs and cRIC eluates
A)Western blot analysis of cRIC eluates probed with antibodies against SINV capsid and tubulin
(housekeeping protein). Capsid protein levels increase with time, peaking at 24 hpi, confirming active
infection. Tubulin levels remain consistent across all samples, serving as a loading control. No capsid
is detected in the mock/control.

B-C) SDS-PAGE followed by silver staining of inputs and eluates from uninfected/mock (-) and SINV-
infected (+) Aag2-AF5 cells. Eluates show distinct banding profiles from input, indicating specific
enrichment of RNA-binding proteins. Eluate banding patterns are consistent across 8, 16, and 24 hpi,

suggesting stable RBP profiles during infection.

Eluates were then processed for LC-MS/MS-based proteomic analysis in collaboration
with Dr. Yana Demyanenko and Prof. Shabaz Mohammed at the Rosalind Franklin
Institute. Protein identification and quantification were performed using MaxQuant
v2.0 [159] and data acquisition was done using label-free data-dependent acquisition
(DDA) , identifying 1,556 proteins. Instances of protein intensity values not being
present (missing value) were evaluated across replicates. Missing values show
variability across replicates at each time point (Fig.5.7 left). To account for missing

values, data were normalized using variance stabilization normalization (vsn) in R
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[191]. By examining the protein intensities before and after normalisation (Fig.5.7),
it is evident that missing values account for variability in replicates and necessitate
normalisation for ease of downstream analysis. This variation could be a result of
biological variability, such as inherent cell heterogeneity or on/off scenarios (present
in mock and not infected or vice versa), or technical issues during sample processing

and/or equipment performance.
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Figure 5.7: Quality of proteins by mass spectrometry
A) Barplot showing the instances where protein was not present (missing values), variability within
and across replicates was evident(left). B) Boxplot of log2-transformed protein intensities identified
by LC-MS/MS in cRIC eluates at 8, 16, and 24 hours post-infection (hpi) before normalisation and,
C) after normalisation. Upon normalisation, the distribution remains consistent across all time points,
indicating reproducible protein enrichment and stable recovery of RBPs over time. M24 - Mock, SV8 -

8hpi, SV16 - 16hpi and SV24 - 24hpi.
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Remodelling of RBPs during infection In order to estimate the statistically
significant changes during infection, data was analysed relative to mock (uninfected)
by performing a moderated t-test using the limma R package [192]. To correct for
multiple testing, p-values from limma were corrected using FDRtool in R [193] and
False discovery rate (FDR) 1% and FDR 10% estimated in the data (Fig.5.9A). This
analysis revealed 215 proteins with altered RNA-binding activity at 8, 16, and 24 hours
post-infection (hpi). 143 downregulated, whereas 72 were upregulated (Fig.5.9B).
The number of upregulated proteins declined over time, whereas downregulated
proteins progressively increased, suggesting that host defence mechanisms are
activated as infection progresses. Interestingly, the 16 hpi displayed fewer altered
proteins compared to the other time points examined (Fig.5.9B), possibly suggesting

a transition phase infection dynamics, from acute to persistent infection.

The abundance of proteins may be influenced by the metabolic processes that occur
in cells. To delineate the steps of viral replication and transcription, viral temporal
changes were examined using protein intensities. Capsid increased during the course
of infection, while nsP1 decreased (Fig.5.8). E2 and nsP1-2 did not follow any
particular trend over the course of infection (Fig.5.8). However, the pattern exhibited
by Capsid and nsP1 aligns with the canonical alphavirus replication strategy, in
which translation of genomic (non-structural) proteins precedes that of subgenomic

(structural) proteins [45, 194].
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Figure 5.8: Temporal changes in viral protein intensities

Viral protein intensities obtained from normalised mass spectrometry data were plotted for 8, 16 and
24 hpi.Changes in protein intensities of viral proteins over time, showed capsid was increasing while
nsP2 was decreasing. This is in line with the normal viral life cycle, where non-structural proteins are
produced first, followed by structural proteins later on. The rest of the viral proteins did not follow a

particular trend.

114



A

8hpi interactome capture . 24hpi interactome capture
P P . 16hpi interactome capture P pture.
(E2) @ [E2)
8 8
PDRG1 [m]um]
(NDUV1] [TALDO)[MRM2)]
6] | 3 ,_21 ]AMRM:\
SSR2 PCE |{ CACP
[LLPH] (PSMD3) (Novai) p— [RLP24] (DCPiA) =
) = A ovenz|\(ssrP1) [ToRD7)
(RBMS3) 6 *(ToRD7) [DDX51iVC {PFD3) i
6 NFS1]  “{SENP1 o (1Ta7 APGL—
FXR1 \N——rToTTY Y ANXA7 k., b =— SAE1HMAON .
SAP)\ </SCRIB] g (RMIND1 ), 2 - .
. _{pFD3 SPHRA] +f NOVAT eeto) Y, [MvisA[SYTC] (ACBD7}-{ARPS
o | [Anxa7 G"'c__‘ (ePHRa) +* S | [scRiBX_fRiRz}{GLYR1] 7573 \LENGE S |emramer e N Ssyrm-{cs) [peers)
v "-{(MAONH GLYR1 [E)] - - 7 5 . SC23A) g .
o scoTt) \l & .. T, |(Fo{zchcs) (arP3)[cTNS SCNAf d 24, .
8 (ros ] (SVTC {AG87 \ o ! e D 4{M0ST o) Tmer) (22 (Pswoe) .
pel B L ETFA] [ ANM1 = [(acore] N . Capsid
_=|,4 ETrA] (RCL1 \J:::‘J’”}"—CT"S (FaRP2] ._L‘4 (Recay (st o) ATPK] x| MCCA) YROLT AN;M\ ()
[} o . L > N [ m [ |SNTC 5UCB1 NDUAD/‘TPIS
RTTN)  *(Pang) SuCB1) [AP3D1 apsid) - -
g— (a7 [cuLs) Pans) | g- (sueai] [APsD1) . [Copsid B— SPTNT —(VATA] [ATPA]
. ; SYIM] (CHD4. .- [PCBP3 WC%\I’NSF - .
(AcADV] (rvoe .t N )| (NSF] (—VRks .
ACADV]  (mvoe (zNe3s) . ACADV] = 1
HI3 | ACADV! T . * (mipEP) (MYH10
3] [oveaz) ((taT) iy - (eARY Send { Sy s
(rao ACS\F3{ Kl;s:laﬂ‘ . o 2 ALotz) [SPR e
ek (S5 ] o) 2 GG
Ak2 | | TERATDRD3 /[mAEL] 1assz ] JVDAC2)(G3P) [SFaB4
e LT~ RS (DLGS) o= IMDH2 - UBA1 7= ons
ALaATR CSK21 Byl > [Nom1 7
N NX~ FA9BA[ iR — o (sETiB 7| ACsFapMS{BIP] [RNF10]
\H TNk IDHP)  fivh10 . g NDUS7HFLOT2| =222 —— EIF3F
[smeasHswmrcz) DEST[\ Avaat— M SPF30 MDHM
e eaf ST RIOX1 RT11] = a
5NTC ons e ! [sva] . / (R
SYSC - ] DHB .
2 F3B67, . D o 8
SMRD1 /WWE % / B Skl 5’{.«.‘ uTPE) jﬁdzf:"g. [RNF10 A
SYNJ1 o
0 0 0 U

10 -5 0 5 10
FoldChange 8hpi vs Mock24 [log2]

-10, -5 0 . 5 10 15
FoldChange 16hpi vs Mock24 [log2]

B Upregulated vs downregulated proteins

90

[o2]
o

Number of proteins

(o)
o

HDOWN
mupP

SV8

SVi6

SV24

C

Density

-10 -5 0o 5 10
FoldChange 24hpi vs Mock24 [log2]

Temporal protein intensities

O altered
ons

425 450 475

. 5.25
Mean intensities of proteins [log2]

Figure 5.9: Protein abundance during SINV infection of Ae. aegypti cells

A) Volcano plots highlighting regulated proteins at 10% FDR ( light pink upregulated, blue

downregulated), and 1% FDR (Dark pink upregulated, purple downregulated) during active infection

with SINV at 8, 16 and 24 hpi.

B) Bar plot showing the number of upregulated and downregulated proteins over time (8, 16, and 24
hpi) during infection with SINV. The number of upregulated proteins decreased over time, while the

opposite was true for downregulated proteins, except at 16 hpi where it was lower than either 8 or 24

hpi, suggesting a possible transition between the acute and persistent phase of infection.

C) Density plot showing the distribution of significantly altered proteins (pink) vs unaltered proteins.

This shows that most of the proteins were not changing.

Across time points, only 7 upregulated proteins were shared, 4 of which were viral
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proteins (Fig.5.10A), while 7 were shared from the downregulated proteins (Fig.5.10B).
This suggests that most responses were time-specific. Heat map and clustering
analysis of shared proteins revealed three groups: two clusters that were indicative
of downregulation and one that showed upregulation as the infection progressed
(Fig.5.10C-D). The heat map (Fig.5.10C) and density plot (Fig.5.9C) also suggest that
only very few RBPs are changed during viral infection, while the majority of proteins
are unaffected (Fig.5.10C-D). This is supported by the translation shutoff experiment,
where no difference in translation for the infected and non-infected was observed
(Fig.5.4). Collectively, the few proteins that change exhibit pronounced temporal
dynamics, characterised by rapid turnover and clear time-dependent modulation of

relative abundance. (Fig.5.10C-D).
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Figure 5.10: Quantitative overview of altered proteins during Sinbis infection of Ae.

aeqgypti cells

A-B) Upset plots of up- and down-regulated proteins showing the degree of intersection (shared
RBPs) over the course of infection. Most RBPs were regulated in a time-specific manner, with 7
upregulated and 7 downregulated proteins being shared across time points.

C) Heatmap of 14 protein groups without missing values clustered according to their abundance
patterns over time,

D) Clusters of abundance profiles of 14 proteins (shared across time points) over time. Clusters 1

and 2 are declining as infection progresses, with cluster 1 increasing slightly at 24 hpi. Cluster 3
proteins increase as infection progresses. This suggests a temporal dynamic of protein regulation that

is influenced by both host and virus.
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Function characterisation of altered RBPs The altered RBPs were subjected to
further characterisation. Firstly, gene ontology (GO) enrichment was performed using
G: Profiler [195]. GO enrichment analysis revealed several categories that were altered
during infection (Fig.5.11A). Among them were: RNA binding, reflecting the role of
RBPs in viral replication and host defence; proton transmembrane activity, suggesting
the modulation of ion transport processes that maybe necessary for maintaining
homeostasis during infection; oxidoreductase activity and nucleotide bind, suggesting
changes in redox metabolism and nucleotide associated processes; ligase activity,
which may indicated remodelling of modification pathways, such as ubiquitination:
heterocyclic binding and anion binding, were also represented, consistent with broad

metabolic and structural adjustments occurring during infection.

KEGG pathway analysis further revealed that RNA degradation pathway to be
upregulated, suggesting infection affects the RNA turnover mechanism. Pathways
such as valine, leucine, and isoleucine degradation and biosynthesis of amino acids
related to amino acid metabolism were identified. In addition, pathways central
to energy metabolism, including the TCA cycle, carbon metabolism, and oxidative
phosphorylation, were altered during infection, suggesting the virus also requires

modulation of these resources for its survival (Fig.5.11B).

Given that RNA-binding proteins harbour an array of RNA-binding domains, both
canonical and non-canonical [106], the identified RBPs were analysed for the domains
they harboured. Strikingly, more than 80% harboured non-canonical domains,

suggesting the involvement of unconventional RNA-binding mechanisms (Fig.5.11C).

