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Abstract

The Flavivirus genus contains several arthropod-borne viruses that pose global health
threats, including dengue virus (DENV). We identified two ribosomal proteins , RPLP1
and RPLP2 (RPLP1/2)that are crucial host factors required for translation of flaviviruses
and efficient flavivirus infection of human cell lines and Aedes aegypthosquitoes, which
are natural vectors for these viruses. We hypothesized that RPLP1/2 are accessory
ribosomal proteins that function to promote translation of specific cellular mRNAs

sharing undefined features with the DENV genome. We found that these proteins are
not broadly required for cellular translation , but are necessary for efficient accumulation
of DENV proteins early in infect ion and ectopically expressed DENV structural proteins.
The ribosome profiling technigue allowed us to quantitative ly map ribosomes across the
transcriptome during early DENV infection in human cell lines depleted for RPLP1/2.

We observed that local ribosome occupancy is altered in the viral open reading frame
with RPLP1/2 knockdown, consistent with a role for RPLP1/2 in promoting translation
elongation. The most prominent ribosome pausing site in the DENV RNA wasinthe k z w
end of the E protein coding sequencewhich is located 210 nts downstream of two
adjacent TMs. We also observed that RPLP1/2 depletion resulted in altered ribosome
density in mMRNAs encoding two or more transmembrane domains. This work increases
our knowledge on DENV translation regul ation and sheds light on the function of

RPLP1/2 in translation of specific cellular RNAs.
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1. Introduction

Introductory material for this dissertation wasrtially adapted fronthereview article
published byrafael Kroon Camppllariano Garcia Blanco and Shelton Bradric&ntitled
?Roles of Praviral Host Factors in Mosquit@orne Flavivirus Infectiors(Campos et al., 2017a)
and partially from theeview artcle byNicholas J. Barrow$afael K. Campo&uo-Chieh Liao,
K. Reddisiva PrasanttiRuben SotéAcosta, ShiFChia YehGeraldine Schotterner,Julien
PomponQOctober M. Session§helton S. Bradrick and Mariano A. Garddancoentitled
2 PDOET 1 OPUUUVUAWEOE W, 001 EBab&w et &l.p2018)01T a wOi wHOEYDY DI
1.1 Flaviviruses

The flaviviruses comprise one of four genera within the Flaviviridag a family of
positive -strand RNA viruses that derives its name from the prototypical yellow (Latin:
flavus) fever virus (YFV). Many flaviviruses are emerging or re-emerging global health
threats (Bhatt et al., 2013, Garske eal., 2014, Weaver et al., 2016, WildeiSmith and
Byass, 2016)Prominent human pathogens among the >50flavivirus species include
dengue viruses (DENV), Jgpanese encephalitis virus (JEV), West Nile virus (WNV), YFV
and Zika virus (ZIKV). Mosquito -borne flaviviruses are distributed mainly in tropical
and subtropical regions of the globe and over half of the world 7 population is estimated
to be at risk for infection by DENV, the most widespread of the pathogenic flaviviruses
(Bhatt et al., 2013) The continuing threat of DENV, the recentdeadly YFV outbreaksin

Africa and in Brazil (Dexheimer Paploski et al., 2018, Ahmed and Memish, 2017, Hamer

1



et al., 2018)and the emerging ZIKV pandemic highlight the significant burden these
viruses place on humanity. Flaviviruses are transmitted mainly by mosquito or tick
bites, although sexual and vertical transmission has recently been documented for ZIKV
(D'Ortenzio et al., 2016, Harrower et al., 2016)

Flaviviruses are enveloped viruses with icosahedral -shaped particles of 4G 50
nm in diameter. Although icosahedral symmetry is shared between flavivirus species,
the surface topology varies significantly between viruses (Kostyuchenko et al., 2016,
Zhang et al., 2013) The virion is composed of three structural proteins, two of which
[membrane (M) and envelope (E)] are embedded within the lipid bilayer envelope.

The remaining structural protein, capsid (C), is located within the interior of the viral
particle, closely associated with the single-stranded RNA genome. The genomes of
flaviviruses share a similar organization: all are 11 kb positive -strand RNA molecules
that contain a single open reading frame flanked by 5eand 3suntranslated regions
(UTRs). Flavivirus genomes are modified with a 5emidG cap structure but lack the 3¢ w
poly -(A) tail that is characteristic of most cellular mRNAs.

To carry out all steps in the life-cycle, flaviviruses must rely on hundreds of host
gene products and other factors. Pro-viral host factors are comprised of RNAs, proteins
and lipids from humans and mosquitoes that are required for efficient flavivirus
infection. In contrast, anti -viral host factors block infection and are often associated with

innate immunity and interferon responses. | focus specifically on pro-viral host factors



known to be required at various ph ases of the virus life-cycle and mechanisms
underlying these requirements. Pro-viral host factors are sometimes termed dependency
factors or simply host factors. Understanding the factors that are required for successful
infection and how they assist the virus will permit a full understanding of  flavivirus

biology and could yield novel targets that could be exploited to treat flaviviral diseases.

1.1.1 Attachment

The flaviviral life -cycle (Fig. 1) starts with attachment, mediated by the viral E
protein, to cellular receptor(s) on the plasma membrane (Fig. 1A). A large number of
candidate receptors or careceptors that mediate flavivirus attachment have been
described in different cell types (Perera-Lecoin et al., 2013) but which of these receptors
and co-receptors are used by the virus during natural infections is not known. Different
flaviviru ses appear to have evolved to utilize distinct receptors and co-receptors, which
may partly explain the divergent syndromes associated with these vir uses
(Jindadamrongwech and Smith, 2004, Thepparit and Smith, 2004) It is likely that
flaviviruses require multiple co -receptors to facilitate virus binding, similar to the

distantly related hepatitis C virus (Zeisel et al., 2013)



[B. Translation

and polyprotein

processing: @
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PABP,

RPL18/25, C. RNA A. Attachment and entry:
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SEC61/63, ACACA, AUF1, CBLL1, CD300a, CLECS5A,
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E. Maturation and
egress:
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KDELRSs, Proteasome,

RAB8b, vATPase. \\"

Figure 1: Host dependency factors and their implicated roles in the flaviviral life ~ -cycle. A. Flaviviruses bind
to co-receptors which facilitate interaction of the virus with one or more receptors. The virus enters the cell
by receptor-mediated endocytosis which can occur through different endocytic pathways. Uncoating of viral
RNA by fusion of the virus with t he endosomal membrane requires endosomal acidfication which triggers a
conformational change in the virus. B. Translation of the viral genome may initiate in the cytosol prior to ER
localization where synthesis and processing of the viral polyprotein take s place C. Viral RNA metabolism
involves diverse host factors. Viral replication takes place in membranous vesicles that are induced by viral
nonstructural proteins. D. Particle assembly require host factors that associate with viral RNA, capsid or are
involved in ER membrane restructuring. Some viral glycosylation events take place in the lumen of the ER.
E. Egress of the virus requires the secretory machinery of the Golgi where additional glycosylations of viral
proteins take place. After transit thought the Golgi, vesicles containing viral particles become acidified,
promoting furin cleavage of prM and subsequent release from the cell by exocytosis. Pro-viral factors that do
not have well defined roles at a specfic phase of the life-cycle include DDX6, DNAJB7, DNAJC10, SSB an
NF90. Adapted from (Campos et al.,2017a)



1.1.2 Entry

After attachment, the virus enters the cell by endocytosis (Fig. 1A) which,
depending on the virus and cell type analyzed, is either clathrin -dependent or -
independent (Acosta et al., 2009, Kalia et al., 2013, Smit et al., 2011, van der Schaar et al.,
2007) For instance, JEV infectdibroblasts in a clathrin-dependent manner, but entry into
neuronal cells is clathrin-independent (Kalia et al., 2013) Using single-particle tracking
analysis of DENV in living cells, virions were noted to move along the cell surface,
presumably over distinct attachment factors, until they bound to one or more entry
receptors (van der Schaar et al., 2008)For DENV in mammalian cells, entry was
independent of clathrin but dependent on dynamin (Acosta et al., 2009) In hepatoma
cells, the G protein-coupled receptor kinase 2 (GRK2) was found to be required for
efficient DENV entry independently of ¢-arrestins (Le Sommer et al., 2012)suggesting a
non-canonical pathway that involves GRK2 (Evron et al., 2012) Upon clathrin -mediated
entry, DENV particles are transported to an early ras-related in brain (Rab5 positive)
endosomal compartment, which subsequently matures into late endosomes through
acquisition of Rab7 and loss of Rab5(Krishnan et al., 2007, van der Schar et al., 2008)
Acidi fication of the late endosome mediated by the vacuolar-type H+- ATPase
(vATPase) complex induces conformational changes in the E protein that lead to
irreversible trimerization (Luca et al., 2013)and exposure of fusion peptides that

promote merging of the viral envelope and endosomal membrane. This process is likely



enhanced by the transmembrane protein ribon uclease kappa (RNASEK). RNASEK
localizes to the plasmamembrane and endosomes, and functionally associates with the
vATPase proton pump to pro mote endocytosis of several diverse viruses (Hackett et al.,
2015, Perreira et al., 2015)It has been proposed that virus particles fuse preferentially
with small endosomal carrier vesicles and the release of the nucleocapsid into the
cytosol depends on a second, cellmediated membrane fusion event (Nour et al., 2013)
In addition to low pH, phospholipid composition is also important to promote fusion

with endosomal membranes. For example, anionic lipids, such as a bis
(monoacylglycerol) phosphate, a lipid specific to late endosomes, are important for
DENV fusion with endosomal membranes (Zaitseva et al., 2010) This highlights the role
of endosomal membrane lipids and host proteins which mediate endosomal
addification as pro-viral host factors required for membrane fusion and nucleocapsid
release.

