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ABSTRACT OF THE DISSERTATION

Genetic and Bioinformatic Characterization of Mammalian Antiviral RNA Interference
by

Jinfeng Lu

Doctor of Philosophy, Graduate Program in Genetics, Genomics and Bioinformatics
University of California, Riverside, December 2015
Dr. Shou-wei Ding, Chairperson

Diverse eukaryotic hosts produce virus-derived small interfering RNAs (siRNAs) to
direct antiviral immunity by RNA interference (RNAi). However, it has been
controversial in the past decade whether the mammalian RNA1 pathway has a natural
antiviral function. In this dissertation, I demonstrate the production of canonical
virus-derived siRNAs processed by endoribonuclease Dicer from viral double-stranded
RNA (dsRNA) precursors in cultured hamster and human somatic cells and in mice
infected by two distinct RNA viruses after their cognate viral suppressor of RNA
silencing (VSR) is rendered inactive. These mammalian viral siRNAs are predominantly
22 nucleotides long and contain mostly uridine as the 5’-terminal nucleotide, and are
therefore similar to mammalian microRNAs. I show that canonical viral siRNAs are
loaded into mouse and human Argonaute proteins at high levels in the infected cells.
Further analysis reveals that the VSR protein NS1 of Influenza A virus inhibits the
biogenesis of viral siRNAs whereas the VSR protein B2 of Nodamura virus suppresses
both the biogenesis and the Argonaute loading of viral siRNAs during infection. The
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results together demonstrate that the antiviral RNAi response is conserved in mammals as

found in fungi, plants, insects, and nematodes.
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Chapter 1: Introduction

1.1 RNA virus and replication

Viruses are small pathogenic agents relying on host cells (/). Viruses are the most
abundant biological entities on the earth with estimated 103! species, infecting almost
every cellular organism from the animals to the plants, and predominantly the bacteria (2).
Without the cell structure of other life forms, viruses replicate inside the host cells using
the host machinery to synthesize specialized self-assembled particles known as virions,
and release the progeny to infect the new cells by cell lysis or budding (3). Among the
individuals in a population the viruses can be transmitted either vertically (from mother to
child) or horizontally (from person to person) (4, 5). Viruses cause human diseases such
as shingles, influenza, SARS, AIDS and Ebola, and some species can induce cancer
(6-11). There are three hypotheses to the origin of viruses: the regressive hypothesis, the
cellular origin hypothesis and the co-evolution hypothesis, but the origin of viruses is still

unclear as each hypothesis has its own problems (/2).

Virions may be naked consisting of protein capsid and the packaged DNA or RNA as
the genetic materials or enveloped with a lipid coat (3, /3-14). There are seven virus
families according to the Baltimore classification system based on their genome types and
their replication strategies: (I) double-stranded DNA (dsDNA) viruses, (II)

single-stranded DNA (ssDNA) viruses, (II) double-stranded RNA (dsRNA) viruses, (IV)



positive-strand RNA (+RNA) viruses, (V) negative-strand RNA (-RNA) viruses, (VI)
single-stranded RNA retro-transcription (ssSRNA-RT) viruses, and (VII) double-stranded
DNA retro-transcription (dsDNA-RT) viruses (/5). RNA viruses broadly exist in the
plants and animals (/), and have RNA as the genetic material with no DNA intermediates
in the life cycle, including families III, IV and V in the Baltimore classification system
(16). The viral RNA polymerization, including both viral replication and transcription, is
catalyzed by the virus-encoded RNA-dependent RNA polymerase (RARP) as well as
other enzymes such as helicase, capping enzymes and NTPase (/6-7/7). The RdRPs are
believed to be the only viral protein containing motifs conserved in all RNA viruses (/8).
The three-dimensional structures available from five families of (+)RNA viruses show
that the RdRPs share an overall “right-handed” structure with “fingers”, “palm” and
“thumb” domains conserved in other types of polymerases (/7). RNA viruses have
different replication and transcription machineries (/6): (+)RNA viruses anchor their
replication complexes to the intracellular membranes, and replicate asymmetrically ~100
times more positive RNAs than negative RNAs (/9); (-)RNA viruses have the negative
RNA genome as the template for both replication and transcription. (-)RNA viruses pack
their genome into a helical-shaped, protein-coated structure known as the
ribonucloeprotein complex (RNP), and in such way newly made progeny viral RNA
(VRNA) and the replication intermediate (CRNA) can be stabilized in a single-stranded
form immediately after the synthesis (20). Multiple segmented (-)RNA viruses such as the
influenza A virus have conserved VRNA termini recognized and bound by the