Previous studies have demonstrated that enzymes frequently moonlight as RBPs
despite lacking conventional RBDs [109, 110]. To further characterise the functional
profile of the significantly altered proteins, they were classified based on their enzyme
class. Approximately 25% could be assigned to six major classes: hydrolases,
ligases, lyases, transferases, oxidoreductases, and isomerases (Fig.5.11D). To assess
whether these RBPs were preferentially upregulated or downregulated, a forest plot

of odds ratios comparing up vs downregulated RBPs was generated (Fig.5.11D).
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This revealed that most classes showed an odds ratio below 1, indicating a trend
towards downregulation during alphavirus infection (Fig.5.11D and Appendix. 8.4).
In particular, Ligase tended toward upregulation with RBPs belonging to the class
of aminoacyl-tRNA synthetases (aaRSs), which are enzymes that catalyse the
attachment of specific amino acids to their corresponding tRNAs, lyase and hydrolases
were more or less evenly distributed between up- and downregulated proteins,
while oxidoreductases displayed strong (significant) downregulation (Fig.5.11D and

Appendix. 8.4).
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Figure 5.11: Characterisation of Altered RBDs during SINV Infection
A) Dot plot showing GO Molecular function enrichment. Most categories involved RNA processing,
metabolism, and transport. The size of the dot represents the number of proteins, blue represents
upregulated proteins, and orange represents downregulated proteins.
B) Dot plot of KEGG analysis pathways. This revealed pathway is involved in amino acid metabolism
and energy metabolism. The size of the dot represents the number of proteins, blue represents
upregulated proteins, and orange represents downregulated proteins.
C) Barplot showing classification of RBPs based on RNA-binding domains (RBDs). More than 80%
significantly regulated RBPs contained non-canonical RBDs
D) Barplot showing proportion of RBPs that are enzymes (25%) and forest plot showing up- and
down-regulated enzymes during infection. Odds ratios >1 represent preferential upregulation and < 1
represent preferential downregulation of proteins. Ligases tend towards upregulation (not significant),
lyase and hydrolase had no bias, while oxidoreductase significantly downregulated, and transferase

tends towards downregulation (not significant).
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5.3 Discussion

In this chapter, three key features of infection in Ae. aegypti mosquito cells are
highlighted. Firstly, how infection in mosquito cells alternates between acute (high
rate of viral replication) and persistent (low rates of replication) phases over 18 days
and with minimal effects on cell viability. Secondly, translation dynamics in human and
mosquito cells during infection are vastly different. In human cells, total translation
shut-off is observed, while in mosquito cells, translation proceeded as normal. Thirdly,
using proteomics, 215 mosquito RNA-binding proteins were remodelled during an
arboviral infection. These RBPs exhibited time-specific RBPs, RNA-binding activity
that was evident from the GO term and KEGG analysis; RBPs with unconventional
RNA-binding domains were the most abundant, of which over 25% were enzymes.
Overall, this chapter shows that viral replication in mosquitoes is biphasic, going
through periods of high and low viral replication; mosquitoes can overcome virus-
induced stress and therefore do not exhibit translation shutoff; and the repertoire of

RBPs during infection is altered.

5.3.1 Alphavirus infection dynamics in mosquito cells

The findings show that SINV infection in Aag2-AF5 cells follows a biphasic course
characterised by an acute replication phase that eventually establishes persistence. Of
note, this transition occurred with minimal loss of cell viability, despite the continuous
detection of viral RNA. This contrasts with vertebrate cells, where virus infection
results in cytopathic effect [189]. Similar biphasic dynamics have been reported in
mosquitoes infected with alphavirus such as SINV and CHIKV, where the infection
eventually stabilised into persistence, which allows for long-term viral maintenance
with no debilitating effects to the host [196, 197]. This difference reflects distinct
evolutionary pressures acting on arborviruses in their vertebrate and mosquito hosts.
In vertebrates, the virus encounters strong innate immune responses, particularly
the interferon-mediated pathways, where recognition of viral RNA by host pattern
recognition receptors such as RIG-I, MDAS5, and TLRs induces type | interferons and

downstream expression of interferon-stimulated genes (ISGs). To evade this host
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response, alphaviruses have evolved immune evasion strategies that shut down host
transcription and translation. Viral nsP2 degrades RNA polymerase Il and halts host
mMRNA synthesis, while repurposing host translation machinery for its replication [196].
By contrast, mosquitoes’ antiviral defence relies heavily on RNA interference (RNAI),
which regulates but does not clear the infection. As a result, tolerance has been
established between the alphavirus and mosquito that allows for sustained levels of

virus replication [170, 198].

In the time-course analysis, viral genomic RNA levels peaked at day 2 and declined
approximately fivefold by day 6, whereas subgenomic mRNA reached its maximum
at day 1, declined about fifteenfold by day 6, and then stabilised. This expression
pattern is consistent with the canonical alphavirus replication cycle, in which genomic
RNA is first translated to produce the nonstructural polyproteins (nsP1—-4) that drive
RNA synthesis, followed by the generation of subgenomic RNA encoding the structural
proteins required for virion assembly [43,199]. Importantly, the decline and subsequent
stabilisation of viral RNA coincided with viral titre plateauing at relatively low levels,
providing a strong argument for the establishment of persistence in Aag2-AF5 cells.
Together, mosquitoes exhibit a biphasic mode of infection, characterised by an initial
acute phase followed by persistence. This adaptive co-evolution between the mosquito
and virus enables tolerance, ensuring mosquito survival and long-term transmission

potential.

5.3.2 Translation shut-off or tolerance as a coping mechanism

Protein synthesis in vertebrates and mosquitoes is strikingly different during infection.
In vertebrate cells, alphaviruses induce profound transcriptional and translational shut-
off. This process is primarily mediated by the viral nonstructural protein 2 (nsP2),
which translocates into the nucleus and promotes the degradation of the largest
subunit of RNA polymerase Il (RPB1), thereby preventing host mRNA synthesis
[196,200-202]. In addition, the inhibition of translation is induced by the induction
of protein kinase R (PKR) by dsRNA viral RNA. The binding of PKR to dsRNA leads to

conformation changes that result in autophosphorylation of PKR, which subsequently
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phosphorylates elF2«. Phosphorylation of elF2« blocks the binding of GTP to intiate
MET-tRNA to start translation. As a result, global cap-dependent translation initiation
is shut off [196,203]. This results in the collapse of host protein synthesis, while
translation of viral RNA progresses due to structural differences in the viral subgenomic
RNA that enable ribosomes to bypass this inhibitory pathway [204]. The HEK cells
infection experiment confirmed this phenomenon by showing a single protein viral band
(capsid) on the nitrocellulose membrane, indicative of host translational shut-off. This
reflects the virus strategy to maximize production of viral proteins while crippling the

mammalian host antiviral defense [205].

In contrast, mosquito Aag2-AF5 cells did not exhibit translation shut-off upon SINV
infection. Labelling of metabolic proteins showed indistinguishable protein profiles
between the infected and uninfected. This indicates mosquito global translation is
unaffected even as viral proteins are being produced. Mechanistically, this suggests
that mosquito immune defence is fundamentally different from mammals. Pathways
such as the PKR sensing of dsRNA may be absent or function differently [150, 201].
The mosquito antiviral strategy, RNAi, employs viral degradation rather than shutting
down host translation, which ensures viral production is controlled while global
translation is unhampered [196,206—209]. Taken together, this highlights the central
theme of arbovirus biology. Alphaviruses induce strong shut-off in vertebrate hosts to
evade antiviral defences, whereas in mosquitoes, infection proceeds in a translation-
permissive state without compromising the host. To achieve this arboviruses co-opt
host factors such as RBPs; thus, understanding host-virus interaction is crucial for

identifying targets that could potentially control the spread of alphaviruses.

5.3.3 Proteomic remodelling of RBPs in Ae. aegypti cells (Aag2-AF5) during an

alpha virus infection

Given that SINV infection in mosquito cells does not obliterate host biosynthesis,
shows thatRBPs could be used to foster a tolerance state of infection among other
mechanisms, such as the RNAi pathway. Using RIC, identified 1556 RPBs with only
215 being significantly altered in at least one of the time points, 8, 16, and 24 hpi. This
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suggests that the global landscape of RBPs remains largely unaltered during SINV
infection. Viral proteins (nsP1-4, capsid, E2) were among the 72 RBPs that were
upregulated, and 143 RBPs were downregulated over time, indicating that infection in
mosquitoes moves towards suppression as infection progresses. The highest numbers
of changes were observed at 8 and 24 hpi, with fewer alterations at 16 hpi, suggesting
a translational phase between the acute and persistent phases of infection. A similar
pattern has been observed in CHIKV infection of Ae. aegypti cells, which induced
relatively few proteomic changes at early time points but had a marked increase of
altered proteins at 36 hpi, an indication of host progressive remodelling RPBs during

infection [210].

This study also aligns with proteome-wide studies in virus-induced RBPome changes.
In mammalian cells, SINV infection resulted in a similar scale of altered proteins during
infection, 247 RBPs [101]. Changes in the RBPome were mainly driven by loss of
cellular RNA and emergence of viral RNA, due to host transcriptional shut-off and
increased viral transcripts. Indeed, Garcia-Meoreno et al. identified key regulators
such as XRN1, an exonuclease that localises with viral particles and promotes SINV
infection, and GEMINI5, a small nucleolar ribonucleoprotein that acts as a negative
regulator of viral gene expression [101]. Hydrolases, e.g., XRN1, were uniquely
identified at 8 hpi in the proteomics data, suggesting a similar role in promoting viral
infection, however, transiently. This indicates that the host or virus reconfigures RBPs
based on their needs, albeit with different outcomes. In mammals, a lytic infection is

observed, while in mosquitoes, it is nonlytic, leading to persistence.

The proteomic data also captured the temporal dynamics of viral proteins. However,
they were consistently changing during the course of infection. In particular, nsP1
decreased with time while capsid increased over time, conforming to typical alphavirus
replication where nonstructural polyproteins (nsP1-4) are translated immediately to
form the replicase complex, while structural proteins are produced later on during
infection [197]. This detection of viral proteins in the RBPome confirms that these
proteins are inherently associated with viral genomic and subgenomic RNA during

infection, thus emphasising their role as central RNA binding hubs that coordinate
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replication and transcription of the viral genomes [43, 46]. RPBs that co-purify with

viral proteins are therefore potential cofactors of viral replication. [148].

Notably, several host RBPs altered at all time points may represent key factors in the
mosquito response to infection. Among those consistently upregulated were NOVA1,
DCP1A, and LENGS, proteins associated with RNA metabolism and processing.
For example, DCPIA is a core activator of the mRNA decapping complex usually
associated with XRN1. XRN1 has been shown to be viral dependency factors in
mammalian cells favouring viral replication, often colocalising with viral particles and
providing free nucleotides from the degradation often host cellular mRNA [101,211].
In contrast, consistently downregulated proteins included ACADV, CTNS, SYNJ1, and
RCL; however, their association with infection is not known. For example, ACADV is
an acyl-CoA dehydrogenase involved in fatty acid metabolism and is likely to provide
energy; however, the host likely regulates its production to control viral replication

[212].

Overall, these findings demonstrate that SINV virus infection triggers progressive and
selective remodelling of the mosquito RNA-binding proteome, with early upregulation
of supportive factors giving way to later host-driven suppression, consistent with the

establishment of persistence.

5.3.4 Function and pathway analysis of altered RBPs

Viral replication is an energy-intensive process and could explain why processes
such as the TCA cycle, carbon metabolism, oxidoreductase activity, and oxidative
phosphorylation appear among the GO and KEGG terms. To meet their replication
needs, viruses must reprogram host cell metabolism. One pathway that viruses
frequently exploit is oxidative phosphorylation, a mitochondrial process that generates
ATP through electron transport and proton gradient formation. This modulation
ensures a steady supply of energy required for replication [213]. In mammalian
systems, modulation of mitochondrial function during SINV infection has been shown

to be a necessary mechanism to drive viral replication [214]. A direct consequence
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of increased oxidative phosphorylation is the generation of reactive oxygen species
(ROS). Moderate ROS levels can be proviral by activating transcription factors such as
NF-xB, which support viral replication. However, excessive ROS is detrimental, leading
to host cell damage [189]. NF-kB is a nuclear transcription factor often activated by
viral dsRNA translocating to the nucleus and upregulating proinflammatory cytokines,
chemokines, and adhesion molecules that strengthen the host’s innate defence
against viruses. However, in mammals, viruses have evolved strategies to hijack
NF-kB, usually by harbouring NF-kB binding sites that induce transcription factors
indirectly through host-produced pro-inflammatory chemokines or directly by viral
products, resulting in the trans-activation of kB containing viral promoter that enhances

viral transcription [215].

Conversely, in mosquitoes, arboviruses adopt a more balanced strategy. Cappuccio
and colleagues showed that SINV infection in Ae. albopictus cells leads to metabolic
adjustments that favour persistence rather than the extreme alterations that are
detrimental to the host, usually by controlling oxidative activity to maintain moderate
oxidative stress [189]. This is likely why downregulation of oxidative and energy
pathways is observed, providing an environment where the virus can replicate at
controlled levels. At the same time, the mosquito host tolerates infection without
adverse effects. This balance is likely what enables mosquitoes to maintain lifelong

infections that facilitate viral transmission while remaining unaffected themselves.

5.3.5 Characterisation of RNA-binding domains

Further analysis of the altered RBPs revealed that approximately 80% lacked
canonical RNA-binding domains (RBDs). This observation agrees with global
interactome capture studies, where a significant fraction of RBPs were found to lack
canonical domains but could still bind RNA through low complexity regions or enzyme
active sites [109, 110, 122]. Such non-canonical RBPs often emerge as regulators of
RNA stability, translation, or localisation during viral infection [131]. Their enrichment
in our dataset suggests that SINV recruits a broad spectrum of host proteins, many

of which are not traditionally annotated as RBPs, to facilitate or modulate infection in
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mosquitoes.