Components of the endoplasmic reticulum membrane complex (EMC) were first
identi fied in an RNAi -mediated screen for YFV host factors(Le Sommer et al., 2012and
recently confirmed in CRISPR/Cas9 screens for viral infection (DENV, WNV and ZIKV)
or protection against virus -induced apoptosis (WNV) (Marceau et al., 20.6, Savidis et al.,
2016, Zhang et al., 2016, Ma et al., 2015The EMC isrequired for DENV and ZIKV at the

entry stage(Barrows et al., unpublished) (Savidis etal., 2016)and is also likely required



for other early stages of the viral life cycle such co-translational folding of viral proteins

(Barrows et al., unpublished) (Shurtleff et al., 2018)

1.1.3 Uncoating

The uncoating step is not well understood but a recent study has shed light on
this phase of the life-cycle. Byk and colleagues determined that ubiquitination is crucial
for DENV RNA release into the cytoplasm (Byk et al., 2016) Although ubiquitin was
required, proteasome activity was dispensable for genome uncoating, and stabilization
of incoming capsid protein by proteasome inhibition did not impair early viral
translation (Byk and Gamarnik, 2016). These data favor a model in which capsid does
not need to be degraded and may be displaced from the RNA by translating ribosomes
(Garcia-Blanco et al., 2016) Inhibition of ubiquitin -activating enzyme (UBA1) was found
to block uncoating of the genome during infection, preventing access of the viral
genome to the translation machinery (Byk et al., 2016) The ubiquitin ligase (CBLL1) may
play a similar role since it was found to be required for WNV entry (Krishnan et al.,

2008)

1.1.4 Viral Translation

The flaviviral open reading frame (ORF) encodes for apolyprotein that is
processed by viral and host proteases intothree structural (C, prM, and E) and seven
nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, andNS5) (Fig. 2). There

are, however, casedescribed in which different proteins are produced by ribosome



frameshifting. In WNV, an alternative reading frame in NS4B produces a protein named
N-NS4B/WARF4 (Faggioni et al., 2009, Faggioni et al., 2012and in Japanese encephalitis
virus (JEV), a frameshift results in a C-terminally extended form of NS1 termed NSle
(Melian et al., 2010) Finally, in insect-specific flaviviruses, a pr otein named fifo is
synthesized from an alternative reading frame spanning parts of NS2A and NS2B (Firth

et al., 2010)

5 UTR Open reading frame 3'UTR

NS4A NS4B

Cytoplasm
mmp NS3/NS2B == Signal peptidase == Furin > Unknown

Figure 2: Flaviviral genome and polyprotein . A. Flaviviral genome. Flaviviruses have a single-stranded (+)
RNA genome of approximately 11 kb. Genome is capped but not polyadenylated. It encodes three structural
(blue) and seven nonstructural (red) proteins which are translated from a sin gle ORF. In between NS4A anc
NS4B, the genome also encodes a small peptide of 2 kDa (2K peptide). Samd 3¢ UlIRs are known to have
complex structure, with several hairpins, which are important for translation, RNA synthesis, and sfRNA
formation. B. Flavivi ral polyprotein topology and predicted transmembrane domains. Flavivirus polyprotein

is integrated into the ER membrane. Viral proteins prM, E, and NS1 are mainly on the luminal side and C,
NS3, and NS5 on the cytoplasmic side. Proteins NS2A, NS2B, NS4A, ad NS4B have several transmembrane
domains spanning across the ER, and thus, large parts of these proteins are on each side and on the E
membrane. 2K peptide is entirely inserted in the ER membrane. Polyprotein is cleaved co- and post
translationally at m ultiple sites. Cleavages on the cytoplasmic side are done by the viral protease NS3 and it
cofactor NS2B, and cleavages on the ER lumen side are done by the signal peptidase complex. Polyprotei
also has an additional furin protease cleavage in prM that gives rise to the mature M protein in the Golgi and
one additional site between NS1 and NS2A that is cleaved by an unknown enzyme. Adapted from (Barrows
et al., 2016)



1.1.4.1. Translation Initiatio n

Flaviviral translation (Fig. 1 B) is likely similar to cellular cap -dependent mRNA
translation, but distinct requirements for flaviviruses have not been suffi ciently
explored. Flavivirus genomes possess a 8type 1 cap structure (m7GpppAm), that is
required for efficient initiation of translation (Chiu et al., 2005) The viral RNA, after
uncoating in the cytosol, is thought to bind the eukaryotic initiation factor 4 F (elF4F)
complex via the cap structure and poly(A) binding protein via its 3 ¢UTIR (Polacek et al.,
2009) In addition, 2 0O-methylation of the viral RNA masks the genome from
identi fication by the interferon -induced proteins with tetratricopeptide repeats ( IFIT)
proteins as foreign RNA (Daffis et al., 2010)

Based on translation of human mRNAs, the 43S preinitiation complex is then
recruited to scan the 9@ 120 nts (depending on viral species) 5¢UTR to identify the start
codon. To correctly initiate at the first AUG, DENV requires an RNA hairpin, named the
cHP element, located 14 nucleotides downstream of the AUG codon, to stall the
ribosome at the correct AUG codon (Clyde and Harris, 2006). In a similar fashion to
translation of human mRNAs, hydrolysis of guanosine-5'-triphosphate (GTP) bound to
elF2 and release of initiation factors is thought to allow joining of the 60S ribosomal
subunit to form an intact 80S ribosome poised for elongation. The elF4F complex is
composed of elF4E (capbinding protein), elF4A (helicase), and elF4G (scaffolding

protein). While flavivirus translation is generally believed to be cap -dependent, it has



been reported that DENV protein synthesis remains active under conditions where
cellular cap-dependent translation is repressed. Indeed, depletion of elF4AE byRNA
interference (RNAI) did not affect DENV protein synthesis or infectivity (Edgil et al.,
2006) Thus, it is possible that DENV initi ates translation independently of elF4E or
elF4F altogether, at least under certain physiological conditions.

Although the genomes of flaviviruses all lack a 3epaly(A) tail, the 3 eUTR of the
DENV genome was shown to bind poly(A) binding protein (PABP) (Polacek et al., 2009)
an important trans-acting factor that regulates mRNA stability and translation
(Kahvejian et al., 2005) Interaction between poly(A) -binding protein (PABP) and elF4G
is thought to circularize cellular mMRNAs and stimulate multiple aspects of translation.
The addition of PABP -interacting protein 2 (PAIP2; a PABP inhibitor) reduced
translation of a DENV reporter, suggesting that interaction of PABP with DENV 3 ¢UTIR
is important for DENV translation (Polacek et al., 2009)However, it has not been
established whether elF4Gt PABP interaction is required for efficient translation of

flaviviral genomes.

1.1.4.2 RNA Recruitment to the ER

Little is known about how flaviviral genomes become associated with the ER
membrane, but it is likely that this depends, at least in part, on the signal recognition

particle (SRP) pathway (Walter and Johnson, 1994) In flavivirus genomes the first
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signal sequence is encoded at the @erminal end of the capsid sequence(Lobigs et al.,
2010) Once thefirst initiating ribosome synthesizes the signal sequence, SRRecognizes
the nascent peptide and delivers the entire RNP complex to the SRPreceptor and
translocon embedded within ER membranes (Walter et al., 1981) While this model has
not been experimentally tested for flaviviruses, and recent studies find that many

cellular mRNAs are recruited to the ER independently of SRP(Ast et al., 2013, Jan et al.,
2014) evidence from high -throughput screens identi fied components of the SRP [SRP54
(Le Sommer et al., 2012)SRP9, SRP1fMarceau et al., 2016), translocon-associated
protein complex [SSR1, SSR2 and SSKBlarceau et al., 2016) and translocon [SEC61
subunits (Le Sommer et al., 2012, Marceau et al., 2016, Sessions et al., 2%ang et al.,
2016) SEC63(Zhang et al., 2016) as important flavivirus host factors, suggesting that

genome recruitment to the ER depends on the SRP.

1.1.4.3. Translation Elongation

Our knowledge of translation elong ation is almost exclusively based on cellular
translation processes.After 60S subunit joining, the ribosome is poised for elongation
and synthesis of the viral polyprotein. 1 $ %ho¥dnd to GTP recruits the aminoacyl-
tRNA and this complex binds to the A site of the ribosome, with the anticodon loop of
the t-RNA binding directly to the mRNA (Dever et al., 2018) If the anticodon matches
the mRNA codon, | $ %huYwbP D OOWEIT wUIl O IlhgEdlyzEdintdGERP, and thé w& 3/ wb U

| $%@¥/ wbDOOWET wUi EGTRKYithE exendnged tabtas e kolidever et
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al., 2018) Then, the peptide bond formation is catalyzed between the nascent
polypeptide and the new amino acid (aa)P P UT wU T 1 wHSRuleOdt ali| 2019 Khé
ribosome then undergoes a massive rearrangement in which the subunits rotate relative
to each other(Lareau et al., 2014) Then, eEF2GTP bind in the A site and promotes
translocation of the tRNA in the A site to the P site. eEF2GTP is hydrolyzed into eEF2-
GDP, which releases this factor from the ribosome allowing the elongation cycle to
restart (Dever et al., 2018)

Several proteins known to participate in elongation have been implicated as
potent DENV (Barrows et al., unpublished) and YFV host factors based on siRNA screen
data (Le Sommer et al., 2012) The elongation factor eEF2, which stimulates ribosomal
translocation, was a candidate YFV host factor. Exportin-T, another putative YFV host
factor, is required for tRNA export from the nucleus (Kutay et al., 1998), and thus likely

maintains suffi cient cytoplasmic tRNA pools to enable viral translation.