heterotrimeric polymerase (2/), while non-segmented (-) RNA viruses undergo
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conformational changes in the nucleocapsid and allow the polymerase access to RNA to
initiate RNA synthesis (22-23); dsRNA viruses enclose their genomes and RdRPs by a
viral capsid to form subviral particles, and the progeny dsRNA genomes are replicated
inside the particles (24). During the transcription of dsSRNA viruses, the asymmetrically
capping to the (+)RNA strand inhibits the binding of RdRPs and allows efficient initiation
of transcription from the (-)RNA strand only (25). The RNA polymerization initiates at or
near the 3’ end of the viral genome, or internally to the template strand during
subgenomic synthesis (26-27). The initiation of RNA polymerization can be either de
novo (primer-independent), or primer-dependent using leader RNAs synthesized by the
viruses, protein-linked RNA oligonucleotides (protein-primed), oligonucleotides cleaved
from the 5” end of cellular capped mRNA (cap-snatching), or back-looped 3’ end of the
template RNA strand as the primers (26-29). Although the de novo initiation is the most
common strategy of the viral RdRPs, some viruses use different initiation strategies
separately among genomic replication, transcription and subgenomic synthesis (26-27).
During the RNA polymerization a partially double-stranded RNA structure is formed. To
date the detection of such double-stranded RNA by immunofluorescence is reported upon
infection by dsRNA viruses, (+)RNA viruses, (-)RNA viruses, dsDNA viruses, and

ssDNA viruses (30, 205).

Very few viral pathogens can be effectively controlled to date possibly due to the
evolution of the viruses (37). Besides the genomic recombinations and the segment

resortments shared by all the viruses, RNA viruses particularly have a million fold higher



mutation rate compared to DNA viruses because of the lack of the proof-reading activity
of the RARPs and the instability of the RNA genomes (32-33). For example, the
evolutionary rate of the NS gene of influenza A virus is 2x10- substitution per site per
year, which is about 10° higher compared to the mammalian germline genes (34).
Therefore the concept quasispecies is used to describe the mutant distribution of RNA
viruses stated as “a huge swarm of mutants” derived from the “master sequence” (3/-32,
35). Viral quasispecies allow the appearance of vaccine-escape and drug-resistant strains
within short time periods by the continuous input of mutant genomes during replication,
which have a major negative impact on the disease control of RNA viruses (3/), and
inspire people to explore broader-spectrum antiviral strategies targeting the fundamental

machineries of RNA viruses.

1.2 Innate immunity against RNA virus

The host defense against the pathogens relies on three systems: anatomic and physiologic
barriers, innate immunity and adaptive immunity (36). Anatomic and physiologic barriers
work as the first defense line to protect the host from the infections, and include the skin,
mucociliary clearance mechanisms, stomach acid, and bacteriolytic lysozyme in
secretions like tears and saliva (36). The disruption of these barriers burdens the innate
and adaptive immune systems, and usually they cannot compensate the loss of anatomic

and physiologic barriers. Blood-brain barrier (BBB) functions as a physical barrier