Classification of RBPs by function revealed 25% of the altered RBPs to be
enzymes. Representation of metabolic enzymes among RPBs underscores the dual
functionality of many proteins at the intersection of metabolism and RNA regulation.
Dehydrogenases such as ALDH2 were identified, linked with reducing oxidative stress
in HBV infection [216], CTBP1 in redox sensing in adenovirus infections [217],
and G3P/GAPDH glycolytic enzyme. This enzyme has been shown to have dual
activity: as an enzyme catalysing the conversion of Glyceradehyde 3 phosphate to
1,3 bisphosphoglycerate with concomitant NADH production; as an RBP where it
has been reported to bind mRNA, tRNA and viral RNA [110]. A notable example
is its role within the IFN~-activated GAIT complex, where GAPDH, together with
EPRS, SNCRIP/hnRNPQ and ribosomal proteins L3a, regulate selective translation
of inflammatory mRNAs in myeloid cells [218]. GAPDH also bind AU-rich element
(AREs) in 3 UTRs through its N-terminal Rossmann fold, a domain that also
binds NAD*/NADH. Competition between these dinucleotides and RNA suggests a
molecular mechanism for switching between enzymatic and RNA-regulatory roles
[110]. Viruses have been shown to exploit the moonlighting activity of GAPDH. For
example, in human parainfluenza virus type 3 (HPIV3), GAPDH was found to co-
localise with viral RNPs in the perinuclear region and regulate HPIV3 infection [219].
GAPDH has been implicated as inhibitor of coronaviruses as it acts as a negative
transcriptional regulator of AT1R (angiotensin Il receptor 1) thus preventing their entry
as they cannot bind angiotesin converting enzyme 2 (ACE2) [220]. The presence
of these enzyme-RBPs in mosquito cells suggests that SINV may co-opt metabolic
proteins to stabilise viral RNA, promote translation, or remodel host energy flux.
Indeed, the concurrent downregulation of major metabolic pathways in our KEGG
analysis suggests that some enzymes may be diverted from their canonical functions

into RNA-binding roles during infection.

The dominance of non-canonical and enzymatic RBPs among the altered proteins
in the dataset indicates that the mosquito RBPome undergoes substantial functional

diversification during SINV infection. Rather than relying solely on classical RBPs,
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the virus appears to exploit multifunctional proteins that link RNA metabolism to
energy production and stress responses. This broadening of the RNA-binding
landscape may be critical for maintaining infection without overwhelming the host cell,
thereby supporting the long-term persistence that characterises arbovirus—mosquito

interactions.

5.4 Limitations and future directions

A key limitation of the study is that cRIC has a bias towards protein abundance, size,
and the physicochemical properties of their tryptic peptide sequences; thus, RBPs
lacking these features may be poorly enriched. Although cRIC initiates the capture
of protein-linked to RNA at zero distance and is therefore highly specific, this comes
at the cost of missing proteins that are not in close proximity to RNA. In this regard,
methods that use formaldehyde have an advantage. On the specificity spectrum, cRIC
also enriches for poly(A)-bound proteins. This was not a concern in the experiment,
as SINV is a polyadenylated virus; however, one must consider study design carefully
when working with non-poly(A) viruses, where alternative methods such as probe-
based approaches may be more suitable. It is also important to note that cRIC does
not capture transient changes, and thus some proteins may be missed depending on

timing. In this study, multiple time points were selected for harvesting to mitigate this.

5.4.1 Conclusion

SINV establishes a persistent infection in Aedes cells, with canonical replication
dynamics, preserved translation, and selective proteomic remodelling. Host responses
favoured RNA-binding enrichment and RNA degradation, while metabolic suppression
aligned with transition to persistence. The dominance of non-canonical and enzymatic
RBPs highlights previously unappreciated layers of virus—host interaction. Together,
these findings support the model that mosquitoes strike an evolutionary balance with
arboviruses, enabling lifelong transmission while avoiding cytopathology. In the next

chapter, knockdown of the altered proteins will be performed to observe what effects
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they have on SINV yield.
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6 RNAi gene mediated silencing on Ae. aegypti RBPs
regulated during SINV infection

6.1 Introduction

RNA viruses are obligate intracellular parasites that rely heavily on host factors
throughout their life cycle, from replication to packing [221]. As mentioned earlier,
RNA-binding proteins (RBPs) are critical regulators of RNA metabolism, influencing
RNA stability, localisation, translation, and decay, and are frequently co-opted by
viruses to promote infection or antagonised as part of host defence response [101,102,
222]. In mammalian systems, RBPs such as G3BP1 and G3BP2 support alphaviruses
by scaffolding replication complexes [204], Cyclophilin A is also recruited during SINV
infection to promote viral replication [101], hnRNP1 K and PCBP1 regulate translation
and RNA stability during picornavirus infection [223]. In contrast, other RBPs have
antiviral activity, for example, ZAP restrict alphaviruses by targeting CpG-enriched viral

RNA for degradation [224].

The knowledge we have on RBPs and their implications in mosquito infection is limited.
Argonaute-2 (AGO2) and DICER-2 (Dcr-2) are well-studied RBPs that are central to
the RNA interference (RNAI) pathway, which plays a key antiviral role in mosquitoes
[225—-228]. Unlike in vertebrates, which rely heavily on interferon induction, mosquitoes
use RNAI to control viral infection. Central to this pathway is the recognition of dsRNA,
an obligatory intermediate of viral replication. In siRNA pathway, the dsRNA is cleaved
by Dcr-2 into 21 nt, which is then loaded into the RNA-induced silencing complex
(RISC). Here AGO2 serves as a catalytic silencer by guided base pairing of viral RNA
for degradation. Beyond siRNA, miRNA that targets viral RNA employs Drosha and
Pasha to cleave dsRNA to about 70 nt before being introduced to the siRNA pathway.
piRNA is also another pathway, where the generation of virus derived RNAs are sent
for degradation. Other RBPs implicated in mosquito infection, such as loquacious and
Sec61 A1, have been shown to promote DENV infection [229]. These demonstrate that

RBPs can work for or against viral replication, and their functions in infection require
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characterisation, especially in arthropod vectors, where little is known about RBPs.

Building on the previous chapter, where cRIC was employed to map the RBP
landscape during SINV infection, 215 RBPs were identified that had altered RNA-
activity. While this highlights widespread regulation of host RBPs, it does not reveal
their specific role in viral infection. To address this gap, RNAi offers a powerful strategy

to probe for function.

RNAI is a naturally occurring defence mechanism against foreign genetic material that
is widely exploited as a molecular tool for loss of function studies by post-transcriptional
gene silencing [230-233]. Introduction of long double-stranded RNA (dsRNA) into
cells (typically 300-600 nucleotides long) triggers the RNAIi pathway, initiating the
degradation of complementary transcripts [73,234,235]. Other techniques employing
different RNAI architectures, usually 21-24 nucleotides, such as siRNA and short
hairpin RNA (shRNA), can be used to trigger the RNA pathway [231,236].

The successful use of RNAI in loss of function studies has been carried out in
arthropods, including mosquitoes [72, 227, 237-239]. More recently, RNAi-based
approaches have gained recognition as potential pest control strategies owing to their

high specificity [240-242].

In this chapter, dsRNA-mediated silencing was employed on candidate RBPs identified

in the previous chapter to assess their impact on SINV infection.
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6.2 Results
6.2.1 Selection and synthesis of knockdown screens

As described in Chapter 5, proteomic analysis revealed that RNA-binding proteins
(RBPs) are differentially regulated in response to viral infection. The responses
observed were highly time-specific, with minimal overlap of regulated RBPs across
time points. To investigate whether these RBPs impact viral replication, 17 candidate

proteins were selected for a small-scale target screen.
Candidate RBPs were selected based on the following criteria:

1. RBPs regulated during the persistent phase of infection. Proteins
upregulated at 24 hours post-infection were chosen as this time point represents
the beginning of the persistent phase. These proteins are thus expected to be
involved in tolerance mechanisms. From this dataset, only RBPs that were
significantly upregulated were considered. Among these, several were also
consistently detected at earlier time points: four proteins were shared between
16 hpi and 24 hpi, while three were shared between 8 hpi and 24 hpi. Proteins
with consistent kinetics were prioritised, as their detection relies on two or more

experimental points (Fig6.1A).

2. Known RNAi activity. DICER2 (Dcr-2) and argonaute-2 (AGO2) were included
as positive controls, since they are core components of the siRNA pathway and
are well established as antiviral effectors in mosquitoes [243], despite not being

significantly enriched in the dataset.

3. Literature. In addition, DHX15 was selected, informed by previous studies that
reported their antiviral activity in mosquitoes during DENV and CHIKV infection
[169] , as well as TOP3B as it showed a phenotype in tick cells infected with
uukunyemi virus [168]. Although not detected in the cRIC dataset, they could act

as a reference point for antiviral activity across viral species.

Together, these criteria allowed the inclusion of both proteomics-identified candidates

and well-characterised RBPs with known or putative antiviral roles, providing a set of
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proteins for functional validation.

To generate knockdown screens, dsRNA constructs targeting 400 to 600 bp regions
of each gene were designed using Snapdragon [151] and incorporating the T7
promoter sequence. Using the MEGAscript RNAI kit as per the manufacturer’s
instructions, dsRNAs were generated. Briefly, cDNA templates containing the T7
promoter sequence were synthesised to generate dsRNA, followed by enzymatic
digestion with an RNase and a DNase to remove DNA and single-stranded RNA
(ssRNA). Purification of dsRNA using spin columns was performed to remove proteins,
free nucleotides, and degraded dsRNA products. Upon transfection of dsRNA and
infection, RT-gPCR was used to assess their knockdown (KD) efficiency and impact

on viral replication (Fig.6.1B).
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Figure 6.1: Target RNAI screens and Workflow of Knockdown (KD) synthesis
A) Candidate RBPs were selected based on proteomics at 24 hpi, representing the persistent phase of
infection. Upregulated proteins shared across earlier time points were prioritised, alongside inclusion
of AGO2 and Dcr2 (RNAi controls) and DHX15 and TOP3B, previously reported with antiviral activity.
Purple represents proteins at 1% FDR, while pink represents proteins at 10% FDR. FDR - False

discovery rate.

B) Schematic workflow of the RNAI screens, from synthesis of dsRNA, transfection and infection, and

finally determination of regulatory activity by RT-qPCR.
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6.2.2 Optimising RBP knockdown in mosquitoes

dsRNA can be introduced into cells directly or by the use of transfection reagents.
However, because dsRNA stability is often affected by RNases and changes in pH,
carrier systems are required to ensure effective cellular delivery [244]. To develop
a protocol for efficient transfection in Ae. aegypti Aag2-AF5 cells, Two commercial
transfection reagents were compared: Lipofectamine 3000 (Invitrogen), a lipid-based
transfection reagent, and XtremeGENE 360 (ROCHE), a non-liposomal formulation.
Transfections were performed with 100, 200, and 300 ng dsRNA targeting AGO2,
DHX15, and SINV, with dsEGFP included as a non-targeting control. Each condition
was performed in biological triplicate, using 24-well plates seeded with 5.0 x 10°

cells/mL and left for two days to achieve confluency.

KD efficiency was determined by RT-gPCR, with Ct values normalised to a
housekeeping gene (actin) (ACt) and fold-change calculated using the AACt method
relative to dsEGFP. Results are presented as mean + SD, and a pairwise t-test was
used to determine significance (p-value < 0.05). Across all conditions, XtremeGENE
360 consistently outperformed Lipofectamine 3000 (Fig.6.2A-B). XtremeGENE 360
achieved >75% KD at 100 ng, whereas Lipofectamine 300 required 300 ng to reach
comparable efficacy (Fig.6.2A-B). Notably, AGO2 KD failed in lipofectamine-treated
cells, with Ct values >29 (Appendix. 8.2) and the sample was excluded from the
lipofectamine analysis. These results established that XtremeGENE 360 is a more
efficient transfection reagent than Lipofectamine 3000, achieving robust knockdown at

lower dsRNA concentrations.

To evaluate the functional consequences of KD, cells were subsequently infected
with SINV at an MOI of 0.1 for 24 hours, and RT-gPCR was performed to quantify
viral RNA levels. Using XtremeGENE 360, silencing AGO2 led to an increase in
viral replication, even at moderate KD efficiency (55%), confirming AGO2’s strong
antiviral role in mosquitoes as a component of RNAi (Fig.6.2C and Appendix. 8.1).
DHX15 displayed a KD efficiency-dependent effect: strong KD (>85%) reduced viral

replication, whereas partial KD (76%) produced the opposite effect, suggesting the
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incomplete silencing may disrupt normal antiviral signalling. A similar trend was
observed with Lipofectamine 3000, though KD efficiencies were lower (Fig.6.2D
and Appendix. 8.1). In all cases, an increase in viral replication did not exceed
0.5-fold relative to the dsEGFP baseline, indicating modest effects (Fig.6.2C-D).
As expected, SINV-targeting dsRNA produced consistent viral suppression across
both reagents, with the extent of effect on virus to proportional to KD efficiency
(Fig.6.2C-D). It was also evident that an increase in transfection reagent influenced
viral replication, especially that of DHX15 (Fig.6.2C-D). These results show that KD
efficiency and transfection reagents impact viral replication, reinforcing the importance

of standardising both reagent and concentration for reliable interpretation (Fig.6.2A-D).
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Figure 6.2: Optimisation of knockdown (KD) screens
A-B) Bar plot showing knockdown (KD) efficiency by RT-qPCR after silencing of indicated targets at
different concentrations of dsRNA using XtremeGENE 360 and Lipofectamine 3000, respectively, with
mean and SD error bars plotted.
C-D) Quantification of genomic SINV RNA levels by RT-gPCR after silencing of the indicated genes in
Aag2-AF5 cells at different concentrations of dsRNA using XtremeGENE 360 and Lipofectamine 3000,
respectively. The 1-fold point on the linear scale is indicated by the dashed line, which represents the
baseline, dsEGFP. Paired t-test of eGFP and target was calculated with P < 0.001, ***, P ,0.05, **, and

P < 0.1, *, and not significant (ns) indicated.
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6.2.3 Impact of RBP knockdown on SINV replication

Having established optimal conditions for the RNAi screens (use of XtremeGENE 360
and 100 ng of dsRNA), The role of 17 candidates RBPs were investigate during SINV
infection. Aag2-AF5 cells were transfected with dsRNA targeting individual candidates
for either 24 or 48 hours prior to 24-hour infection (24 hpi) with SINV at an MOI of
0.1. Each experiment was performed in triplicate, and KD efficiency as well as viral
RNA levels were quantified as detailed above. The choice of transfection duration is a
critical parameter, as it allows not only the induction of the RNAI silencing complex and
degradation of mMRNA targets, but also sufficient time for existing proteins to undergo
turnover, enabling the knockdown effect to manifest at the protein level before viral

challenge.