1.1.4.4 Translation Termination and Recycling

Ribosomes terminate and dissociate at the stop codon, which precedes a
relatively structured 3 eUIIR in flaviviruses. Termination factors eRF1 and eRF3
recognize ribosomes in which a stop codon is located within the A -site and catalyze the
final hydrolysis reaction by the 60S subunit which releases the nascent protein
(Zhouravleva et al., 1995) For cellular mRNAs this process is enhanced by PABP

(lvanov et al., 2016) Ribosomes then disassemble and are recycled back into the
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pool of free subunits. It is currently unknown w hether translation termination on
flavivirus genomes occurs by the conventional mechanism or involves distinct

factors not required for most cellular mRNAs.

1.1.4.5 Ribosomal Proteins

Functionality of specific ribosomal proteins (RPs) has becoméancreasingly
recognized as important for RNA virus infection. The majority of these approximately
80 proteins interact with rRNA and the functions of most RPs are not well understood.
However, recent studies have revealed that, while some RPs are necessarfor core
ribosomal activities, others promote translation of specific subsets of mMRNAs or viral
RNAs. RPS25, an RP previously implicated in driving translation mediated by internal
ribosome entry sites (Landry et al., 2009), was shown to berequired for efficient RNA
accumulation of DENV, WNV, and ZIKV, but not YFV (Marceau et al., 2016) Similarly,
RPL18 was shown to be required for an early phase of the DENV life-cycle, possibly
translation or RNA synthesis, but its knockdown did not affect general protein synthesis
as measured by metaboliclabeling (Cervantes-Salazar et al., 2015)It is important to note
that RPs have been ascribed’moonlighting » nales in processes independent of the
ribosome (Blumenthal and Carmichael, 1979, Friedman et al., 1981, Kim et al., 1995,
Zhou et al., 2015) their role in the flaviviral life -cycle could be unrelated to translation.
For example, RPSA, also known as laminin receptor 1,may be important for flavivirus

attachment (Tio et al., 20().
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1.1.4.6 Polyprotein Biogenesis and Processing

The viral genome has a single open reading frame that is translated into a long
polyprotein; however, e ffi cient processing by host and viral proteases ensures that the
mature viral proteins are produced. Processing is sufi ciently rapid that no one has
reported observing the full -length polyprotein as a single product during infection. A
concise characterization of YFV polyprotein synthesis and maturation was presented by
Rice and colleagues in YF\(17D-infected human SW-13 cell lines(Chambers et al.,
1990a) Immunoprecipitation using YFV protein -specific rabbit antisera targeting either
C, prM, or E. proteins after at least 40 min of continuous radiolabeling detected specific
bands that corresponded to C, prM, or E proteins but no signi ficant precursors
(Chambers et al., 1990a) Using cell-free models of mMRNA translation, the flavivirus
tick-borne encephalitis virus (TBEV) E protein was effi ciently cleaved in reactions
containing an isolated ER fraction (Svitkin et al., 1984) These data suggest that
processing of structural proteins requires ER factors and that when these factors are
present processing is very dficient or unprocessed fusion proteins are readily degraded.
On the other hand, unprocessed intermediates of NS proteins can be observed in certain
conditions. For instance, in a pulse-chase experiment, a form of NS1 with higher
molecular mass accumulatedfirst and subsequently disappeared, coincident with the
accumulation of mature NS1 (Chambers et al., 1990a)This suggested that NSENS2A is

originally produced as a metastable precursor that is subsequently processed into NS1
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and NS2A. Similar analyses suggested éfi cient processing between NS2A and NS2B and
between NS2B and NS3. Finally, a large precursor protein corresponding to NS3NS4A-
NS4BNSS5 as well as a number of processed intermediates and the mature viral proteins
are observed,(Chambers et al., 1990akuggesting multiple paths to their production.
Cellular and viral protease s coordinate flavivirus polyprotein processing. The
viral protease catalytically active holoenzyme is the trypsin -like NS3 protease in
complex with its cofactor NS2B(Chambers et al., 1990b, Erbel €al., 2006) Sites sensitive
to YFV protease have incommon two basic residues (Arg being the most common)
flanked by aawith short side chains (often Gly) (Rice et al., 1985)The dual cleavage
between C and prM requires a coordinated two -step cleavage in which the viral
protease, NS3, and cellularsignalase cleave the C protein from the cytosolic and ER
lumen side, respectively; releasing mature C into the cytosol and leaving a small part of
the immature C protein in the ER membrane (Lobigs, 1993, Amberg and Rice, 1999,
Amberg et al., 1994) Processing between prM-E and ENS1 is mediated by the
endogenous signalase and does not require theviral protease (Markoff, 1989, Ruiz-
Linares et al., 1989, Svitkin etal., 1984, Falgout et al., 1989)A distinct cleavage between
NSINNS2A requires an unknown cellular protease (Falgout et al., 1989) The remaining
cleavage sites, NS2ANS2B and NS2BWS3, are mediated by NS3 in cis (Preugschat et
al., 1990) while processing between NS3NNS4A and NS4B\NS5 is mediated by NS2B

and NS3 in trans (Cahour et al., 1992, Falgout et al., 1991, Zhang et al., 1992, Chambers et
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al., 1991) The mature NS4A and NS4B proteins are generated bycleavage attwo sites by
NS2B/NS3 and the cellular signalase(Cahour et al., 1992) leaving a 2 kDa protein
named 2K peptide, which is inserted in the ER membrane.

Diamond and colleagues performed a screen for WNV host factors, which
identi fied several subunits of the signalase or signal peptdase complex (SPC), of which
the author followed up on the role of sighal peptidase complex subunit 1 (SPCS1)
(Zhang et al., 2016) In SPCS1 KO cellsWNV E protein and a high molecular weight
protein reactive to anti-E antibodies is observed, suggesting that polyprotein processing
is affected (Zhang et al., 2016) Using overexpression constructs, the role of the signalase
at the signal sequence for prM is observed to be uniguely sensitive to SPCS1 knockout,
and lack of SPCS1 causes all tested viral sbunits to be reduced (Zhang et al., 2016)
Also, signalase activity between NS4A and NS4B requires SPCS1, but NSEINS2A
processing is not clearly affected (Zhang et al., 2016) Surprisingly, the cleavage between
E and NS1 is much more dependent on SPCS1 when prM is present in the construct.
Therefore, placement of NS1 in a more internal position on the construct renders it more
dependent on SPCSfor cleavage. The signalase activity may be context dependent or
the composition of the signalase may vary. Part of the maturation of viral proteins is the
addition of post -translational modi fications (e.g., ubiquitination) (Roby et al., 2015)

The SPC is composed ofive subunits (Evans et al., 1986)three of which (SPCS1,

SPCS2, and SPCS3) have been shown to be requirddr infection of human and
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mosquito cells by DENV and WNV (Zhang et al., 2016) SPCS1 and SPCS3 have
additionally been shown to be important for infection by ZIKV, JEV, and YFV. In
contrast, SPCS1 knockdown caused only modestdecreases in replication of
chikungunya virus ( Togaviridae ), Rift Valley fever virus (Bunyaviridae ) and vesicular
stomatitis virus ( Rhabdoviridae). Thus, flaviviruses, but not RNA viruses representing
three different families, depend on the SPC (Zhang et al., 2016)

Protein chaperones have also been identiied to be important for flavivirus
infection (Das et al., 2009, Padwad et al., 2010, Taguwa et al., 2015, Ye et al., 20013)e 70
kilodalton heat shock proteins (HSP70)isoforms were shown to be important for DENV
and JEV at multiple steps of the life-cycle (Das et al., 2009, Taguwa et al., 2015, Ye et al.,
2013) Upon inhibition of HSP70, the levels of all DENV proteins analyzed were
decreased, butNS5 and capsid proteins were disproportionally reduced (Taguwa et al.,
2015) HSP70 appears to be required for proper folding of NS5, since the addition of
proteasome inhibitors restored NS5 levels but did not rescue viral infection in HSP70
depleted cells. In addition, HSP70 proteins also associate with capsidprotein and are
required for viral assembly. HSP70 substrate selection depends onDNAJ proteins, many
of which (DnaJA2, DnaJB6b,DnaJB7, DnaJB11 andnaJC10) were also found to be
important for DENV infection. The EMC, a host factor for ZIKV, DENV and YFV (Le
Sommer et al., 2012, Marceau et al., 2016, Savidis et al., 2016, Zhang et al., 2Q18)s also

been suggested to be important for protein folding and stab ility (Jonikas et al., 2009,
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Louie et al., 2012, Richard et al., 2013, Satoh et al., 201%jowever, it is currently

unknown whether it is necessary for viral polyprotein folding or processing.

1.1.5 Viral RNA Synthesis

Although the virus encodes its own helicase (NS3), polymerase (NS5) and other
NS proteins that function in RNA synthesis, several host factors were identi fied to be
required for RNA replication (Fig. 1 C). A conundrum faced by positive -strand RNA
viruses is the fact that the genome must serve as a template for both translation and
synthesis of negative-strand RNA. Assuming that infection begins with entry of a single
genome into a cell, the virus must ?switch ? from protein to RNA synthesis because of
the incompatibility of elongating ribosomes and viral polymerase acting on the same
RNA molecule. For poliovirus, this is controlled by the viral 3CD intermediate protein
which inhibits translation and facilitates negative -strand RNA synthesis (Gamarnik and
Andino, 1998). For flaviviruses, | envision an oscillating system, in which concentrations
of viral and host proteins determine the fate of the RNA for translation or replication

(Garcia-Blanco et al., 2016)

1.15.1Replication Complex (RC) Formation and RNA Synthesis

Viral translation and RNA synthesis are spatially separated. Flaviviral
nonstructural proteins induce extensive rearrangements of ER membranes to form
subcellular factories, known as replication complexes (RCs), which are sites of vVRNA

synthesis (Pena and Harris, 2012) RCs are devoid d ribosomes and other translation
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machinery (Romero-Brey and Bartenschlager, 2014)so nascent viral genomesdestined
for translation must relocate from the RC to nearby sites on the ER thatfavor protein
synthesis. The RC is formed by rearranged ER membranes containingviral
nonstructural proteins necessary for replication (Romero-Brey and Bartenschlager,
2014) In addition to concentrating factors required for viral RNA  synthesis, the RC has
been postulated to protect dsRNA from detection by pattern recognition receptors
(Uchida et al., 2014)

It is well known that diverse posit ive-strand RNA viruses induce signi ficant
membrane rearrangements associated with RNA synthesis (Diaz and Ahlquist, 2012,
Nagy et al., 2016) Structurally, flavivirus RCs are composed of membraneinvaginations
into the lumen of the ER and contain a single pore that allows accessto the cytosol. Once
the replication complex is formed, negative -strand synthesis ensues. The negativestrand
subsequently serves as template for synthesis of multiple genomes, resulting in
asymmetric abundances of positive- and negative-strand RNAs. Progeny genomes go on
to serve as mediators of additional viral protein and negative-strand synthesis.