between the peripheral circulation and the central nervous system to protect the brain
against microbial invasions, and the disruption of BBB by viruses may lead to serious
encephalitis accompanied with significant mortality (37). Adaptive immunity active in
vertebrates depends on recombination of a large array of gene segments to generate the
pathogen recognition receptors to mediate pathogen-specific immunologic response. After
the primary response the cells involved in adaptive immunity expressing the recognition
receptors retain the immunologic memory and respond rapidly to the pathogen upon
re-exposure (38-40). Adaptive immune responses include cellular immunity by T
lymphocytes from the thymus and humoral immunity by B lymphocytes from the bone
marrow (38). T cells are activated by the recognition of T-cell receptors (TCRs) to antigen
peptide fragments presented within the major histocompatibility complex (MHC) on cell
surfaces, to trigger the immune response by killing the infected cells, providing cognate
or cytokine signals to enhance both B cell and T cell responses, and motivating
mononuclear phagocytes (38-39). In gnathostomes (jawed vertebrates) the variety of
TCRs is achieved by assembly of the array of V (variable), D (diversity) and J (joining)
segments from the original TCR loci by V(D)J recombinase composed of proteins
encoded by recombinase-activating genes 1 and 2 (RAG1 and RAG2) (38), while in
agnathans (jawless vertebrates) it’s made by inserting diverse LRR modules from
flanking genomic cassettes to the original variable lymphocyte receptor (VLR) gene
(39-40). B cells activated by T-independent antigens (by themselves or facilitated by
signals provided by cytokines or dendritic cells) or T-dependent antigens can change the

production type of immunoglobulins, as well as activating nucleotide substitution in the
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immunoglobulin heavy and light chain variable regions (38, 41-42). These processes,
known as class-switching and somatic hypermutation (SHM), lead to the production of
antibodies with higher affinity to the antigen (38). The cognate interaction between T
cells and B cells activates the latter to be differentiated into memory cells for response

upon next exposure, or plasma cells producing large amounts of antibodies (38).

Innate immunity responds to the pathogen-associated molecular patterns (PAMPs) by
the function of pattern-recognition receptors (PRRs) (43). Unlike adaptive immunity
which requires the rearrangement to the gene segments for the production of various
pathogen-specific receptors, innate immunity relies on a limited number of receptors
encoded by germline genes (44). Though adaptive immunity allows the recognition to
almost all the pathogens by the diversity of receptors and the immunological memory for
future responses, it takes three to five days for the colonial expansion of the T cells and B
cells with the specific receptors to execute a robust clearance of the pathogen, with the
risk of autoimmune diseases. By contrast, innate immunity reacts much faster within
minutes after the exposure to the pathogen (36, 44). Moreover, the PAMPs recognized by
innate immunity are usually conserved structures or components essential to the
pathogens or common biologic consequences of infection, preventing viruses and other
pathogens from escaping innate immune detection by their rapid evolution (36).
Therefore, innate immunity functions as a universal and ancient host defense mechanism
against pathogen infections, and the fact that plants and invertebrates which have no

adaptive immunity and rely only on innate immunity indicates the critical importance of



innate immunity (39-40, 44-45).

There are several classes of PRRs to recognize viruses, bacteria and fungi in innate
immunity, including Toll-like receptors (TLRs) for cell-extrinsic recognition, the
nucleotide binding and oligomerization domain (NOD)-like receptors (NLRs) and the
retinoic acid inducible gene I (RIG-I)-like receptors (RLRs) for cell-intrinsic recognition
(43). TLRs are type I transmembrane proteins composed of an ectodomain which contains
leucine-rich repeats (LRR) for the recognition of PAMPs, a transmembrane region, and
cytosolic Toll-IL-1 receptor (TIR) domains to activate downstream signaling pathways
(46). TLRs are expressed on the cell surface or associated with intracellular vesicles to
recognize the components from viruses and other pathogens in the extracellular space or
in the phagosome or endosomes without direct infection (43, 46). Each member of TLRs
detects distinct PAMPs. Upon RNA viruse infections, TLR3 recognizes viral
double-stranded RNAs, while TLR7 and TLRS recognize viral single-stranded RNAs as
PAMPs, in addition to the recognition of structural or componential proteins of certain
viruses by TLR2 and TLR4 (46). Activated TLRs trigger myeloid differentiation primary
response gene 88 (MyD88)-dependent pathway or TIR-domain-containing
adapter-inducing interferon-f (TRIF)-dependent pathway, leading to induce the
production of type I interferons (IFNs) and inflammatory cytokine via the activation of
nuclear factor NF-kB, mitogen-activated protein (MAP) kinase and interferon regulatory
factors (IRFs) (46-47). Type I IFNs bind to IFN-aff receptor (IFNAR) to activate the