To address this, firstly, 24-hour transfection (24 hpt) of Aag2-AF5 cells was assessed
prior to infection. It was observed that at least 14 of the 20 targets achieved a KD
efficiency of at least 50%, with two targets below 25% KD efficiency, and with one
(SF3B4) failing (Fig.6.3A), indicating that RNAI induction was generally effective. Next,
the impact of these KD efficiencies on viral genomic RNA levels was examined. Except
for SF3B4 whose KD failed, AGO-2, Drc2, AAEL008419, AAEL0O10642, AAEL020073,
PCBP3, PSMD6, and RNF10 showed increased viral genomic RNA levels upon their
depletion, consistent with antiviral activity (Fig.6.3B). Conversely, KDs of AAEL001536,
EIF3F, LENGS8, PANK1, SET1B, TDRD7, UCRI, and XRN1 resulted in a decrease
of viral RNA levels, an indication of their "proviral" activity (Fig.6.3B). However, the
decrease was very subtle and non-significant, and below 0.5 fold change relative
to dsEGFP. TOP3B KD achieved 85% efficiency but did not affect viral RNA levels
(Fig.6.3A-B and Appendix. 8.3).
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Figure 6.3: Targets RNAi screen and their impact on SINV infection 24 hpt
A) Barplot showing knockdown (KD) efficiency by RT-gPCR after silencing of indicated targets. The
25% and 50% points on the linear scale indicate 25% and 50% KD efficiency. Each target was done
in triplicate and with mean and SD error bars plotted. B) Quantification of genomic SINV RNA levels
by RT-gPCR after silencing of the indicated genes in Aag2-AF5 cells across the datasets. The 1-fold
point on the linear scale is indicated by the dashed line, which represents the baseline, dsEGFP. Each
target was tested in triplicate relative to eGFP, and the mean and SD were plotted.

NB: Table in Appendix 8.3 shows proviral and antiviral RBPs with significant values indicated.
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Secondly, Transfection at 48 hours was assessed prior to infection using two
independent biological replicate sets. KD efficiencies were comparable to the 24 hpt
condition in at least one of the sets, 15 of 20 RBPs tested achieving at least 25% KD.
SF3B4 failed in one of the sets (also failed in the 24 hpt), LENG8 and XRN1 showed

poor silencing in one of the sets, below 10% (Fig.6.4).
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Figure 6.4: KD efficiency 48 hpt
Barplot showing knockdown (KD) efficiency by RT-gPCR after silencing of indicated targets. The 25%
and 50% points on the linear scale indicate 25% and 50% KD efficiency. The error bars represent the

mean and SD of triplicated sample tested.

Analysis of viral RNA levels revealed that KD of most RBPs reduced both genomic
and subgenomic RNA (Fig.6.5A-B and table in appendix 8.3). Specifically, genomic
RNA was reduced following KD of AAEL001536, AAEL020073, DCP1A, PCBP3,
PSMD6, TDRD7 and UCRI, suggesting their proviral activity (Fig.6.5A). Interestingly,
AAEL020073, PCBP3, and PSMD6 did not replicate the 24 hpt trends despite them
having similar KD efficiencies, suggesting they may require a longer time post-
transfection to observe the effects of the RBP depletion (Fig.6.5A, and 6.3A-B). KD
of LENG8 and XRN1 also showed a decrease in mRNA levels at >25% KD, consistent
with proviral activity, though variability between replicate sets indicated sensitivity to

KD efficiency (Fig. 6.4 and 6.5A).
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AGO2 and Dcr2 showed little to no inhibition of viral replication at KD efficiencies
<50%, whereas at 24 hpt antiviral activity was observed once KD exceeded 55%,
indicating a KD efficiency—dependent effect or possible recovery of the RNAi pathway
(Fig. 6.4 and 6.5A, and 6.3A-B). EIF3F and SET1B displayed KD efficiency—dependent
effects, acting as proviral factors only when KD exceeded 40%, which was consistent
with observations at 24 hpt (Fig.6.5A, and 6.3A-B).PANK1 and TOP3B showed both
decreases and increases in mRNA levels; however, these changes did not correlate
with KD efficiency, suggesting they likely reflect experimental variability rather than a
true KD effect (Fig.6.5A, and 6.3A-B). In contrast, DHX15 and AAEL010642 showed
increased viral replication, which is consistent with what was observed at 24 hpt

(Fig.6.5A and 6.3A-B). These results reinforce the idea that these are antiviral factors.

Subgenomic RNA levels consistently mirrored genomic RNA for most KDs. Notably,
DHX15 KD increased subgenomic RNA, while Dcr2, PCBP2, RNF10, SET1B,
and TOP3B showed inconsistent patterns (Fig.6.5B). However, variability between
replicates was high, and further investigation is required to draw a conclusion.
Together, the 48 hpt data support that most RBPs tested are proviral dependency
factors for SINV replication, while also highlighting the influence of KD efficiency and

the depletion time frame on the observed outcomes.
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Figure 6.5: A targeted RNAi screen identifies RNA-binding proteins (RBPs) that control

arbovirus replication in cells

A) Quantification of genomic RNA by gRT-PCR after silencing of the indicated genes in Aag2-AF5
cells across the datasets. The 1-fold point on the linear scale is indicated by the dashed line, which
represents the baseline, dsEGFP. Mean and SD error bars represent triplicate samples tested.

B) Quantification of subgenomic RNA by gRT-PCR after silencing of the indicated genes in Aag2-AF5
cells across the datasets. The 1-fold point on the linear scale is indicated by the dashed line, which
represents the baseline, dsEGFP. Error bars showing the mean and SD of triplicate samples tested.

NB: Table in appendix 8.3 shows proviral and antiviral RBPs with significant values indicated.
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6.3 Discussion

Delivery of intact dsRNA into cells is crucial to induce the RNAi pathway, which in
turn aids deciphering the functions of intended targets [244]. The data revealed that
XtremeGENE 360 transfection reagent to Lipofectamine 3000 transfection reagent,
allowing for the silencing of target genes at lower doses. Upon examining the effect of
KD on candidate targets during SINV infection revealed that most of the genes were
proviral; however, the duration of transfection and KD efficiency influenced viral RNA

levels.

6.3.1 Optimising dsRNA delivery in Aag2-AF5 cells

Introduction of exogenous dsRNA into cells may prove challenging, as nucleases
and pH can affect their stability [244]. Carrier systems such as polymers, peptides,
liposomes, and nanopatrticles are commercially available and can shield dsRNA from
degradation and facilitate its entry into cells [245]. In the optimization, 100 ng
of dsRNA with XtremeGENE 360 achieved >75% KD of target mRNAs, whereas
Lipofectamine 3000 required 300 ng of dsRNA to reach comparable depletion levels.
This superior efficiency of XtremeGENE 360 may be due to its formulation causing
less toxicity or promoting more efficient dsRNA uptake. In a study that evaluated
the effects of eight commercially available transfection reagents in mosquito cells
C6/36 and U4.4 to identify the most effective and less toxic reagent, showed
Lipofectamine RNAIMAX and Lipofectamine 2000 were found to have low to moderate
complexing capacity and were more cytotoxic compared to other formulations they
tested (K4 and Metafectenes) [246]. Another study using zebrafish cells compared
the efficiency of four transfection reagents showed XtremeGENE HP to provide the
best transfection results compared to Lipofectamine LTX, JetPrime, and Matra-A [247].
In mammalian systems, Lipofectamine generally provides high transfection efficiency,
but it can be cytotoxic. Non-liposomal reagents, such as FUGENE, are typically
less cytotoxic; however, their transfection efficiency has been reported as either
good or poor depending on the cell type, including in HelLa cells [245]. The data
shows that, like other non-liposomal reagents (e.g. FUGENE and XtremeGENE HP ),
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XtremeGENES360 had better transfection efficiency as they tend to be less cytotoxic
compared to liposomal reagents, in this case, Lipofectamine 3000. These results
underscore the importance of testing multiple transfection reagents in mosquito cells
to maximise dsRNA uptake efficiency. By choosing XtremeGENE 360 and 100 ng of

dsRNA, efficient KD was guaranteed while minimising reagent-induced variability.

6.3.2 Mosquito RBPs as factors that promote SINV infection

The majority of candidate RBPs tested promoted viral infection. This is perhaps
unsurprising, as candidate selection was based on RBPs that were upregulated during
the 24 hpi in the cRIC analysis, a bias that likely enriched for host factors that
support viral replication. Many of these proteins are linked to translation and metabolic
pathways, consistent with the idea that SINV co-opts core cellular processes to sustain

its life cycle [101,102]. Specific examples are discussed below:

EIF3F (Eukaryotic initiation factor 3 subunit F) is one of the RBPs that consistently
reduced viral RNA, even at moderate KD efficiency of about 40%. EIF3F is one
of the 13 subunits of the EIF3 complex, which is critical for ribosomal recruitment
during cap-dependent translation initiation [248,249]. Positioned near the mRNA entry
channel of the 40S ribosome, EIF3F contributes to mRNA recruitment and scanning,
and interacts with EIF3H and EIF3K to stabilise the complex [250]. Because SINV
has a capped genome, it depends on host cap-dependent translation, and the loss
of EIF3F likely disrupts ribosome recruitment, impairing protein synthesis and viral
replication. This is consistent with the general dependence of RNA viruses on host
translational apparatus, where many, such as poliovirus, co-opt initiation factors for
internal ribosome entry sites (IRES)- or cap-dependent translation of their polyproteins
[248]. Thus, the reduction in SINV RNA upon EIF3F knockdown highlights EIF3F as
essential for maintaining EIF3 integrity and for recruiting viral mRNAs to ribosomes,

thereby promoting replication.

PCBP3 is a poly(C)-binding protein. In the data, it emerged as a proviral factor. PCPB

family of proteins are a group of versatile RBPs known to bind poly(C) motifs and
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regulate stability and/or translation of target mRNAs [251, 252]. In picornaviruses,
PCBPs are essential for host co-factors: for example, poliovirus requires PCBP2 for
genomic RNA stability, IRES-dependent translation initiation, and to form replication
complexes [223]. Moreover, PCBP2 binds the 5’ cloverleaf of poliovirus RNA and helps
recruit polymerase for negative-strand synthesis [223]. Additionally, PCBP1/2 can
modulate antiviral signalling in mammalian cells, where PCBP2 negatively regulates
RIG-I/MAVS and cGAS-STING pathways [253]. In Aedes cells, SINV has a 5’ cap (no
IRES), but PCPB3 might still bind viral UTRs or modulate host mRNAs. The screens
showed PCBP3 KD to consistently suppress SINV replication at 48 hpt, even at <
25%. This indicates PCBP3 normally enhances infection, possibly by stabilising viral
RNA or aiding translation. Interestingly, in the 24 hpt experiment, PCBP3 KD did
not initially lower viral RNA, but in the 48 hpt experiment, the proviral effect became
evident. This suggests PCBP3’s impact may require longer depletion to manifest,
perhaps due to protein stability. Given that PCBP plays a multitude of roles in the
cell, mechanistic studies are required to identify the exact mechanism SINV uses to
enhance its replication. However, SINV’s reliance on PCBP3 suggests that it binds this

host protein to promote its own gene expression.

Two candidate RBPs in the data, namely, XRN1 and DCP1A, are known core
components of the 5-3 mRNA degradation machinery. XRN1 is a cytoplasmic
exonuclease that degrades RNA after removal of the cap structure by DCP2/DCP1
complex or other decapping enzymes. In this study, KD of XRN1 and DCP1A reduced
SINV RNA levels, suggesting that the mRNA decay pathway is required for efficient
viral replication. This aligns with findings by Garcia-Moreno et al. showing that
SINV replication was impaired in XRN1-deficient HEK293 cells. Moreover, that study
showed that XRN1 localise to viral replication factories in SINV-infected cells. [101].
More recently, Ruscica et al. proposed that XRN1 requirement for viral infection is
due to its role in causing the degradation of cellular RNAs. Loss of cellular transcripts
causes an increase in free nucleotides that can be used to fuel viral replication [211].
In addition, flaviviruses stall XRN1 on their 3 UTR to generate subgenomic RNAs,

which are used to hijack antiviral factors and prevent innate immune signalling [254].
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Taken together, this findings support a model in which SINV co-opts host mRNA
degradation machinery, probably to aid replication through cellular mRNA degradation
and nucleotide recycling, where loss of either the decapping enzyme DCP1A or the

exonuclease XRN1 impairs replication.