RCs are enriched with cellular components necessary for RNA synthesis. Certain
host lipids and enzymes, such as lysophosphatidic acid, phosphatidic acid, and flippase,
have been shown to favor curvature of membranes (Devaux et al., 2008, Kooijman et al.,
2003)and may possibly facilitate membrane rearrangement by NS proteins. The

oligosaccharyltransferase (OST) complex, located within the ER membrane, was found
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to be required for DENV RNA synthesis and associatedwith viral NS proteins.
Interestingly, the catalytic function of the OST complex is not required for DENV
replication, suggesting that the complex serves a structural role in formation of RCs
(Marceau et al., 2016) STT3A and STT3B, the catalyticsubunits that differentiate variant
OST complexes were both required for DENV replication, however, only STT3A
promoted YFV, ZIKV, and WNV infectivity, highlighting differences in the requirement
for OST among flaviviruses (Marceau et al., 2016)

Fatty acid synthase (FASN) and acetytCoA carboxylase alpha (ACACA) were
found to be important for DENV RNA synthesis and FASN relocalized to sites of
viral RNA synthesis after infection, likely through interaction with NS3 and Rab18
(Heaton et al., 2010) Localization of FASN to sites of viral RNA synthesis may assist in
RC formation since the process of membrane invagination would be hypothetically
facilitated by local de novo fatty acid synthesis. Interestingly, the requirement for FASN
is conserved in mosquito cells where lipid species associatedwith RCs are dramatically
perturbed compared to endomembranes from uninfected cells (Perera et al., 2012)

The autophagy pathway has been widely implicated as important to virus
infection and innate immunity. Autophagy can be either pro - or anti-viral, depending on
the virus, and can regulate different steps of the life-cycle. For DENV it has been shown
that processing of triglycerides within autophagosomes increases the levels of free fatty

acids that are used togenerate adenosine triphosphate (ATP) through b-oxidation
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(Heaton and Randall, 2010) This process is necessary for dfcient viral RNA synthesis
and a requirement for autophagy was obviated by supplementing cells with free fatty
acids (Heaton and Randall, 2010) Another study reported that autophagy was
important for DENV morphogenesis in addition to promoting RNA  synthesis (Mateo et
al., 2013) Interestingly, autophagy has been variously reported to restrict WNV
replication (Kobayashi et al., 2014)or have no effect at all (Beatman et al., 2012) Thus,

requirements for autophagy processes appear rot to be conserved among fl aviviruses.

1.15.2 RNA-Binding Proteins

There are many examples of pro-viral host factors that are RNA -binding proteins
and promote RNA replication. Polypyrimidine tract -binding protein was reported to
be a DENV, but not YFV, host factor that interacts with NS4A and promotes viral RNA
synthesis (Agis-Juarez et al., 2009, Anwar et al., 2009, Jiang et al., 2008xoribonuclease
family member 3 (ERI3) is a host factor for both DENV and YFV. ERI3 is nhormally
enriched in the Golgi but upon i nfection localizes to sites of DENV replication and
enhances RNA synthesis by an unknown mechanism (Ward et al., 2016) In addition to
these factors, the La protein(Garcia-Montalvo et al., 2004, Vashist et al., 2009and NF90
(Gomila et al., 2011)have been reported to associate with flavivirus RNA, although their
roles in infection are undefined. In the context of WNV, the translation elongation factor,
eEFla, was surprisingly found to be necessary for negative strand synthesis through

binding to the 3 eterminal stem loop of genomic RNA (Davis et al., 2007)
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Another RNA -binding protein, AU -rich binding factor 1, p45 isoform (AUF1
p45), was reported to exert RNA chaperone activity that promotes WNV genome
cyclization, which is important for RNA synthesis (Friedrich et al., 2014) AUF1 p45
affinity for WNV RNA is enhanced by methylation via arginine methyltransferase
(PRMT1) which was shown to be imp ortant for WNV infection by stimulating RNA
synthesis (Friedrich et al., 2016) DDX6 is an RNA helicase that was shown to bind the
DENV 3eUTIR and act as a host factor by an unknown mechanism(Ward et al., 2011)
Taken these considerationstogether, it becomesclear that flavivirus genomes have
evolved to hijack cellular RNA -binding proteins to promote multiple phases of the life-

cycle.

1.1.6 Particle Assembly

Assembly of virus particles (Fig. 1D) initiates with association between capsid
protein and the viral genome to form the nucleocapsid. The structure of the
nucleocapsid remains elusive (Kostyuchenko et al., 2016,Mukhopadhyay et al., 2005,
Sirohi et al., 2016, Zhang et al., 2013)Association of the nucleocapsid with E
and prM heterodimers inserted into the ER membrane precedes budding of
immature viral particles into the ER lumen. This is thought to occur in close
proximity to the RC pore (Junjhon et al., 2014, Welsch et al., 2009VYiral particles
are transported via the secretory pathway to the Golgi apparatus where maturation

and N-linked glycosylation of prM and E proteins take place. Transition from the
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ER to the trans-Golgi network is associated with a reduction in pH, which triggers a
conformational change in prM/E spikes. Furin protease cleaves prM in this acidi fied
compartment, converting the immature viral particle into a fully infectious virus that

is subsequently released from the cell by vesicular fusion with the plasma membrane
(Stadler et al., 1997)

How nascent viral genomes are extruded from RCs through the pore to nearby
sites of viral assembly is unknown. However, once viral genomes destined for
packaging clear the RC, they assaiate with capsid protein (Ilvanyi -Nagy et al., 2008)
located on ER membranes. Capsid also localizes to the surface of lipiddroplets (LDs),
organelles that function in neutral lipid storage and are often associated with ER
membranes (lglesias et al., 2015, Samsa et al., 20Q®nd this assaiation is possibly
important for viral particle formation. On the other hand, localization to LDs may re flect
a mechanism for storage of capsid protein, preventing premature association with viral
RNA and/or modulation of lipid metabolism in ways that benefit virus replication (Byk
and Gamarnik, 2016). Either way, mutations in capsid that disrupt targeting to LDs
restrict infection (Samsa et al., 2009)importantly, several host factors that are important
for capsid localization to LDs have been identified. Golgi brefeldin A resistant guanine
nucleotide exchangefactor 1 (GBF1) and coataner protein b (COPB) are two of these
factors (lglesias et al,2015). In addition, the concerted actions of ADP-ribosylation factor

1 (Arfl) and Arf4 were also required for capsid LD localization (Iglesias et al., 2015)
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These factors likely mediate localization of capsid from the site of synthesis (ER) directly
to LDs.

The nucleolar helicase DEAD-Box Helicase 56 (DDX56) wasfound to be
important for morphogenesis of WNV particles (Xu and Hobman, 2012). Knockdown of
DDX56 inhibited WNYV infection and this could be rescued by a siRNA -resistant DDX56
expression construct, but not by a mutant form lacking helicase function. DDX56
depleted cells produced and exported the same amount of capsid protein to the
supernatant as control cells; however, the amount of viral RNA in the supernatant was
lower due to DDX56 knockdown, indicating a defectin RNA packaging (Xu and
Hobman, 2012). Since DDX56 also binds to the WNV capsid (Xu and Hobman, 2012), it
may facilitate transfer of viral RNA from the RC to ER membranes enriched with local
capsid protein.

Src kinases have alsdeen implicated in late stages of theflavivirus life -cycle.
Knockdown or chemical inhibition of ¢ -Src inhibited the accumulation of DENV
particles in the ER without affecting viral gene expression. In addition, the Src kinase, ¢
Yes, was reported topromote WNV traf ficking through the secretory pathway (Hirsch et
al., 2005) Although i t is unknown how these kinases promote the late stages of
flavivirus infection, they represent druggable targets that could be used as anttviral

therapies. Several endosomal sorting complex required for transport (ESCRT) proteins
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were found to be importan t for JEV and DENV infectivity (Tabata et al., 2016)The
depletion of specific ESCRT factors strongly reduced the production of infectious virus
but had no effect on a JEV replicon, indicating that ESCRT proteinsare not required for
RNA replication (Tabata et al., 2016)Microscopic analysesrevealed that ESCRT proteins
localize to sites of virus assembly and may promote virion biogenesis by inducing
membrane deformations that enable budding of viral particles into the ER lumen

(Tabata et al., 2016)

1.1.7 Particle Egress

Once the flavivirus particle buds from the ER, it enters the secretory pathway
where final maturation steps take place (Fig. 1IE). Multiple host factors are co-opted by
flaviviruses at this late stage of infection. Proteasome function was shown to be
important for the egress of DENV and the proteasome inhibitor, bortezomib, reduced
DENV production in primary monocytes and DENV -associated pathology in mice
(Choy et al., 2015) Notably, this drug was recently identi fied to potently antagonize
ZIKV infection (Barrows et al., 2016) although the mechanism of action for ZIKV is
unknown.