cytokine-activated Janus kinase (JAK)-signal transducer and activator of transcription



(STAT) pathway and induce over 300 IF-stimulated genes (ISGs), thereby establishing an
antiviral state (43, 47-49). TLRs also have interplay with other PRRs in the antiviral
immunity. Plasmacytoid dendritic cells (pDCs) that express TLR7 and TLR9 can produce
abundant IFNs in rapid response to virus infection and may function as a backup antiviral
response when RLR pathways are blocked by viruses (46). NLRs have a tripartite
structure composed of a variable N-terminal protein-protein interaction domain critical
for downstream signaling, a central NOD domain for activation, and a C-terminal LRR
for PAMP recognition (50). Most NLRs are located within the cytoplasm except few
members that reside in the mitochondria or in part in the nucleus (50). Members of NLRs,
including NLRP3, NLRC2, NLRCS5 and NLRX1, are found to be involved in the antiviral
immunity, some of which are activated by RNA viruses or viral ssRNAs and dsRNAs to
stimulate caspase-1 and IRF3 activation and downstream production of IL-1f, IL-18 and
IFNs, and regulate inflammation during virus infection, while others are suggested to
have an interaction with RLR pathway (5/-53). However, though the crystal structure of
NLRXI1 suggests its binding ability to ssSRNA and dsRNA, the upstream activation
mechanism of NLRs by viruses, whether directly or indirectly via other innate immunity
pathways like RLRs, as well as the in vivo relevance of NLRs in antiviral immunity upon

virus infection, are not clear to date (51, 54).

RLRs are a family of DExD/H box RNA helicases that function as cytoplasmic PRRs
to recognize viral RNAs as the PAMPs (55). To date three members are identified and two

of them, RIG-I and melanoma differentiation associated factor 5 (MDAYS), are composed



of an N-terminal tandem caspase-activation and recruitment domains (CARDs) essential
for downstream signaling activation, a central DExD/H box RNA helicase/ATPase
domain for RNA binding and the ATP hydrolysis ability, and a C-terminal repressor
domain (RD) participated in autoregulation (55, 206). RIG-I and MDAS are involved in
the antiviral innate immunity by recognizing the RNA components of RNA viruses and
triggering intracellular signaling pathways and downstream production of IFNs and
proinflammatory cytokines via binding to IFN-B promoter stimulator 1 (IPS-1, also
known as MAVS) (43, 55). RNA viruses are differentially recognized by either RIG-I or
MDAS (56). The antiviral immunity to Sendai virus, vesicular stomatitis virus (VSV),
influenza A and B virus, Ebola and hepatitis C virus, for example, require RIG-I,
picornaviridae viruses are detected by MDAS, whereas some viruses such as Dengue
virus, West Nile virus (WNV) and reovirus are recognized by both RIG-I and MDAS
(55-56). Short dsRNAs and 5’-triphosphate or 5’-diphosphate RNA derived from RNA
viruses are recognized by RIG-I, while long dsRNAs over 2kb such as polyinosinic
polycytidylic acid (poly I:C) are the preferred PAMPs of MDAS (43, 56-59). The antiviral
function of the third member of RLRs, D11Lgp2 (Laboratory of Genetics and Physiology
2, LGP2), remains controversial (207). With a similar structural domains to RIG-I and
MDAS5 but lacking any CARD domain which is essential for IFN induction and
inflammation, LGP2 was originally considered as a negative regulator of RLR signaling
pathway via competition for dSRNA binding, however studies using lgp2 deficient cells
and mice detected reduction in IFN production and high susceptibility to infections by

RNA viruses except for influenza virus, suggesting that LGP2 may facilitate viral RNA
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recognition by RIG-I and MDAS via its ATPase domain (60-61).