PSMDE6 is a subunit of the 26S proteasome regulatory complex and was another
dependency factor revealed in this study. Its depletion resulted in decreased viral
RNA levels, suggesting that the ubiquitin-proteasome system (UPS) is important in
SINV. This aligns with findings for mayaro virus (MAYV), another alphavirus, where
proteasome inhibition of UPS by MG132, a proteasome inhibitor, resulted in decreased
viral replication [255]. Viruses often exploit UPS for entry, uncoating or remodelling
host proteins [256]. One possible mechanism SINV could exploit is the proteosome-
mediated degradation of host restriction factors, such as antiviral RBPs or interferon-
stimulated gene products, which would otherwise suppress viral replication. By
targeting these factors for ubiquitination and subsequent degradation, SINV may
overcome intrinsic immune barriers and create a more permissive environment
for its replication [196, 203, 257]. In addition, the UPS may contribute to the
dynamic regulation of viral replication complexes (VRCs). VRCs are membrane-
associated organelles that undergo continual assembly and disassembly during
infection. Proteosome-dependent turnover of misfolded proteins or obsolete viral
proteins may help maintain functional VRCs, thereby facilitating efficient viral RNA
synthesis [257, 258]. This supports the notion that PSMD6 is a proviral factor
in SINV infection. Conversely, in mammalian cells, UPS have been implicated in
antiviral defence. For example, TRIM25 mediates the ubiquitination of RIG-I, ZAP,
and ZC3HAV1, all of which are key antiviral factors in SINV [101]. This highlights
the dual nature of UPS as a double-edged sword, where it can be co-opted to favour
viral replication, yet also act to repress infection. Further investigation is required to

understand its exact role in mosquitoes during viral infection.

TDRD7 (Tudor domain-containing protein 7) was another provial RBP in this dataset.
Knockdown of TDRD7 reduced viral replication, indicating that viruses replicate more

efficiently in its presence. In mammals, TDRD7 has been characterised as an
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interferon-stimulated gene that restricts viral replication by binding to the cellular kinase
AMP-activated protein kinase (AMPK) and inactivating it, thereby blocking virus-
induced autophagy [259,260]. Arboviruses such as DENV and ZIKV exploit autophagy
by inducing the formation of autophagosomes to promote viral replication [261, 262].
These indicate that SINV sequesters TDRD7 to prevent inhibition of AMPK, thereby
facilitating autophagosome formation and supporting its replication. This hypothesis
merits further investigation to elucidate the pathway by which TDRD7 acts as a proviral

factor.

Ubiquinol-cytochrome ¢ reductase complex (UCRI) is part of mitochondrial complex
[ll, and is essential for electron transport and ATP production. As a metabolic enzyme,
UCR1 may have a moonlight role in infection, which is governed by its interaction with
RNA. A clear example of riboregulation in human cells is the binding of vault RNA 1-
1 to p62, a key regulator of autophagy, which prevents p62 from fulfilling its function
[263]. In this study, UCRI depletion led to reduced mRNA levels, suggesting that SINV
relies on the mitochondrial electron transport chain, possibly to sustain ATP production
necessary for replication. These findings highlight the importance of mitochondrial

homeostasis in mosquito cells for efficient viral replication.

Pantothenate kinase 1 (PANK1), a cytosolic enzyme catalysing the first step in
coenzyme A (CoA) biosynthesis, represents another metabolic enzyme potentially
linked to viral replication. Because alphavirus replication is energy and lipid-intensive,
requiring abundant ATP and biosynthetic precursors to form membrane-bound
replication factories [264, 265], and disruption of PANK1 may limit CoA availability,
hindering fatty acid synthesis needed for new viral membranous structures. In this
study, depletion of PANK1 showed proviral activity at 24 hpt but gave inconclusive
results at 48 hpt, possibly reflecting pathway recovery or a compensatory pathway
being induced. These results support the notion that viruses reshape host metabolic
pathways for their replication; however, further investigation is required to determine if
PANK1 acts directly through riboregulatory mechanisms or indirectly through its role in

metabolism.
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Knocking down SF3B4 (a splicing factor) also reduced SINV RNA levels, suggesting
its role as a dependency factor. SF3B4 is a component of the SF3B complex within
the U2 small nucleolar ribonucleoprotein (snRNP), which is required for recognition
and stabilisation of the branch point sequence during pre-mRNA splicing [266, 267].
In mammalian systems, SINV infection causes U2 snRNP/SF3B to relocalize to viral
replication organelles (VROs), where it exerts an antiviral function by repressing
viral replication and gene expression [103, 268]. In mosquito cells, by contrast,
SF3B4 depletion reduced viral replication, implying that its presence favours infections.
One possible explanation is that the non-lytic nature of mosquito infection prevents
U2 snRNP relocalisation to VROs, thereby limiting the antiviral effects observed in
mammalian cells. Further investigation is necessary to determine how a nuclear

splicing factor functions as a proviral protein in mosquitoes.

SET1B is a histone H3K4 methyltransferase involved in adding methyl groups to
histone H3 at lysine 4 (H3K4), which marks genomic regions of active transcription.
SET1B operates as part of the COMPASS complex and plays a significant role
in regulating gene expression, influencing developmental processes in cells [269].
Beyond its role in development, SET1B has been shown to drive gene expression
by recruiting hypoxia-inducible factors to gene promoter sites, which drive expression
under stressful conditions [270]. In the analysis, depletion of SET1B resulted in
reduced viral mRNA levels, suggesting that SET1B may influence viral replication
indirectly by altering the cellular environment through chromatin remodelling and
regulating host stress-response genes. While its role in infection remains poorly
understood, this study shows that SET1B is a dependency factor in SINV infection,

warranting further investigation.

Knockdown of LENG8 and the homeobox protein (AAEL001536) each produced
modest reductions in viral RNA levels. Homeobox proteins function as sequence-
specific transcription factors that regulate gene expression programs [271], Although
their role in SINV infection is likely indirect, it is possible that the virus exploits products
of these pathways to support replication. However, little is currently known about such

interactions, and detailed mechanistic studies will be required to identify their roles.
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6.3.3 Mosquito RBPs that act as antiviral factors during SINV infection

While the majority of tested RBPs functioned as proviral factors, a subset exhibited
antiviral activity, as their presence restricted SINV replication. Knockdown of these
candidates resulted in elevated viral RNA levels relative to controls, indicating that
under normal conditions, these proteins act as intrinsic restriction factors that limit
viral replication. Notably, the magnitude of viral increase upon silencing these antiviral

RBPs was relatively small (0.5 to 1 fold change).

AAELO10642, a putative poly(A)-binding protein (PABP), showed increased viral RNA
levels upon KD, suggesting an antiviral role. PABP normally binds the 3’ poly(A)
tail of mMRNAs and interacts with EIF4G at the 5’ end to form a closed-looped
mRNP that enhances translation initiation and stabilises transcripts [272]. Viruses
frequently target PABP to suppress host translation and redirect resources for their
own replication [149]. Given its central role in cap-dependent translation initiation, the
observed restriction is unexpected. One possibility is that PAPB has dual functionality:
it may cooperate with factors such as EIF3F to promote viral translation, but also
engage other pathways that destabilise or degrade viral mMRNAs. This warrants further

investigation into the roles of PABP during infection.

As expected, the siRNA-mediated antiviral pathway was represented by AGO2 and
DCR-2. AGO2, the slicer endonuclease of the RNA-induced silencing complex (RISC),
is a well-established antiviral effector in mosquitoes. It directly cleaves viral RNAs
complementary to virus-derived siRNAs, thereby suppressing infection. DCR-2, which
generates siRNAs from viral dsRNA, is equally critical for antiviral defense [5,198,207,
273]. In the knockdown screens of AGO2 and DCR-2 there was no marked increase
SINV RNA unless the knockdown efficiency was high (>55%). This is consistent with
previous reports demonstrating that AGO2 functions as a major antiviral factor: for
example, partial knockdown of AGO2 led to increased viral replication in CHIKV [72].
Similar observations have been reported for SFV, DENV, SINV, and BUNV [225-228].
Interestingly, Varjak and colleagues showed that AGO2 knockdown reduced genomic

ZIKV RNA levels [274], suggesting context-specific outcomes that may depend on
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virus type, timing, or cellular environment. This may also explain why SINV RNA levels
reduced at 48 hpt, where partial knockdown might not fully disrupt the RNAi pathway,
and compensatory mechanisms may be triggered. A complete knockout would likely
reveal a more pronounced phenotype. Indeed, Varjak et al. also demonstrated that
DCR-2 knockout led to reduced AGO2 expression, confirming the central role of DCR-
2 in maintaining siRNA pathway integrity. In the results, the duration of transfection
was particularly critical for AGO2, as 48 hpt prior to infection appeared to allow either

recovery of the siRNA pathway or activation of compensatory mechanisms.

TOP3B is a DNA/RNA topoisomerase whose function on mRNA is linked to
polyribosomes and the fragile X mental retardation protein (FMRP), where it regulates
translation. In addition, TOP3B interacts with the RNA-induced silencing complex
(RISC), contributing to heterochromatin formation and transcriptional silencing [275,
276]. TOP3B has also been implicated in the regulation of flavivirus infection
[167]. In that study, deletion of the TOP3B—TDRD3 complex did not impair viral
RNA transcription or translation but significantly reduced the production of infectious
particles. A similar phenotype was reported in tick cells, where knockdown of TOP3B
did not alter UUKV RNA levels but decreased infectious virus yield [168]. In the SINV
screens, TOP3B knockdown had no detectable effect on viral RNA replication at 24
hpt; however, measurements at 48 hpt were highly variable and therefore inconclusive.
These results suggest that while viral RNA synthesis may be unaffected, TOP3B could
be required at later stages of the viral life cycle, such as assembly or production of
infectious virions. A limitation of this study is that plaque assays were not perfomed,
which would have allowed direct quantification of infectious particle output. Further

investigation is warranted to clarify the role of TOP3B in mosquito infection.

Depletion of DHX15 caused increased SINV replication even when the protein was
reduced partially (<50%), reinforcing it proposed role as antiviral factor [169]. These
results support recent work on Ae. aegypti Aag2 cells, where DHX15 was identified as
an antiviral factor in SINV-infected cells [169] . In the same study, they also showed that
DHX15 depletion increases the replication of DENV and CHIKV viruses, indicating that

DHX15 is a broad-spectrum antiviral factor in mosquitoes. The authors suggested that
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DHX15 restricts viral replication by regulating glycolysis. In mammalian cells, DHX15
is also known for its antiviral activity, however, via a different mechanism. DHX15
in humans interacts with RIG-I-like receptors to promote interferon signalling [277,
278]. Thus, DHX15 has conserved antiviral activity across species, albeit via different

mechanisms.

6.3.4 Protein turnover and its effect on viral mRNA

Duration of knockdown prior to infection was relevant for several targets. Comparing
KD at 24 hpt and 48 hpt showed that certain RBPs only had observable effects at
the longer time. For instance, PCBP3 and PSMD6 knockdown did not significantly
suppress the virus when transfected 24 hpt before infection. This is perhaps because
their RNA levels had not dropped enough, or the cells hadn’t had time to exhaust
existing protein pools, but at 48 hpt pre-infection, their knockdown clearly reduced
viral RNA. This indicates some proteins have slow turnover, or the cells need more
time to manifest functional deficits after their mRNA is knocked down. In contrast,
other targets such as DCP1A, DHX15 showed effects even at 24 hpt KD, implying a
faster turnover or more immediate impact on virus processes. Experimental timing is
therefore critical: Performing a screen at only 24 hpt might have missed certain provial
hits. By also examining 48 hpt, improved the chance to catch late-arising phenotypes.
However, extended knockdown can also introduce secondary effects; cells may adapt
over 48 hpt to the loss of a protein, potentially activating compensatory pathways
or stress responses that can influence virus replication. Thus, there is a trade-off
between giving sufficient time for knockdown vs. introducing additional variables. In
this case, using two time points and two biological replicates helped distinguish true
effects from noise. For example, LENG8 and XRN1 had one replicate with poor KD
at 48 hpt and another with good KD; by noting the correlation with KD efficiency,
it can be inferred that their proviral roles are real but sensitive to the efficiency
of KD. Reproducibility across replicates and conditions strengthened confidence in

assignments of pro/antiviral function.
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6.3.5 Limitations and future works

While this targeted RBP knockdown screen yielded valuable insights, there are several
limitations to acknowledge. First, the screen was limited to the testing of 17 candidates
(plus controls), chosen based on specific criteria. This is not an exhaustive survey of
the RBPome, and undoubtedly other important RBPs were not tested. The criteria
may have missed factors that are not strongly upregulated at 24 hpi but still play
critical roles. For example, a protein sharply upregulated at 8 hpi and then returning to
baseline might be very important for initial infection but not essential in the persistent
phase. A larger-scale screen could uncover additional host factors of up- and down-

regulated genes.