Rab proteins are known to play roles in vesicular trafficking and are important
for egress in addition to viral entry. Rab8b was identi fied in a SIRNA screen of 18 Rab
genes to promote WNV egress(Kobayashi et al., 2016) The ADP-ribosylation proteins

Arf4 and Arf5, which play important roles in  endomembrane trafficking and
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metabolism, were found to interact with prM and stimulate DENV and YFV egress
(Kudelko et al., 2012) DENV prM has also been shown to interact with KDEL receptors
(KDELR), transmembrane proteins that cycle between ER and Golgi to prevent ER
resident factors from ?leaking? iato the Golgi. Disruption of KDELR tprM interaction
decreased virus egress at the stage o¥iral particle transport from the ER to Golgi (Li et

al., 2015)

1.17.1 Glycosylation

Flaviviruses encode three proteins that are glycosylated by host machinery: priM,
E, and NS1. Glycosylation of prM may promote correct folding and heterodimerization
with E protein, leading to enhanced virion morphogenesis and infectivity (Courageot et
al., 2000) The N-linked glycosylation of E and prM is important for viral entry (Davis et
al., 2006, Dejnirattisai et al., 2011, Guirakhoo et al., 19929nd pathogenicity in animal
models (Beasley et al., 2005, Kim et al., 2008)n addition, glycosylation of particular
asparagine residues on E and prM differentially promotes infection of animal and
mosquito cells (Hanna et al., 2005) indicating speciesspecific functions for viral
glycosylation (Mondotte et al., 2007). For NS1,glycosylation has been shown to be
important for DENV and YFV replication and pathogenesis(Crabtree et al., 2005,
Muylaert et al., 1996). Furthermore, glycosylation of NS1 stimulates secretion and

stabilization of the secreted hexameric form (Crabtree et al., 2005, Flamand et al., 1999,
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Somnuke et al., 2011) In summary, flaviviruses strongly depend on glycosylation for

infection of both human and mosquito hosts.

1.17.2 Furin-like Protease Cleavage

Shortly before the virus exits the cell, the viral structural proteins undergo
reversible conformational changes caused by low pH in the exocytic compartment. The
vATPase, aflavivirus entry host factor, is required for egress of DENV, due to its role in
acidification of exosomes(Duan et al., 2008) Structural changes thatoccur due to
reduced pH, expose the furin cleavage site on prM (Stadler etal., 1997, Yu et al., 2008, Li
et al., 2008) Cleavage by furin or furin -like proteases causes theconformatio nal changes
to become irreversible. After release from the cell by exosome fusion with the plasma
membrane, pr peptides dissociate in the neutral pH of the extracellular milieu,

converting the particle into a fully infectious virus (Li et al., 2008, Zybert et al., 2008)

1.2 RPLP1 and RPLP2

The ribosome contains approximately 80 ribosomal proteins, and two of these
proteins are RPLP1 and RPLPARPLP1/2), which have been previously detected as
putative host factors required for DENV (Barrows et al., unpublished) and YFV infection
(Le Sommer et al., 2012)Analogs of the human proteins were initially discovered in
bacteria (Moller et al., 1972)and then homologs were found in yeast (SanchezMadrid et
al., 1979)and their identification was straightforward due to their unusual biochemical

properties of being acidic phosphoproteins. RPLP1/2 contain 114 and 115aarespectively
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and are the only ribosomal proteins present in more than one copy per ribosome (Choi
et al., 2015) In humans, RPLP1/2 form a pentameric structure containing two copies of
each protein and one copy of the ribosomal phosphoprotein PO (RPLPQ (Choi et al.,
2015) This pentameric structure forms the ribosomal stalk, which is located in close
proximity with the protein RPL12 and can be visualized by electron microscopy because
it protrudes from the ribosome (Strycharz et al., 1978, Marquis et al. 1981) RPLP1/2
heterodimers can also be found free from the ribosome. It is thought that this cytosolic
pool of RPLP1/2 heterodimers exist as a reserve, since these proteins only assemble on
the ribosome in the cytosol (Remacha et al., 1995)The pre-60S subunits are initially
assembkd in the nucleolus with the RPLPO paralogMRTO4 binding in the same site as
RPLPO binds in the rRNA (Lo et al., 2010) Then, the pre-60S subunt will leave the
nucleolus to the nucleoplasm, where RPLPO will then replace MRTOA4 in the 60S subunit
(Lo et al., 2010) In contrast to MRTO4 and RPLPQ, RPLP1/20nly bind the ribosome after
its 60S and 40S subunits are exported from the nucleus to the cytosol andare two of the
last proteins to assemble on the ribosome during biogenesis(Lo et al., 2010)

Unlike most RPs RPLP1/2 are thought not to participate in ribosome biogenesis
(Nicolas et al., 2016) It was found that heterodimers of the yeast homologs of these
proteins only bind the ribosome after the 80S ribosome is formed and committed to
translation (Bautista-Santos and Zinker, 2014) supporting a role for these proteins in

translation elongation. However it is unclear if that is also the case in mammalian cells
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(Martinez -Azorin et al., 2008a) RPLP1/2 each contain two functional domains, the N-
terminal domain and the C -terminal domain. The N -terminal domain s of both proteins
are important for formation of RPLP1 -RPLP2 heterodimers, which stabilize RPLP1/2
proteins (Martinez -Azorin et al., 2008a), and also for binding to RPLPO which in turn
attaches directly to the 28S rRNA (Marquis et al., 1981, Camargo et al., 2011)The G
terminal domain of the protein is flexible and extremely con served between RPLP1,
RPLP2 and RPLPO. Only the Gterminal domain from either RPLP1/2 or RPLPO are
required for viability of yeast (Santos and Ballesta, 1995)

The functions of RPLP1/2 are still debated even after decades of research on this
topic. In vitro evidence suggests the Gterminal portion of these proteins bind elongation
factors with high affinity and play sarole in translation elongation (Bargis-Surgey et al.,
1999, Ito et al., 2014)Furthermore, in vitro assays measuring eEF2-dependent GTPase
activity and eEF-huY ¥ F2®l€pendent polyphenylalanine translation find functional
importance for RPLP1/2 in translation elongation (Lavergne et al., 1987, Baba et al.,
2013) On the other hand, experiments in mammalian or yeast cells using metabolic
labeling or polysome profiling detected only moderate (Martinez -Azorin et al., 2008a)to
no changes(Artero -Castro et al., 2015, Perucho et al., 2014 global translation,
depending on the cell line used. An attempt to address whether RPLP1/2 could function

in translation elongation using a run -off assay did not detect any defect in yeast
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that were null for the homologs of RPLP1/2 (Wawiorka et al., 2017). It is possible that a
more sensitive technique needs to be employed to detect the activity of RPLP1/2 on
elongation since it has been suggested that these proteins may assist in translation of
specific mRNASs. Indirect eviden ce that RPLP1/2 could function in translation elongation
in cells was found by Veit and colleagues (Veit et al., 2016) They found that the
depletion of any one of the proteins of the stalk (RPLPO, RPLP1or RPLP2) or depletion
of RPLP12 which is located close tothe base of the stalk could partially correct the
regulator (CFTR), which is a mutation that causes incorrect folding of the protein. In
addition, they perform a run -off assay which reveals that depletion of RPLP12 causes a
detectable translation elongation defect in HelLa cells (Veit et al., 2016) indicating that
the CFTR folding defects were resolved by having a slower translation elongation (Veit
et al., 2016) However, the runoff assay was not performedwith d epletion of RPLP1/2
proteins. Their findings are consistent with the fact that optimal translation elongation
rates have been shown to be important for CFTR efficient folding (Kim et al., 2015)
RPLP1/2 have also been implicated in playing roles in various cellular processes which
may not have a connection with their possible function in translation elongation. These
proteins were proposed to be regulated by anti-gonadotropin releasing hormone
(GnRH) I and I, possibly playing a role in the GnRH pathway (Lee and Ge, 2010, Chen

et al., 2002) They were also suggested to be required for %I Y wx | @l&tisnlinyehst
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(JimenezDiaz et al., 2013) RPLP1/2 depletion in cells have also been shown to cause
reactive oxygen species (ROS) accumulation, followed byunfolded protein response
(UPR) activation ultimately leading to autophagy as a mechanism to promote cell
survival. The activation of these pathways did not have any measurable impact in global
cellular translation (Artero -Castro et al., 2015) The ROS accumulation was shown to be
responsible for the growth defect observed when RPLP1/2 is depleted and treament
with an antioxidant was able to restore cells to normal growth rates (Artero-Castro et al.,
2015) Another aspect that may play a role in the function of RPLP1/2 proteins is that
they can be phosphorylated. It was shown that phosphorylation of these proteins is not
required for RPLP1/2 heterodimer binding to the ribosome (Ballesta et al., 1999)
Phosphorylation of RPLP1/2 on the C-termini resulted i n two to four -fold increase in
affinity of binding with eEF2 (Bargis-Surgey et al., 1999) In yeast, phosphorylation on
the N-terminus was shown to play a role in stability of the RPLP1/2 proteins
(Nusspaumer et al., 2000)and phosphorylated proteins have been found to have
different localization than the unphosphorylated protein, being enriched on the cell
walls (Boguszewska et al., 2002)