Innate immunity also plays an important role in the regulation of adaptive immunity.
RNA viruses or other pathogens recognized by the TLRs expressed on dendritic cells are
further processed and presented to T cells by MHC molecules, and the signals induced by
TLRs in this event including co-stimulatory signals and cytokines are required for naive T
cell activation, and IFNs are involved in the proliferation of memory T cells and the
isotype switch and differentiation of B cells into plasma cells (62-63). RIG-I and MDAS
can induce CD8" T cell effector responses to certain virus infection via MAVS signaling
pathway independently of TLRs, but they are insufficient for CD4" T cell induction and
antibody responses, which require TLR signaling pathways (64). Natural killer (NK) cells
show features of both innate immunity, such as the rapid response to tumor cells and the
secretion of effector cytokines during inflammation in response to IFN or IL-12 and IL-18,
and adaptive immunity such as immunological memory to cytomegalovirus infection in

mice (65).

1.3 siRNAs and RNA interference

Small silencing RNAs are a group of short non-coding RNAs with the size range from 20
to 30 nucleotides (nt) (66). Small RNAs distinguish from random degradation products
with specific size preference and properties corresponding to their biogenesis machinery.

Small RNAs control transcriptional and post transcriptional regulations such as chromatin

10



modification, translational repression and mRNA degradation in a sequence-specific
manner, which are collectively referred as RNA interference (RNAi) (67). The
phenomenon of RNAi was originally described as co-suppression in transgenic plants in
which the introduced transgenes and the homologous endogenous genes were inhibited
from expression (68-69), but its mechanism of activation by dsRNA was first illustrated
in Caenorhabditis elegans in 1998 (89). According to the biogenesis, properties and gene
silencing activities, small RNAs are classified into three categories: microRNAs
(miRNAs), small interfering RNAs (siRNAs) and Piwi-interacting RNAs (piRNAs) (66).
To date small RNAs are found to directly target at least 30% of host genes and regulate
various biological activities including cell fate, host development, metabolism and the

control of transposable elements (77).

The biogenesis of canonical miRNAs requires two sequential steps, including the
processing of the primary precursor (pri-miRNA) to the hairpin structured precursor
(pre-miRNA) and the maturation into miRNA product (72). However, some pre-miRNAs
are spliced directly from messenger RNA (mRNA) introns, which are called mirtrons
(73-75). miRNA genes are transcribed to pri-miRNAs by RNA polymerase II, capped and
polyadenylated like mRNAs, and one single pri-miRNA transcription product may by
processed into multiple miRNAs in clusters (76-77). Self-complementary sequences on
pri-miRNAs form an imperfectly paired stem-loop (hairpin) structure recognized by an
RNase III endonuclease known as Drosha in mammals and flies or Dicer-like protein 1

(DCL1) in plants, facilitated by their double-stranded RNA binding domain (dsRBD)
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partner (DGCRS8 in mammals, Pasha in flies and HYL1 in plants) (66, 78, 116-117). The
recognition of RNase III to pri-miRNAs in the nucleus leads to cleavage at the stem and
generates 60-70 nt long stem-loop pre-miRNAs with 2-nt overhangs at 3’ ends and
phosphated 5° ends, which are important features for RNase III products (79). For
miR-30a the termini of pre-miRNA are identical to the mature miRNAs, indicating that
the sequences for the final products are predetermined at this step (78). Pre-miRNAs are
exported to the cytoplasm, where they are processed by another RNase III Dicer (Dcr), or
the same DCLI in plants, into mature products facilitated by another dsRBD partern
(TRBP in mammals and Logs in flies) (66, 72, 116). A typical structure of Dicer includes
a DExD helicase domain, a DUF283 domain, a piwi argonaute zwille (PAZ) domain for
binding to the 2-nt 3’ overhang end, two RNase III domains (RIIIDs) for cleavage and a
dsRBD (79). The cleavage by Dicer generates a duplex with 2-nt overhang at the 3’ ends,

composed by two small RNA strands defined as mature miRNA and miRNA* (80).