Second, the readouts focused on viral RNA levels by RT-gPCR. While this is a
convenient as it is a sensitive measure of replication, it does not directly measure
production of viral proteins or infectious virus particles. Lack of function can, for
example, lead to the accumulation of defective viral RNA or non-infectious particles
that inflate the RNA count without an equivalent increase in infectious titre. In this case,
all changes in viral RNA were moderate, mostly +/-0.5-fold of the control, indicating
only modest effects. It is possible that at the level of the infectious virus, these
differences could be larger or smaller. To address this, future experiments should
include assays such as plaque assays or TCID50 measurements for each knockdown
condition. If a depletion of RBP truly suppresses the virus, it should result in lower
plague-forming units. These data would validate whether the changes observed in

RNA translate to meaningful functional differences in virus propagation.

Third, all experiments were conducted in Aag2-AF5, an Ae. aegypti-derived cell line.
Cell lines are useful models but may not fully recapitulate the complexity of an intact
mosquito, where tissue-specific factors and systemic immunity come into play. The
roles of certain RBPs might differ in vivo, for example, an RBP that is proviral in cell
culture might be less important in an adult mosquito if that protein is not expressed
in the midgut or salivary glands. Future work should test key candidates in vivo to

evaluate their role in infection and how transmission is altered in mosquitoes. Along
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the same lines, time and dose of infection in the study were constrained (24 h post-
infection at MOI 0.1). It’'s possible that some RBPs have a more significant effect
at later stages of infection or at different virus doses. For instance, a modest 0.5-
fold change in viral RNA at 24 hpi might translate to a much larger difference in
cumulative virus production over a longer infection period. Extending the time course

and measuring infectious output would therefore provide greater insight.

In conclusion, this discussion has delineated how a small-scale RBP knockdown
screen advanced our understanding of SINV-host interactions in Aedes cells. Proviral
RBPs identified highlight the host pathways, such as mRNA translation and decay and
metabolic pathways that SINV leverages, many of which are common across viruses.
This study also confirmed DHX15 and discovered AAEL010462 as antiviral factors.
The results also emphasise the importance of knockdown efficacy and duration of
transfection prior to infection when deciding on the experimental design in uncovering
functional roles. There remain limitations, but this has paved the way for targeted
follow-up experiments. Ultimately, unravelling how each of these RBPs contributes to
the infection puzzle will deepen our understanding of arboviral persistence in vectors
and could reveal novel targets to interfere with the virus life cycle either in the mosquito
or possibly in human infection. By identifying which host proteins tip the balance in
favour of the virus or the host, we move closer to strategies that can reduce arbovirus

burden.
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7 General Discussion

7.1 Summary

This thesis outlines the contributions made toward uncovering RBPs in Aedes
mosquitoes both under basal conditions and during infection. RIC was employed to
identify mosquito RBPs, followed by cRIC to determine those differentially regulated
during SINV infection. To explore their functional relevance, RNAi-mediated silencing
was used for a subset of these RBPs. The findings revealed that mosquito RBPs
share strong similarities with those in mammalian systems and yeast, suggesting
evolutionary pressure to preserve their biochemical properties and overall domain
architecture. Furthermore, viruses also exploit these host RBPs in mosquito vectors
to support their own replication cycle, while mosquito cells also employ RNA binders

to counteract infection.

Firstly, The complement of RBPs in two mosquito cell lines, Ae. aegypt Aag2-AF5
and Ae. albopictus U4.4 cell lines was identified. These two species are vectors of
significant importance due to their ability to transmit viruses such as DENV, CHIKV, and
other arboviruses of concern [166]. This study identified 852 RBPs in Aedes aegypti
and 683 RBPs in Ae. albopictus. Remarkably, comparison of these proteins to human
RBPs indicated 78% of these RBPs were conserved, which indicates an evolutionary
pressure to maintain their function even across taxa. Upon further characterisation,
50% of these proteins contained canonical RBDs, with RRMs, KH domains and
DEAD-box helicases being the most represented domains. The remaining half
lacked canonical RBDs, suggesting that they interact with RNA through alternative yet
unknown RNA-binding mechanisms. The number of "unorthodox" RBPs is in line with
studies in mammalian cells. These unorthodox RBPs include metabolic enzymes and
membrane proteins, whose biological functions are already well understood. However,
their interaction with RNA introduces a moonlighting activity that is likely controlled
by RNA, a phenomenon known as riboregulation [279]. Biochemical properties of
RBPs identified showed that RBPs were less hydrophobic, had a basic isoelectric point

(pH>7), and had regions of low complexity. These properties allowed for a modular
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configuration that facilitates RBP interactions with RNA and other molecules. Using
RBPmap peptides [106], RNA-binding sites(RBS) were identified, which revealed
sequence identity to be highest at the RBS.

With the established repertoire of mosquito RBPs, the next step was to identify
RBPs that are co-opted for virus replication. Here, cRIC was employed on Aag2-
AF5 cells with SINV kinetics at 8, 16, and 24 hpi. 215 of 1556 RBPs were
identified as differentially expressed, with 72 upregulated and 143 downregulated.
Interestingly, only 14 RBPs were shared across all time points, 4 of which were viral
proteins, emphasising how viral RBPs play an important role during the infection
process. Furthermore, over 80% of these proteins lacked conventional RBDs, 25%
of which were metabolic enzymes. These enzymes include ligases, lyases and
oxidoreductases and are typically found in RNA interactome experiments [106, 121].
Interestingly, oxidoreductases tended toward downregulation, a trend consistent with
the concept that excessive oxidative stress is generally harmful to the host cell and
virus. For successful persistent infection, viruses generally depend on maintaining
homeostasis rather than inducing damaging oxidative environments. Notably, one
of the oxidoreductases identified was GAPDH (a dehydrogenase), an essential
housekeeping gene. GAPDH has an AU-rich element in its Rossmann domain that
mediates RNA binding [110]. This interaction can alter its canonical metabolic function,
giving rise to its moonlighting activity as an RBP. For example, in coronaviruses,
GAPDH binds AT1 and inhibits viral entry [220]. The continued identification of
noncanonical RBPs keeps expanding as technologies advance and more organisms
are being analysed; thus, there is a need for further characterisation and determination

of functions of these proteins to establish their roles in infection and cellular regulation.

Building on the cRIC data, A functional assay using dsRNA-mediated silencing was
used to determine the roles of a subset of RBPs that had been identified. The
selection of RBPs to test was based on the persistent phase of infection (characterised
by low viral titers) and proteins that were consistently upregulated at 8, 16, 24
hpi. From this,17 candidates were identified for screening; 15 of the 17 were

proviral, including XRN1 and DCP1A, which are core components of the 5’-3° mRNA
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degradation machinery. These RBPs were broadly considered antiviral, as antiviral
endonucleases such as RNaseL still rely on endogenous exonucleases to eliminate
the resulting RNA fragments [280]. However, they have recently been implicated
in flaviviruses and alphaviruses as essential dependency factors, being recruited to
viral factories where they degrade cellular mRNA to generate free nucleotides to fuel
viral replication [101,211]. These latter results agree with the study’s observations,
suggesting that XRN1 and DCP1A are proviral factors that facilitate viral replication.
This data thus support the notion that the role of the 5’-to-3’ degradation machinery to
provide nucleotides might be conserved in arthropods and mammals. As a control,
DHX15 was included, which has been suggested to have antiviral activity against
SINV, CHIKV, and DENV by regulating glycolysis. Knockdown of DHX15 hampers
the expression of genes encoding core enzymes of the glycolytic pathway [169]. The
results further confirmed the antiviral phenotype of DHX15, validating orthogonally
these earlier observations. AAEL010642 is a homolog of the human PABP1 protein,
which binds to the poly(A) tails of cellular mRNAs and increases their stability and
translation. These experiments revealed an antiviral role, perhaps preventing cellular

mMRNA degradation in infected cells and reducing the availability of nucleotides.

Another interesting finding from the dsRNA silencing experiments was that knockdown
(KD) efficiency and the duration of transfection significantly influenced the observed
SINV phenotype. For example, depletion of RBPs such as PCBP1 and PSMD6
appeared to favour viral replication after shorter transfection (24 hpt); however,
extending the transfection (48 hpt) resulted in reduced viral mRBRNA levels. This
highlights that proteins differ in their half-lives, with stability and turnover rates
determining how quickly the effects of RNA depletion become evident. Sufficient
time is therefore required not only for degradation of target mRNAs but also for the
natural turnover of pre-existing proteins, ensuring that the phenotype truly reflects
the knockdown effect. These findings underscore the importance of considering
both RNA and protein stability when designing RNAi experiments to achieve accurate

interpretation of outcomes.
Altogether, this study confirmed that RIC is an effective technique for identifying
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RBPs in mosquito cells. This method focuses preferentially on poly(A)-associated
proteins; therefore, complementary approaches could be considered in the future to
survey the scope of RBPs binding to non-polyadenylated proteins. Such methods
include protein-crosslinked RNA eXtraction (XRNAX) and orthogonal organic phase
separation (OOPS), which capture global protein-RNA complexes [138, 139]. Bona
fide RBPs were identified, 1545 RBPs belonging to Aedes mosquitoes and 215 related
to infection. This has expanded our knowledge of RBPs, particularly in mosquitoes,
and opened avenues for studying the infection of other viruses in this model, thereby

improving our understanding of RBP regulation and its biological relevance.

7.2 The future of mosquito biology

The publication of entire mosquito genomes, such as Ae. aegypti in 2007 and the
improvement of its annotation in 2018 has provided foundations to identify genetically
encoded molecular factors that influence all aspects of mosquito biology, including
vector competence at molecular-level resolution [281,282]. In parallel, advances in
omics techniques, such as whole genome sequencing, RNA sequencing, and protein
sequencing, have broadened our knowledge of molecular biology. The open-access
repositories compiling genomic, transcriptomic, and proteomic data have enabled the
identification of molecular factors that are associated with vector competence and

provide a stepping stone in subsequent functional characterisations.

While providing avenues for exploration, many mosquito genes are annotated as
hypothetical or unknown and for less studied mosquitoes, this proportion could
even be wider, resulting in difficulties when trying to determine function. Another
challenge is the bias towards model organisms; for example, most of what we
know of insect biology is drawn from Drosophila melanogaster [283]. Mosquito
data must often be extrapolated from Drosophila, which may not always hold true
given differences in vector physiology and virus susceptibility. This bias means
certain RBPs critical in mosquitoes may be novel or divergent, and thus overlooked

if only searches rely on homology [284]. Another hindrance is in the bioinformatic
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pipelines that are often optimised for model organisms and do not work optimally
for mosquitoes or other arthropods. The need for specialised data-mining tools is
needed to make maximal use of new insect genome resources [284]. For example,
functional enrichment analyses or pathway databases may have sparse coverage
for mosquito genes, forcing researchers to map mosquito gene IDs to Drosophila or
human orthologs to infer function. Case in point, the analysis of the Ae. albopictus data
necessitated the use of orthologs from Ae. aegypti to carry out gene function as it is
better annotated. Addressing these issues requires joint efforts in genome curation,
community annotation and the development of more databases that are designed for
vector research, such as Vectorbase and FlyBase. Initiatives such as i5K project
for sequencing arthropods go a long way in setting a baseline for characterisation

of mosquitoes [285].

The use of high-throughput studies such as RNA sequencing and transcriptomics
has allowed for mosquitoes to be studied in unprecedented detail. In this case,
the use of RIC to profile proteins in Aedes mosquitoes in an unbiased manner
provided the first set of bona fide RBPs in mosquitoes. A further layer of mosquito
RBPs involved during infection highlighted the mosquito-virus interactome. While this
provided an inventory of the protein interactome in mosquitoes, integrating these data
with transcript-level analysis would have given a more comprehensive understanding
of the mosquito RBPome. One such approach would be the use of UV cross-linking
and immunoprecipitation (iCLIP), which allows for the identification of the exact RNA
site bound by specific RBPs in vivo. In practice, the method involves UV-cross-linking
RNA and protein, immunoprecipitation of particular RBPs of interest using antibodies
or tagged versions of the proteins, and then sequencing the co-precipitated RNA
fragment [286]. This gives a base-pair resolution map of where the RBP binds to
transcripts across the transcriptome, for example, in mammalian cells, GEMIN5S was
shown to bind 5" UTR of SINV RNA, thus modulating translation, and this explains
its role in repressing viral translation [101]. Such insight is helpful in determining
whether RBPs act directly on viral RNA or indirectly. Other RNA-centric methods [132]

or methods that enrich for only viral proteins [145] could further expand our knowledge
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of the mosquito-virus interactome.