There is evidence that suggests that not every ribosome contains RPLP1/2
(Garcia-Marcos et al., 2008, Guarinos et al., 2003)r'his opens the possibility that the
protein levels and interactions of these proteins with the ribosome may be regulated in

different environmental conditions. Consistent with that hypothesis, there is abundant
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evidence that the protein level of RPLP1/2 and their homologs are changed in a variety
of conditions outlined in this paragraph. Overexpression of Gonadotropin -releasing
hormone (GnRH) | or GnRH -1l have been shown to downregulate RPLP1/2 mRNA and
protein levels whereas not changing the expression of a control ribosomal protein
(RPS14)(Chen et al., 2002) Monoclonal antibodies targeting the GnRH receptors were
also shown to reduce mRNA levels of RPLP1/2 (Lee and Ge, 2010)suggesting GnRH-I/II
mediate depletion of RPLP1/2 by agonist-induced internalization and downregulation of
GnRH receptors (Finch et al., 2009) Capsaicin treatment was found to increase levels of
RPLP2 protein in intestinal cells (Han et al., 2005) RPLP1 has been found to be
downregulated in chickens subjectedto energy restriction (Wang et al., 2012)and
upregulated with injection of specific prebiotic and sy mbiotics delivered in ovo
(Slawinska et al., 2016) In yeast, it has been shown that RPLP1/2 homologs have their
levels reduced from exponential to stationary growth phases(Boguszewska et al., 2002)
and this observation may be due to low nutrient availability. In plants, mRNAs of

RPLPO and RPLP2 homologs are foundto be downregulated during salt stress (Liu et
al., 2016) RPLP1/2 have also been found to have their expression uprgulated in variety
of cancers, including pancreatic (Gardner-Thorpe et al., 2002) gynecologic (Artero -
Castro et al., 2011)lung and bone (Yang et al., 2018)and colorectal (Tian et al., 2015)
tumors. Additionally, RPLPO was observed to be released from the ribosome during

nucleolar stress, which would in theory prevent RPLP1/2 binding to the ribosome
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(Derylo et al., 2018) Collectively, these examples suggest that RPLP1/have different
expression levels in response to a variety of environmental conditions, which may

suggest their expression is regulated.

2 RPLP1 and RPLP2 are essential f
thapr omote early viral protein ac

This chapter is based on a research article publishedfyl Kroon Campoat al., in the Journal

of Virology in 20X (Campos et al., 2017b)

2.1 Rationale

While the general mechanisms of translation have been studied extensively, the
specific roles of many host proteins in translation are unclear. This is the case for most
of the approximately 80 ribosomal proteins (RPs), most of which interact with rRNA
(Khatter et al., 2015, Shi and Barna, 2015While some RPs are impatant for basic
ribosomal functions, recent evidence suggests that several RPs play roles in mRNA
specific translation (Kondrashov et al., 2011, Xue et al., 2015, Lee et al., 2013b, Nguyen
Lefebvre et al., 2013, Jiang et al., 2015, Bortoluzzi et al., 2001, Ishii et al., 2006)
Supporting the idea of specialized roles, many RPs are differentially expressed in
mammalian tissues (Bortoluzzi et al., 2001, Ishii et al., 2006), and mice bearing a
heterozygotic or homozygotic knockout for specific RP genes display tissuespecific
phenotypes during development (Shi and Barna, 2015) For instance,ribosome protein

L38 (RPL38)is required for translation of specific homeobox (HOX) mRNAs, and this
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requirement is connectedto the presence of a common functional element in the 5’"UTRs
of some HOX mRNAs (Kondrashov et al., 2011, Xue et al., 2015)

In addition to cellula r mRNAs, specific RPs have been implicatedas
translational enhancers for viruses, such asvesicular stomatitis virus, measles virus,
rabies virus (Lee et al., 2013b)and hepatitis C virus (HCV) (Landry et al., 2009),
suggesting that these viruses haveevolved a dependency on ribosomal functions
conferred by these RPsPrevious genome-scale small interfering RNA (siRNA) screens
performed by our laboratory identified host factors required for DENV -2 (New Guinea
C strain) (Barrows et al., unpublished data) and YFV (17D strain) infection (Le Sommer
et al., 2012) Many of the identifi ed host factors are components of the translation
machinery, including RPs. Other research groups have also performed genomescale
screens to identify host factors for flaviviruses by using siRNA or clustered regularly
interspaced short palindromic repeats (CRISPR) and identified CRISPRand identified
components of the translation machinery, but follow -up experiments of these
components were limited (Marceau et al., 2016, Zhang et al., 2016, Savidis et al., 2016,
Krishnan et al., 2007, Yasunaga et al., 2014)

Among the top candidate proteins identified as host factors for flaviv irus
infection of human cells in our screens were RPLP1 and RPLP2 (RPLP1/2{Barrows et
al., unpublished) (Le Sommer et al., 2012)which form a stable heterodimer that is

tethered to the ribosome by a third RP, RPLPO, to form aconserved structure known as

34



the ribosomal stalk. The stalk acts in recruitment of elongation factor eEF2, which
functions in GTP-dependent ribosomal translocation (Bargis-Surgey et al., 1999)
However, previous studies have reported little ( ~20% reduction) to no change in global
translation when RPLP1/2 are depleted in cells (Perucho et al., 2014, MartinezAzorin et
al., 2008a, Artero-Castro et al., 2015)

In this chapter, we show that RPLP1/2 are essential for DENV-2, YFV, and ZIKV
infection . RPLP1/2 were also required for DENV-2 infection of Aedes aegyptnosquitoes,
the main vector for these viruses. Investigation of the underlying mechanism revealed
that RPLP1/2 promoted both the accumulation of viral protein early after infection and
the accumulation of DENV -2 structural proteins in a cell-based heterologous expression
assay. In contrast to viral translation, RPLP1/2 depletion resulted in milder and cell type-
specific positive or negative effects on global cellular protein synthesis. Taken together,
our observations suggest that RPLP1/2 are ribosomal proteins required for flavivirus

translation.

2.2 Results

2.2.1 The RPLP1/2 heterodimer is required for DENV-2 and YFV
replication

Previous genome-scale screens from our laboratory identified RPLP1/2 in the top
0.05% of candidate host factors necessary for infection of HuH-7 cells by DENV-2
(Barrows et al., unpublished) and YFV (Le Sommer et al., 2012) To validate the siRNA

screen data, we knocked down RPLP1/2 in A549 and HuH-7 cells by using multiple
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independent siRNAs and infected the cells with either DENV -2 (New Guinea C) or YFV
(17D) at a multiplicity of infection (MOI) of 1 for 24 h (Fig. 3). In accordance with
previous reports (Martinez -Azorin et al., 2008a), knockdown of RPLP1/2 reduced cell
proliferation by about 2 -fold without affecting viability as measured in a trypan blue
assay (unpublished data). We noted that knockdown of either RPLP1 or RPLP2 resulted
in co-depletion of the other binding partner ( Fig. 3A and B), in agreement with previous
observations (Martinez -Azorin et al., 2008a). Although the cells were depleted of most
RPLP1/2, a fractional pool of ribosomes containing RPLP1/2 probably remains.

After infection, cells were stained for immunofluorescence using a pan -flavivirus
E protein antibody (4G2) and analyzed by high-content imaging to determine infection
rates (Fig. 3C). Depletion of RPLP1/2 caused a dramatic reduction in the percentage of
infected cells for both viruses and in both cell lines, in comparison to control siRNA (Fig.
3D and E). Because RPLPO bridges the RPLP1/2 heterodimer to the ribosome, we
additionally , tested whether RPLPO is required for virus replication. Knockdown of
RPLPO with two independent siRNAs strongly reduced YFV infection ( Fig. 3F and G).
This suggests that flaviviruses depend on RPLP1/2 bound to ribosomes to effectively
replicate. In addition to measuring infection rates by immunofluorescence, we
determined the titers of virus in cell supernatants under the different experimental

conditions. Measurements of infectious DENV (Fig. 4A) and YFV (Fig. 4B) showed that
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Figure 3: The RPLP1/2 heterodimer and RPLPO are required for efficient DENV -2 and YFV infection
of A549 and HuH -7 cells. Cells were transfected with either a non-silencing control siRNA (NSC) or
one of five independent siRNAs used to deplete RPLP1/2, three targeting RPLP1 (siP1_1, siP1_2, a
siP1_6) and two targeting RPLP2 (siP2_1 and siP2_4). After 48 h, cells were infected at an MOI of 1 ar
infection was assessed after 24 h.A and B) Western blotting results show k nockdown of RPLP1/2 with
independent siRNAs in A549 (A) and HuH -7 (B) cells.C. Representative images showing A549 cells
infected with DENV -2 (New Guinea C). Nuclei were Hoechst stained (blue), and the viral E protein was
stained with 4G2 antibody (green). (D and E) Quantification of infection rates for DENV -2 and YFV
(17D) are shown for A549 (D) and HuH -7 (E) cells. F. A549 cells were transfected with the indicated
siRNAs against RPLPO and infected with YFV 48 h later at an MOI of 1. Western blotting results show
knockdown of RPLPO with two independent siRNAs. G. Rates of infection are shown for cells
transfected with NSC or siRNAs targeting RPLPO. The error bars represent standard deviations of three
biological replicates. Statistical significance was assassed by atwo-UE D O1 E w 2 téstdetvei NS
and experimental sSiRNAs. **p < 0.01;*** p <0.001;**** p < 0.0001 Adapted from (Campos etal., 2017b;
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Figure 4: The RPLP1/2 heterodimer is required for efficient production of infectious DENV -2 and YFV.
A. Titers for supernatants from HuH -7 or A549 cells infected with DENV -2 were determined in Vero cells.
B. The same experiments asshow in panel A, except with YFV. Statistical significance was assessed by
two-UE B Ol E w 2 8dd ietwéed NSCuand experimental SiRNAs. * p < 0.05;** p < 0.01;*** p < 0.001
Adapted from (Campos et al., 2017b)

levels of secreted virus were reduced by up to 2 orders of magnitude in A549 cells due to
RPLP1/2 knockdown. Results from HuH -7 cells showed a 15 to 30-fold reduction for
DENV and 10- to 50-fold reduction for YFV. These data confirmed that RPLP1/2 are

required for efficient production of infectious DENV and YFV in both cell lines

analyzed.

2.2.2 Exogenous expression of RPLP1/2 rescues DENV-2 infection

To rule out the possibility that off -target effects of the siRNAs contributed to
reduction of virus infection, we performed rescue experiments using an expression

construct resistant to siRNA siP1_1(Fig. 5A). HuH -7 cells were transfected with RPLP1
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Figure 5: Exogenous expression of RPLP1/2 rescues DENV-2 infection under conditions of endogenous
RPLP1/2 knockdown . HuH-7 cells were transfected with the indicated siRNAs (NSC or siP1) and
subsequently transfected with either empty vector (EV) plasmid or the siRNA -resistant RPLP1 (P1
expression. plasmid. Cells were then infected with DENV -2 at an MOI of 1. A. Western blotting results,
showing RPLP1/2 levels after transfection with the indicated siRNA/plasmid combinations. B. Representative
immunofluorescence images of virus infection under different conditions. Nuclei were stained with Hoechst
(blue), and the viral E protein was stained with 4G2 antibody (green). C. Quantification of v irus infection
rates. The error bars represent standard deviations of three biological replicates. Statistical significance was
assessed by atweU E D O1 E w 2téstbEnvedriite dicated conditions. *** p <0.001**** p <0.0001 Adapted
from (Campos et al., 2017b)
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siRNA and subsequently transfected with siRNA -resistant RPLP1 plasmid before
DENV -2 infection. The cells transfected with non-silencing control SiRNA (NSC) and
empty vector had 35% infection, while transfection with siRNA against RPLP1 and
empty vector reduced DENYV -2- infected cells to 3% (Fig. 5B and C). Transfection of
siRNA -resistant RPLP1 vector rescued DENV2 infection to 30% (Fig.5B and C), further

solidifying RPLP1/2 as critical host factors.

2.2.3 RPLP1/2 are required for DENV-2 infection of Aedes aegypti
mosquitoes.

RPLP1/2are conserved genes that have clear homologs in the main vectors for
DENV -2, mosquitoes of the Aedeggenus. Within the ORF, human (CR542209.1) andA.
aegypti(DQ440047.1)RPLP1genes share 63.39% nucleotide sequence identity, whereas
human (CR542212.1) andA. aegypti(DQ440065.1)RPLP2genes have 69.37% identity. We

therefore, tested whether RPLP1/2 are required for DENV-2 infection of A. aegypti

Table 1 - Survival and blood feeding of control and RPLP1/2 knockdown mosquitoes

dsRINA target  INo.of mosquitees injected  Neo. of mosquitees fed bloed meal Surrival of bleed-fed mos quitecs

LacZ 100 56 55/56
RPLP1 100 3 32/34
RPLP2 100 4 42/44
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Figure 6: RPLP1/2 are required for DENV -2 infection of Aedes aegypti mosquitoes. Mosquitoes were
injected with dsRNA targeting RPLP1 RPLP2 or LacZ (control) and 3 days later were offered a blood meal
containing DENV -2 at 1_ 107 PFU/mI. Six days after oral infection, mosquitoes were homogenized and virus
titers were determined in a cell-based plaque assay (yielding the number PFU per mosquito). Each data poini
represents an individual mosquito. A. RNA levels of RPLP1/29 days after dsRNA injection. Statistical
significance was assessed by 4 test. *, P _ 0.05 B. The DENV-2 titer in each mosquito injected with dsRNA
targeting LacZ RPLP1, or RPLP2 The black lines represent the means and error bars represent standard error
of the means. Statistical significance was assessed by using the ranked nonparametric ManAVhitney U test.
* P _ 0.05;*, P _ 0.01. N indicates the number of infected mosquitoes analyzed per condition. These
experiments were performed by our colleagues Ben Wong and Julien Pompon at Duke-NUS. Adapted from
(Campos et al., 2017b)

Mosquitoes were injected with double -stranded RNA (dsRNA) targeting LacZ(negative

control), RPLP1, or RPLP2and orally infected with DENV -2 (ST strain) by blood meal 3
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days later. After 6 days of infection, mosquitoes were homogenized for measurements of
viral titers. Both dsRN As targeting RPLP1/2 were effective at reducing the

corresponding mMRNA levels by at least 50%, and the RPLP2 dsRNA also reduced RPLP1
MRNA levels (Fig. 6A). No difference was observed in survival of the mosquit oes
injected with the different dsRNAs , but the percentage of mosquitoes that fed from the
blood meal was reduced in RPLP1 and RPLP2 knockdown mosquitoes (Table 1).

For at least 21 mosquitoes that fed on the DENV:2 blood meal and survived,
titers were determined for each treatment group. This analysis showed a reduction of
approximately 3 -fold in the number of mosquitoes with detectable virus and a
significant reduction in the average titer for the RPLP1/2 knockdown groups compared
to the negative-control group (Fig. 6B). These data indicate hat RPLP1/2 are important

for productive DENV -2 infection of A. aegypti

2.2.4 The RPLP1/2 heterodimer is required for replication of ZIKV.

Given the urgent need to increase our understanding of ZIKV, we asked whether
RPLP1/2 are also required for ZIKV infection. We analyzed ZIKV isolates of the
American lineage (isolate MEX_1_7) (Guerbois et al., 2016)and African lineage (isolate
41525)(Ladner et al., 2016) To this end, we knocked down RPLP1/2in A549 and HuH -7
cdls and then infected the cells at an MOI of 1. Similar to our results with DENV -2 and
YFV, both lineages of ZIKV were incompetent for replication in RPLP1/2 -depleted cells

(Fig. 7A). We observed reductions in infection rates of up to 50-fold for ZIKV isol ate
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Figure 7: RPLP1/2 are host factors for ZIKV. A549 and HuH - 7 cells were transfected with the indicated
siRNAs and infected 48 h later with ZIKV (isolate 41525 or MEX_|_7) ata MOl of 1.  A. Representative
images of infected A549 cells are shown. Nuclei were Hoechst stained (blue), and the viral E protein was
stained with 4G2 antibody (green). B. and C. Quantification of infected A549 B. and HuH -7 C. cells is shown
(top graphs) as is quantifications of infectious virus in the supernatants of A549 (B) or HuH -7 (C) cells
infected with ZIKV (41525 or MEX_|_7). Error bars represent standard deviations of three biological
replicates. Statistical significancewas assessed by atweU E © O1 E w UtéstbEtive®rONSO and
experimental siRNAs, * p <0.05;** p <0.01;*** p <0.001;**** p <0.0001.Adapted from (Campos et al.,
2017b)
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41525 and 19fold for ZIKV isolate MEX_|_7 (Fig. 7B and C), with some siRNAs
reducing signal to background levels. Viral titers in supernatants were reduced by 2
orders of magnitude in A549 cells (Fig. 7B) due to the knockdown. In HuH -7 cells, titers
were reduced _20-fold for ZIKV 41525 and by 2 orders of magnitude for ZIKV MEX_| 7
(Fig. 7C). Thus, ZIKV was also found to be strongly dependent on RPLP1/2 for

infectivit y.

2.2.5 Effects of RPLP1/2 knockdown on other positive-strand RNA
viruses

To understand whether the requirement for RPLP1/2 is generalizable to other
positive -strand RNA viruses, we tested the effects of RPLP1/2 knockdown on replication
of Hepatitis C virus (HCV) (JFH1 strain) (Wakita et al., 2005) a hepacivirus within the
Flaviviridae and coxsackievirus B3 (CBV3; strain 20)Tracy et al., 1992) an enterovirus
within the Picornaviridae Notably, both of these viruses use internal ribosome entry sites
(IRES) to drive viral translatio n, and HCV IRES activity was previously reported to be
unaffected by RPLP1/2 levels(Martinez -Azorin et al., 2008b). BecauseRPLP1/2 are both
efficiently depleted when either of them is knocked down ( Fig. 3A and B), we used
siRNAs against RPLP2 only. For HCV, we used HuH-7.5 cells, since the parental HuH-7
cells are less permissive for replication (Blight et al., 2002) HCV and CBV3 infection
rates were reduced approximately 2-fold when RPLP1/2 were depleted (Fig. 8A to D).
Infection rates with HCV and CBV3 were compared side by side with that for DENV -2,

which was inhibited about 25 -fold in HuH -7 and 7-fold in HuH -7.5 cells.
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Figure 8: Effects of RPLP1/2 knockdown on replication of CBV3 and HCV .HuH -7 or HuH -7.5 cells were
transfected with siRNAs and then infected with the indicated viruses at MOI of 1 for 8 h (CBV3), 24 h (DENV -
2), or 72 h (HCV). (A) Representative images showing HuH -7 cells infected with DENV -2 or CBV3. (B)
Representative imagesof HuH -7.5 cells infected with DENV -2 or HCV. Nuclei were Hoechst stained (blue).
Shown in green are the DENV-2 E protein, CBV3 VP1 protein, or HCV core protein. (C and D) Quantification

of infection rates are shown for HuH -7 (C) and HuH -7.5 cells (D). Quantifications of virus yields are shown
for DENV -2 in HuH -7 (C) or HuH-7.5 (D) cells, for CBV3 in HuH-7 cells (C), and for HCV (D) in HuH -7.5
cells. Graphs show means and standard deviations of percentages of infected cells or viral yields from three
biological replicates. Statistical significance was assessed by a twd) E B O1 E w 2 84i etwéet XSCuand
experimental sSiRNAs. * p <0.05;** p <0.01;*** p <0.001;**** p <0.0001 Adapted from (Campos et al., 2017b)

We additionally determined the titers of viruses in supernatants and found that,
consistent with experiments shown above, infectious DENV was reduced at least 10-fold
in RPLP1/2-depleted HuH -7 cells (Fig. 8C) and up to 10-fold in HuH -7.5 cells (Fig.8D).
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In contrast, HCV and CBV3 titers were unaffected by RPLP1/2 knockdown (Fig. 8C and
D). Thus, DENV-2 infection was particularly sensitive to RPLP1/2 depletion compared to

the other positive -strand RNA viruses tested.