The discovery of RBP is only the start, and a critical step is determining the function
of these proteins. Methods commonly used are: RNAi-mediated silencing, which was
applied to a subset of RBPs identified during infection. RNAI is used transiently to
silence genes by introducing specific RNA molecules; however, this method induces
only partial silencing of gene expression that may sometimes be impossible to
reproduce, leading to an ambiguous interpretation of the role of the target gene [287].
CRISPR/CAS9 is a precise genome editing tool that is used to knock out or knock
in target genes, introducing mutant alleles into the germline, thereby allowing for
the generation of stable mutant lines. A drawback to CRISPR is that knockout of
essential genes may lead to non-viable mutants, which has limited its application [288].
However, some studies have demonstrated its feasibility in mosquito cell lines and
developed tools optimised for genome-scale screening in vectors [288]. Such tools

hold great potential for genome-wide scale investigation of mosquito-virus interactions.

Another consideration to note is that cell lines do not always recapitulate a whole
mosquito, as protein composition may vary from tissue to tissue. On the other
hand, the genetic diversity observed in wild mosquito populations also offers another
complication on the use of laboratory-established mosquitoes [289]. Although they still
provide insightful information, this calls for a change in approach that ensures a more

collaborative type of research, ultimately integrating field studies.

By pursuing these directions, we will be better equipped to unravel the complex web of
mosquito—virus interactions. Ultimately, such knowledge could inform the development
of novel antiviral strategies or genetic interventions that disrupt the viral life cycle within

mosquitoes, thereby reducing disease transmission.
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8 Appendices

8.1 XtremeGENE 360 data

name conc target.x CT.x target.y replicat|{CT.y DCT meanGFP  [DDCT M2DDCT Kdpercentage
dsAGO 100/AGO 21.3132629|ACTIN 1| 15.9182596| 5.39500332|  3.180679| 2.21432432| 0.21548744| 0.78451256
dsAGO 100|AGO 19.9605446 |ACTIN 2| 14.7493401| 5.21120453|  3.180679| 2.03052553| 0.2447659| 0.755234102
dsAGO 100|AGO 21.0871983(ACTIN 3| 15.8186436| 5.26855469( 3.180679| 2.08787568| 0.2352268| 0.764773205
dsAGO 200|AGO 20.7719421|ACTIN 1| 15.8072119( 4.96473026| 3.67127959| 1.29345067 | 0.40797406| 0.592025941
dsAGO 200|AGO 20.8036613|ACTIN 2| 15.805727| 4.99793434| 3.67127959| 1.32665475| 0.39869164| 0.601308363
dsAGO 200|AGO 20.4675331|ACTIN 3| 15.8666124| 4.60092068 3.67127959| 0.92964109| 0.52498893| 0.475011068
dsAGO 300(AGO 20.7621861|ACTIN 1| 15.9350834 | 4.82710266| 3.41805967| 1.40904299)| 0.37656139| 0.623438606
dsAGO 300(AGO 21.9323959|ACTIN 2| 15.8112087| 6.12118721| 3.41805967| 2.70312754| 0.1535598| 0.846440204
dsAGO 300|AGO 20.553093[ACTIN 3| 15.5180464| 5.03504658( 3.41805967| 1.61698691| 0.32601564 | 0.673984358
dsDHX 100|DHX 22.6892548 |ACTIN 1| 16.8151207 | 5.87413406| 2.64459769| 3.22953637| 0.10661362| 0.893386383
dsDHX 100|DHX 21.9942665 [ACTIN 2| 16.1769028| 5.81736374| 2.64459769| 3.17276605| 0.11089252( 0.889107481
dsDHX 100|DHX 21.6532574|ACTIN 3| 16.0391254| 5.61413193( 2.64459769| 2.96953424| 0.12766773| 0.872332275
dsDHX 200|DHX 21.5587711|ACTIN 1| 16.042511 5.51626015| 2.69016933| 2.82609081 | 0.14101389| 0.858986109
dsDHX 200({DHX 22.3346252|ACTIN 2| 16.7331028| 5.60152245| 2.69016933| 2.91135311( 0.13292155| 0.867078453
dsDHX 200({DHX 21.4769783|ACTIN 3| 16.2070103| 5.26996803| 2.69016933| 2.5797987| 0.16726428| 0.832735719
dsDHX 300|DHX 20.9167728 |ACTIN 1| 16.4412098 | 4.47556305| 2.53185654| 1.94370651 | 0.25994773| 0.740052265
dsDHX 300|DHX 21.1817169|ACTIN 2| 16.9667187| 4.21499825( 2.53185654| 1.68314171| 0.31140376 0.688596235
dsDHX 300|DHX 21.5487766 |ACTIN 3| 15.9505005| 5.59827614 | 2.53185654| 3.0664196| 0.11937564| 0.880624358
dsGFP 100|AGO 19.1533546 |ACTIN 1| 15.882926( 3.27042866| 3.180679| 0.08974965| 0.9396858| 0.060314205
dsGFP 100|DHX 18.5477142|ACTIN 1| 15.882926| 2.66478825| 2.64459769| 0.02019056 | 0.98610245| 0.013897552
dsGFP 100[SINV 9.36977386 |ACTIN 1| 15.882926| -6.5131521| -6.7031326| 0.18998051 | 0.87661757| 0.123382434
dsGFP 100{SINV 9.12932777|ACTIN 2| 16.029541| -6.9002132| -6.7031326| -0.1970806 1.14637624| -0.14637624
dsGFP 100|AGO 19.1043625 |ACTIN 2| 16.029541| 3.07482147| 3.180679| -0.1058575| 1.07613385| -0.07613385
dsGFP 100|DHX 18.6568203|ACTIN 2| 16.029541| 2.62727928| 2.64459769| -0.0173184| 1.01207655| -0.01207655
dsGFP 100(SINV 9.38864422|ACTIN 3| 16.0846767| -6.6960325| -6.7031326| 0.00710011| 0.99509067| 0.004909328
dsGFP 100|DHX 18.7264023|ACTIN 3| 16.0846767| 2.64172554 2.64459769| -0.0028721| 1.00199281| -0.00199281
dsGFP 100|AGO 19.2814636 |ACTIN 3| 16.0846767| 3.19678688| 3.180679| 0.01610788| 0.98889697( 0.011103031
dsGFP 200|DHX 18.9156303|ACTIN 1| 16.0866165 | 2.82901382| 2.69016933| 0.13884449| 0.90824631| 0.091753687
dsGFP 200|SINV 9.8197937[ACTIN 1| 16.0866165| -6.2668228| -6.2813212| 0.01449839( 0.99000081| 0.009999192
dsGFP 200|AGO 19.685564 |ACTIN 1| 16.0866165 | 3.59894753| 3.67127959| -0.0723321 1.05141488| -0.05141488
dsGFP 200|AGO 19.2793484|ACTIN 2| 15.6758909| 3.60345745( 3.67127959| -0.0678221| 1.04813325| -0.04813325
dsGFP 200|DHX 18.2565804 |ACTIN 2| 15.6758909| 2.58068943( 2.69016933| -0.1094799| 1.07883924| -0.07883924
dsGFP 200|SINV 9.61213112(ACTIN 2| 15.6758909| -6.0637598| -6.2813212| 0.2175614| 0.8600179( 0.139982098
dsGFP 200|SINV 10.9958887|ACTIN 3| 17.5092697| -6.513381| -6.2813212| -0.2320598| 1.17451065| -0.17451065
dsGFP 200|AGO 21.3207035[ACTIN 3| 17.5092697| 3.81143379( 3.67127959| 0.1401542| 0.90742216( 0.09257784
dsGFP 200|DHX 20.1700745[ACTIN 3| 17.5092697| 2.66080475 2.69016933| -0.0293646| 1.02056253| -0.02056253
dsGFP 300|SINV 9.38049126 [ACTIN 1| 16.036335| -6.6558437| -6.4939283| -0.1619155 1.11877154| -0.11877154
dsGFP 300|DHX 18.6258202|ACTIN 1| 16.036335| 2.58948517| 2.53185654| 0.05762863 | 0.96084217| 0.039157835
dsGFP 300|AGO 19.3443222|ACTIN 1| 16.036335| 3.30798721| 3.41805967| -0.1100725 1.07928244| -0.07928244
dsGFP 300|SINV 9.37058449|ACTIN 2| 16.0833626| -6.7127781| -6.4939283| -0.2188498| 1.16380538| -0.16380538
dsGFP 300|DHX 18.4512291|ACTIN 2| 16.0833626| 2.36786652| 2.53185654|  -0.16399| 1.12038146( -0.12038146
dsGFP 300|AGO 19.4642735|ACTIN 2| 16.0833626| 3.38091087| 3.41805967| -0.0371488| 1.02608397| -0.02608397
dsGFP 300|DHX 18.6900005 | ACTIN 3| 16.0517826| 2.63821793| 2.53185654| 0.10636139| 0.92892795( 0.071072048
dsGFP 300|AGO 19.6170635 | ACTIN 3| 16.0517826| 3.56528091 | 3.41805967| 0.14722125| 0.90298802| 0.09701198
dsGFP 300|SINV 9.93861961 [ACTIN 3| 16.0517826| -6.113163| -6.4939283| 0.38076528| 0.76803008| 0.23196992
dsSINV 100{SINV 15.4393044 |ACTIN 1| 15.898243| -0.4589386| -6.7031326| 6.24419403 0.01319199| 0.98680801
dsSINV 100(SINV 15.8010435|ACTIN 2| 16.2023582| -0.4013147| -6.7031326| 6.30181789| 0.01267546| 0.987324538
dsSINV 100SINV 16.0731659 |ACTIN 3| 15.4606009| 0.61256504| -6.7031326| 7.31569767| 0.00627705( 0.99372295
dsSINV 200|SINV 15.5927134|ACTIN 1| 15.3551226| 0.23759079| -6.2813212| 6.518912| 0.01090466| 0.989095345
dsSINV 200|SINV 16.5812969 |ACTIN 3| 15.834631| 0.74666595| -6.2813212| 7.02798716| 0.0076624| 0.992337596
dsSINV 200|SINV 15.544364|ACTIN 3| 15.834631| -0.290267| -6.2813212| 5.99105422| 0.01572219| 0.984277812
dsSINV 300(SINV 15.9733591|ACTIN 1| 16.147831| -0.1744719| -6.4939283| 6.31945642| 0.01252143| 0.987478566
dsSINV 300|SINV 15.6433926 | ACTIN 2| 15.7474918| -0.1040993| -6.4939283| 6.389829| 0.01192531| 0.988074687
dsSINV 300|SINV 16.1275024|ACTIN 3| 15.7218904| 0.40561199| -6.4939283| 6.89954027| 0.0083759| 0.991624101
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8.2 Lipofectamine data