2.2.6 The RPLP1/2 heterodimer is not required for global cellular
translation

We analyzed the effect of RPLP1/2 depletion on global translation in HuH -7 cells
and A549 cells to determine whether the observed decreases of flavivirus infection could
be explained by a global impairment of cellular translation. RPLP1/2 were knocked
down (Fig. 9A), and then cells were metabolically labeled with [35S] methionine for 30
min. As a translation inhibition control, we also treated cells with cycloheximide (CHX).
Incorporated label was analyzed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDSPAGE) (Fig. 9B) and liquid scintillation counting (Fig. 9C). The
outcome of these experiments showed opposite trends for the two cell lines. When
RPLP1/2 were depleted, incorporation of labeled [35S] methionine was reduced by 50%
in HuH -7 cells, but it was increased by approximately 80% in A549 cells (Fig.9C). It is
not clear why RPLP1/2 knockdown causes different effects on cellular translation in
these cell lines. However, these observations are in agreement with gevious reports that
showed variable effects on cellular translation upon RPLP1/2 depletion (Perucho et al.,
2014, Martinez-Azorin et al., 2008a, Artero-Castro et al., 2015) Importantly, these data
indicate that the potent reductions we observed in flavivirus infectivity upon RPLP1/2

knockdown cannot be explained by a generalized inhibition of cellular translation.
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Figure 9: Depletion of RPLP1/2 results in cell -line -specific effects on global translation . Cells were
transfected with siRNAs and 48 h later were incubated with methionine -free medium for 30 min before
addition of [35S] methionine for 30 min. Cells were subsequently lysed, and proteins were precipitated using

TCA. CHX was used to control for b ackground signal after trichloroacetic acid (TCA) precipitation. (A)

Western blotting results, showing knockdown of RPLP1/2 in HuH -7 and A549 cells. Only antibody against
RPLP1 was used for the Western blot assay with HuH-7 cells. (B) Autoradiography of 35Slabeled proteins
fractionated by SDS-PAGE. (C) Liquid scintillation counting of incorporated 35S -labeled proteins. For eact
cell line, the NSC results was set to 100%. The graphs show mean values of two independent experiments fac
HuH -7 cells and three ndependent experiments for A549 cells. Error bars represent standard deviation
measurements. Statistical significance was assessed by a tweJ E B O1 E w 2 8 tieiwéetl KSCuand othel

conditions. ** p <_0.01;*** p <0.001;**** p <0.0001.Adapted from (Campos et al., 2017b)
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2.2.7 RPLP1/2 are required for accumulation of DENV-2 proteins early
after infection

We next used a recombinant DENV-2 virus (New Guinea C strain) engineered to
expressRenillaluciferase (RLUC) (Zou et al., 2011)to directly test whether RPLP1/2
promote early viral protein accumulation, as would be expected if these proteins are
important for translation of viral RNA. Control and RPLP1/2 -depleted A549 cells (Fig.
10A) were infected at MOI of 1, and viral RNA level s and luciferase accumulation were
assessed at 4 h posinfection (hpi). There was no effect of RPLP1/2 knockdown on viral
RNA levels compared to the negative control (Fig. 10B). In contrast, we observed a
strong reduction of RLUC levels at 4 hpi in RPLP1/2 knockdown cells (Fig. 10C),
indicating an early defect in the virus life cycle. To ascertain whether RNA replication
contributed to RLUC levels, we performed the same assay in the presence of NITD00S, a
potent NS5 inhibitor (Yin et al., 2009) and observed similar results (Fig. 10C), suggesting
that RNA repli cation did not substantially contribute to RLUC levels at 4 hpi. These data
are consistent with a requirement for RPLP1/2 in early DENV translation.

We next examined NS3 accumulation in control and RPLP1/2-depleted A549
cells infected with wild -type DENV -2. We chose to examine NS3 levels because of the
high sensitivity achieved with the anti -NS3 antibody used (see Materials and Methods).
DENV -2 NS3 protein accumulation was analyzed at 6 hpi in control and RPLP1/2-

depleted cells infected at a MOI of 10 (Fig. 10D).
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Figure 10. RPLP1/2 are required for early viral protein accumulation . A. Knockdown of RPLP1/2 is shown
by Western blotting of A549 cells with or without NITD0OO8 treatment. B. Quantification of DENV -2 RNA by
RT-gPCR normalized to 18S rRNA is shown under control and RPLP1/2 knockdown conditions. C. Luciferase
measurements from infected cells harvested 4 hpi are shown for each siRNA transfection condition in the
presence or absere or NITD008 treatment. D. A549 cells were transfected with NSC siRNA or siRNA against
RPLP2 and then infected with DENV -2 for 6 h at an MOI of 10 in the presence or absence of NITD008. NS
accumulation was detected by Western blotting, and results for tr iplicate samples are shown for NSC and
siP2 conditions. CHX-treated and uninfected samples served as controls for background signal. E.
Quantification of NS3 levels was calculated by normalizing results to those for actin. The NSC condition result
was set to 100%. Error bars represent standard deviation measurements of three independent wells. Statistice
significance was assessed by a twetailed 2 0 U E it @4} hetvaen NSC and experimental siRNA conditions.
*p < 0.05** p <0.01;*** p < 0.001*** p < 0.0001. Adapted from (Campos et al., 2017b)
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We used cycloheximide (CHX) treatment to control for background signal. Quantitative
Western blot analysis revealed a reduction of ~85%in NS3 levels in cells transfected with
RPLP2 siRNA compared to results with negative control siRNA (Fig. 10D and E). We
also performed experiments in which cells were treated with NITDO0O8 to restrict viral
RNA synthesis. In the presence of NITD008, RPLP2depletion similarly reduced NS3
levels (~75%) (Fig.10D and E). Together with data from the luciferase reporter DENV -2
assay, these observations show that RPLP1/2 promte an early stage of DENV-2

infection and suggest that efficient DENV -2 translation requires RPLP1/2.

2.2.8 RPLP1/2 are required for accumulation of DENV-2 structural
proteins independently of virus infection.

We next tested whether RPLP1/2 are requiredfor accumulation of DENV -2
proteins under conditions in which viral entry is bypassed. To address this, we isolated
stable HeLa and HEK293 cell lines with cytomegalovirus (CMV) promoter -driven
transgenes that express DENV2 C-prM -E structural proteins in a tetracycline-inducible
manner (Fig. 11A). In these cells, the E protein is cleaved from GprM by cellular
signalase. In contrast, the capsid protein is not efficiently cleaved from prM, because this
cleavage requires NS3mediated processing of capsid on the cytosolic face of the
endoplasmic reticulum (Amberg et al., 1994) Cells were transfected with control or
RPLP2 siRNAs, expression of GprM -E RNA was measured by quantitative reverse
transcription -PCR (RT-qPCR), and structural proteins were measured by Western

blotting with C -prM and E antibodies (Fig. 11B and C). We observed slight or no
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reduction in C-prM -E RNA levels upon knockdown of RPLP1/2 in HeLa or HEK -293
cells, respectively (Fig. 11B and C). For GprM, we observed two protein bands at 33 and
37 kDa (Fig. 10A). Based on published data (Markoff, 1989), these bands are consistent
with the unglycosylated and glycosylated forms of C -prM protein, respectively. In
contrast to RNA levels, the 37-kDa band was reduced in RPLP1/2-depleted cells in
comparison to control siRNA -transfected cells in both cell types. We also observed
reduction of the 33-kDa band with RPLP1/2 depletion in HEK -293 cells (Fig.11C), but
there was no consistent reduction of the 33-kDa band in HelLa cells (Fig. 11B). For E
protein, we observed a 4- to 5-fold reduction in protein levels due to RPLP1/2
knockdown in both HeLa and HEK -293 cells (Fig.11B and C). As RPLP1/2 have been
implicated in translation elongation (Bargis-Surgey et al., 1999, Veit et al., 2016}hese
data raise the possibility that ribosomal elongation through structural protein coding
sequences may be impaired in cells with reduced RPLP1/2 levels, with thestrongest

effects on accumulation of full -length E protein.
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Figure 11: RPLP1/2 knockdown impairs accumulation of DENV -2 structural proteins expressed in stable
cell lines. Tetracycline-inducible HeLa and HEK -293 cells expressing CprM -E were transfected with the
indicated siRNAs, and 48 h later tetracycline was added to the medium for 24 h. Cell lysates were harvested
for Western blot analysis 24 h after addition of tetracycline. A. Representative Western blots showing
expression of C-prM and E proteins under NSC or siP2_4 transfection conditions (performed in triplicate).
The arrows indicate cleaved E protein, the 37-kDa C-prM minority species, and the 33-kDa C-prM majority
species.Samples from uninduced cells are also indicated (-tet). B. Quantifications of C -prM -E RNA by RT-
gPCR normalized to 18S rRNA and protein bands in the Western blot assay from HelLa cells, normalized to
results with _-actin. The NSC conditions were set to 10®6. Graphs show means and standard deviations from
quantification of two independent assays performed in triplicate. C. The same experiment in shown in panel
B, except HEK-293 cells were used. Graphs show means from the quantification of three independent assay
results. Statistical significance was assessed by a twdailed 2 U U E 1t @&t pefiveen NSC and experimental
siRNA conditions. * p <0.05;**** p <0.0001. Adapted from (Campos et al., 2017b)
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