name dsconcn target.x CT.x target.y CTy DCT meanGFP  |DDCT M2DDCT pereff

dsAGO 100|AGO 29.1062355|ACTIN 16.8414288( 12.2648068| 14.1758614| -1.9110546| 3.76083917 0
dsAGO 100|AGO 29.9648762 |ACTIN 15.9836226| 13.9812536| 14.1758614| -0.1946077| 1.14441296 0
dsAGO 100|AGO 30.3512974|ACTIN 16.2424145| 14.1088829| 14.1758614| -0.0669785| 1.04752048 0
dsAGO 200(AGO 31.0527706|ACTIN 15.2906017 15.7621689| 19.461689| -3.6995201| 12.9917161 0
dsAGO 200(AGO 31.8077717|ACTIN 15.3639469 16.4438248| 19.461689| -3.0178642| 8.09967616 0
dsAGO 200(AGO 31.3853474|ACTIN 16.0044193( 15.380928| 19.461689| -4.080761| 16.9212115 0
dsAGO 300(AGO 30.5005436 |ACTIN 16.283205| 14.2173386| 18.8907576| -4.673419| 25.5175692 0
dsAGO 300(AGO 30.5953674 |ACTIN 15.6072035| 14.988164| 18.8907576| -3.9025936| 14.9553898 0
dsAGO 300|AGO 30.7931309(ACTIN 15.5291882( 15.2639427| 18.8907576| -3.6268148| 12.3532166 0
dsDHX 100|DHX 21.1767712|ACTIN 16.0019665 | 5.17480469| 3.79114087| 1.38366381 | 0.38324429| 61.6755714
dsDHX 100{DHX 21.8803787[ACTIN 16.6107693 | 5.26960945 | 3.79114087| 1.47846858| 0.35886955| 64.113045
dsDHX 100|DHX 22.0816078|ACTIN 16.7907524 | 5.29085541 | 3.79114087| 1.49971453| 0.35362336| 64.6376645
dsDHX 200(DHX 22.4487667 |ACTIN 16.9649105| 5.4838562| 4.65313339| 0.83072281| 0.56224748| 43.7752522
dsDHX 200(DHX 20.4664021|ACTIN 14.549201| 5.91720104| 4.65313339( 1.26406765| 0.41636836 | 58.3631639
dsDHX 200(DHX 21.4138699|ACTIN 15.5301542 5.88371563 | 4.65313339| 1.23058224| 0.42614543| 57.3854571
dsDHX 300(DHX 21.9655914|ACTIN 15.2861528 | 6.67943859 | 4.34163698| 2.33780162| 0.19781152| 80.2188476
dsDHX 300(DHX 22.1414909|ACTIN 15.5782919( 6.56319904 | 4.34163698| 2.22156207| 0.21440908| 78.5590917
dsDHX 300(DHX 22.2917061|ACTIN 15.318347| 6.97335911| 4.34163698( 2.63172213 0.16135139| 83.8648615
dsGFP 100|AGO 33.9853745|ACTIN 19.9524345( 14.0329399| 14.1758614| -0.1429214| 1.10413873 0
dsGFP 100{DHX 23.5336266 |ACTIN 19.9524345| 3.58119202 3.79114087| -0.2099489| 1.15664718 0
dsGFP 100|SINV 13.0231314|ACTIN 19.9524345( -6.9293032| -5.8374446| -1.0918585| 2.13148447 0
dsGFP 100|AGO 31.1887493|ACTIN 16.1891327 14.9996166 | 14.1758614| 0.82375526 | 0.56496944 | 43.5030561
dsGFP 100|DHX 19.9866867 |ACTIN 16.1891327 3.79755402 | 3.79114087| 0.00641314| 0.99556461| 0.44353857
dsGFP 100|SINV 11.2235489|ACTIN 16.1891327 -4.9655838| -5.8374446| 0.87186082| 0.54644158| 45.3558417
dsGFP 100|AGO 30.2194061|ACTIN 16.7243786 | 13.4950275| 14.1758614| -0.6808338| 1.60306599| -60.306599
dsGFP 100|DHX 20.7190552|ACTIN 16.7243786 | 3.99467659 | 3.79114087| 0.20353572| 0.86841966| 13.1580345
dsGFP 100|SINV 11.1069317|ACTIN 16.7243786| -5.6174469| -5.8374446| 0.21999772| 0.85856679| 14.1433209
dsGFP 200(AGO 36.9865646 |ACTIN 16.0167294 | 20.9698353| 19.461689| 1.50814629| 0.35156265| 64.843735
dsGFP 200|SINV 11.7566366 | ACTIN 16.0167294| -4.2600927| -4.3296541| 0.06956132| 0.95292771| 4.70722911
dsGFP 200(DHX 20.7140369|ACTIN 16.0167294 | 4.69730759| 4.65313339| 0.04417419| 0.9698448| 3.0155198
dsGFP 200|AGO 33.8189812|ACTIN 15.3680534 | 18.4509277| 19.461689| -1.0107613| 2.01497405 0
dsGFP 200(DHX 19.9095116|ACTIN 15.3680534 | 4.54145813| 4.65313339| -0.1116753| 1.08048217 0
dsGFP 200(SINV 11.0082398 |ACTIN 15.3680534 | -4.3598137| -4.3296541| -0.0301596| 1.02112511 0
dsGFP 200(AGO 34.2200203|ACTIN 15.2557163| 18.964304| 19.461689| -0.497385| 1.41165253 0
dsGFP 200(DHX 19.9763508 |ACTIN 15.2557163 | 4.72063446 | 4.65313339| 0.06750107| 0.95428952| 4.57104815
dsGFP 200(SINV 10.8866606 |ACTIN 15.2557163 -4.3690557| -4.3296541| -0.0394017| 1.02768754 0
dsGFP 300(AGO 35.9536972|ACTIN 19.9364109( 16.0172863 | 18.8907576| -2.8734713| 7.3282629 0
dsGFP 300(DHX 23.9620953 |ACTIN 19.9364109 4.02568436 | 4.34163698| -0.3159526| 1.24483335 0
dsGFP 300(SINV 13.4786911|ACTIN 19.9364109( -6.4577198| -5.1890434| -1.2686764| 2.4094042 0
dsGFP 300|AGO 34.787014|ACTIN 15.3380423 19.4489718| 18.8907576| 0.55821419| 0.67914231| 32.0857693
dsGFP 300(DHX 19.7764301|ACTIN 15.3380423 4.43838787| 4.34163698| 0.0967509| 0.93513665| 6.48633496
dsGFP 300(SINV 11.1336737|ACTIN 15.3380423 -4.2043686| -5.1890434| 0.98467477| 0.50533963| 49.466037
dsGFP 300(AGO 36.6283417|ACTIN 15.422327)| 21.2060146| 18.8907576 2.31525707 | 0.20092694 | 79.9073059
dsGFP 300|DHX 19.9831657|ACTIN 15.422327| 4.5608387| 4.34163698( 0.21920172 0.85904063 | 14.0959368
dsGFP 300(SINV 10.5172854|ACTIN 15.422327| -4.9050417| -5.1890434 0.28400167 | 0.82130975| 17.8690249
dsSINV 100|SINV 13.1417894|ACTIN 16.6551914| -3.513402| -5.8374446| 2.32404264| 0.19970708| 80.0292923
dsSINV 100|SINV 11.4417858|ACTIN 15.8969641 | -4.4551783| -5.8374446| 1.38226636| 0.38361569| 61.6384309
dsSINV 100|SINV 11.6088839|ACTIN 15.8145561 -4.2056723| -5.8374446| 1.63177236| 0.32269154| 67.7308464
dsSINV 200(SINV 13.9347382|ACTIN 15.9862232( -2.0514851| -4.3296541| 2.278169| 0.20615924| 79.3840764
dsSINV 200(SINV 12.8667097 |ACTIN 15.9060497 -3.03934 -4.3296541| 1.29031404| 0.40886202| 59.1137979
dsSINV 200(SINV 12.6055574|ACTIN 15.1624041| -2.5568466 | -4.3296541| 1.77280744| 0.29263872| 70.7361283
dsSINV 300(SINV 14.9809141|ACTIN 16.5482407| -1.5673265| -5.1890434| 3.62171682| 0.08123714| 91.8762864
dsSINV 300(SINV 12.7130384|ACTIN 15.3720903 -2.6590519| -5.1890434| 2.52999147| 0.17313971| 82.6860293
dsSINV 300(SINV 12.7645168|ACTIN 15.2225914 | -2.4580746| -5.1890434| 2.73096879| 0.1506248| 84.9375203
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8.3

Screened targets data

ds exp mean.FCDD{sd.FCDDCT |p.signif activity mean.KD.perctage |sd.KD.percentage
1|dsAAEL001536 24 hpt 0.841 0.218|ns proviral 29.606 25.857
2|dsAAEL001536 Set148hpt 0.54 0.066|ns proviral 41.279 12.849
3|dsAAEL001536 Set2 48hpt 0.74 0.383|ns proviral 30.152 30.31
4|dsAAEL008419 24 hpt 1.094 0.201|ns anti-viral 73.824 9.126
5|dsAAEL008419 Set148hpt 0.554 0.186|ns proviral 59.269 18.956
6|dsAAEL008419 Set2 48hpt 1.143 0.699|ns anti-viral 27.84 25.306
7|dsAAEL010642 24 hpt 1.215 0.368|ns anti-viral 62.421 8.356
8|dsAAEL010642 Set148hpt 1.081 0.213|ns anti-viral 69.082 23.387
9|dsAAEL010642 Set2 48hpt 1.217 0.195|* anti-viral 38.442 15.722
10|dsAAEL020073 24 hpt 1.113 0.454|ns anti-viral 19.154 24.062
11|dsAAEL020073 Set148hpt 0.625 0.239|ns proviral 27.102 44.384
12|dsAAEL020073 Set2 48hpt 0.609 0.202|ns proviral 28.844 26.783
13|dsAGO 24 hpt 1.073 0.464|ns anti-viral 60.614 29.04
14|dsAGO Set148hpt 0.708 0.091|ns proviral 50.514 14.99
15|dsAGO Set2 48hpt 0.99 0.06|ns proviral 44.901 7.646
16|dsDCP1A 24 hpt 1.02 0.549(ns proviral 23.532 20.494
17|dsDCP1A Set148hpt 0.653 0.108|ns proviral 56.788 13.729
18|dsDCP1A Set2 48hpt 0.746 0.141|ns proviral 19.531 19.602
19|dsDHX15S 24 hpt 1.491 0.748|ns anti-viral 79.042 13.825
20|dsDHX15S8 Set148hpt 1.31 0.193|ns anti-viral 29.451 4.605
21|dsDHX15S Set2 48hpt 1.741 0.578|ns anti-viral 58.209 7.667
22|dsDICER 24 hpt 1.699 1.335|ns anti-viral 75.502 19.716
23|dsDICER Set148hpt 1.904 2.68|ns anti-viral 52.959 46.382
24|dsDICER Set2 48hpt 0.979 0.523|ns proviral 75.716 15.516
25|dsEGFP 24 hpt 1.018 0.236 control NA NA
26|dsEGFP Set148hpt 1.002 0.073 control NA NA
27|dsEGFP Set2 48hpt 1.011 0.182 control NA NA
28|dsEIF3F 24 hpt 0.945 0.243|ns proviral 84.559 5.161
29|dsEIF3F Set148hpt 0.606 0.299|ns proviral 37.913 36.563
30|dsEIF3F Set2 48hpt 1.146 0.153|* anti-viral 82.602 3.458
31[dsLENG8 24 hpt 0.893 0.171|ns proviral 30.972 17.942
32|dsLENG8 Set148hpt 0.589 0.052|ns proviral 38.308 6.515
33|dsLENG8 Set2 48hpt 1.316 0.381|ns anti-viral 5.628 4.878
34|dsPANK1 24 hpt 0.879 0.118|ns proviral 84.492 3.742
35[dsPANK1 Set148hpt 0.575 0.149(|ns proviral 59.768 3.438
36|dsPANK1 Set2 48hpt 1.174 0.241|ns anti-viral 61.996 20.232
37[dsPCBP3 24 hpt 1.153 0.159|ns anti-viral 33.84 29.667
38(dsPCBP3 Set148hpt 0.623 0.171|ns proviral 67.054 1.102
39|dsPCBP3 Set2 48hpt 0.746 0.289|ns proviral 44.016 29.303
40{dsPSMD6 24 hpt 1.28 0.482|ns anti-viral 79.002 16.376
41|dsPSMD6 Set148hpt 0.528 0.075|ns proviral 71.374 1.735
42|dsPSMD6 Set2 48hpt 0.944 0.2|ns proviral 69.384 7.911
43|dsRNF10 24 hpt 1.061 0.403|* anti-viral 82.851 5.201
44|dsRNF10 Set148hpt 0.583 0.077|ns proviral 76.738 2.467
45|dsRNF10 Set2 48hpt 1.361 0.532|ns anti-viral 69.437 19.963
46|dsSET1B 24 hpt 0.714 0.089|ns proviral 64.551 6.036
47|dsSET1B Set148hpt 1.394 1.363(ns anti-viral 21.444 20.849
48|dsSET1B Set2 48hpt 0.868 0.063|* proviral 42.284 15.255
49|dsSF3B4 24 hpt 1.639 1.307ns 0 0
50|dsSF3B4 Set148hpt 0.568 0.024|ns proviral 16.699 26.114
51|dsSF3B4 Set2 48hpt 0.851 0.223|ns 0 0
52|dsSINV 24 hpt 0.003 0.001|ns postivecontrol 99.79 0.041
53|dsSINV Set148hpt 0.008 0.001|ns postivecontrol 99.102 0.194
54|dsSINV Set2 48hpt 0.007 0.002|ns postivecontrol 99.262 0.277
55|dsTDRD7 24 hpt 0.974 0.051|ns proviral 73.542 2.59
56|dsTDRD7 Set148hpt 0.573 0.036|ns proviral 57.425 8.961
57|dsTDRD7 Set2 48hpt 0.863 0.502|* proviral 61.688 22.814
58|dsTOP3B 24 hpt 1.001 0.151|ns proviral 85.721 2.229
59|dsTOP3B Set148hpt 1.181 0.274|ns anti-viral 55.945 10.836
60(dsTOP3B Set2 48hpt 0.748 0.077|ns proviral 66.789 3.17
61|dsUCRI 24 hpt 0.963 0.298|ns proviral 76.671 1.063
62|dsUCRI Set148hpt 0.616 0.138|ns proviral 61.361 2.284
63|dsUCRI Set2 48hpt 0.836 0.106|ns proviral 83.098 3.529
64|dsXRN1 24 hpt 0.91 0.114|ns proviral 67.396 5.514
65[dsXRN1 Set148hpt 0.704 0.216|ns proviral 33.778 12.755
66|dsXRN1 Set2 48hpt 1.033 0.132|ns proviral 7.781 13.477
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8.4 Enrichment of enzyme classes (odds ratios)

Enzyme class OR Cl_low CI_high P Ninclass ~ Padj (BH)

Oxidoreductase (EC 1) 0.120 0.00280 0.806 0.0141 17 0.0848

Transferase (EC 2) 0.335 0.0353 1.57 0.234 14 0.701
Ligase (EC 6) 143  0.116 12.8  0.656 5 1
Lyase (EC 4) 1.06 0.0938 764 1 6 1
Hydrolase (EC 3) 0.700 0.0672 406 1 8 1
Isomerase (EC 5) 0 0 11.3 1 1 1
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