miRNAs are assembled into RNA induced silencing complex (RISC) to perform the
RNA silencing function (80-82). Argonaute protein (AGO) is the core component of
RISC and contains an amino-terminal (N) domain required for small RNA loading and
unwinding, a middle (MID) domain and a PAZ domain to respectively anchor the 5’ and
3’ end of small RNA, and a PIWI domain which is structurally similar to RNase H and
functions as endonucleases (8/). miRNA and the corresponded miRNA* processed by
Dicer and dsRBD partners are loaded together as a duplex to AGO to form pre-RISC, a

process facilitated by a second function of Dicer and other components in a RISC-loading
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complex (RLC) (80-81, 83). The two strands of miRNA and miRNA* are dissociated and
further asymmetrically selected by AGO to form mature RISC according to their 5’ end
stability and the preference by the AGO involved in the miRNA pathway, leading to a
strong 1U bias of mature miRNAs (80, 84). miRNAs* are normally degraded, but some
miRNAs* can also have biological functions like miRNAs (85). miRNAs in RISC target
mRNAs with sequences imperfectly complementary to their seeds (from 2" to 7 nt) to
trigger direct slicing or translation repression by binding to 3’ untranslated region (UTR),
and the target prediction methods following this principle by such short seeds have
uncovered widespread genes regulated by miRNAs, which are available at online
database (71, 85-86). The Dicer-AGO mechanism in miRNA pathway is commonly
shared among species with variation in details, however in few specific cases like the
process of miR-451 in mice and zebrafish is found to be independent of Dicer and

requires AGO cleavage activity instead (8§7-88).

Unlike miRNAs that are processed from a single-strand RNA as the precursor,
siRNAs are usually derived from endogenous or exogenous long dsRNAs, or dsRNAs
synthesized by the host from exogenous sources in plants by their RDRs (89-97). Similar
to the biogenesis of mature miRNAs from pre-miRNAs, the dsRNA structure is
recognized by Dicer and cleaved into siRNA duplexes with 2-nt overhang at 3’ end (89,
92). The discovery of successive siRNA duplexes in plants which are called phased
siRNAs suggests that Dicer can move along the dsRNA to process the cleavage,

potentially relying on its ATPase activity of the helicase domain which is not required for
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cleavages at dsRNA termini (93-95). The siRNA duplex is asymmetrically loaded into
RISC, where the passenger strand of the duplex is destroyed, leaving the guide strand of
siRNA to the RNA target by AGO (87). Targets of siRNAs are originally considered to
include only perfect complementary mRNAs for slicing and degradation (96-97),
however, recent studies reveal the “off-target” silencing by siRNAs in a mechanism that
may also depend on the seed region and repress mRNA translation by binding to 3’-UTRs
(98-99). In C. elegans and plants the siRNAs can be amplified in which the degradation
products of mRNA targeted by miRNAs or primary siRNAs recruit the RARP complex to

synthesize secondary siRNAs (100, 122).

miRNA and siRNA pathways share the same or homologous components. In human
and other mammals the single Dicer processes both miRNAs and siRNAs 22-nt in length
(101-102). miRNAs are sorted randomly into the four AGOs in the AGO subfamily,
among which only AGO2 has the slicer activity (103-106). Drosophila melanogaster has
two Dicers with distinct roles for miRNAs and siRNAs. Dcr-1 is required for the
biogenesis of miRNAs predominantly 22-nt in length, whereas Dcr-2 processes long
dsRNAs to siRNAs predominantly 21-nt in length (/07). However, both Der-1 and Der-2
are required for siRISC assembly (/07). In C. elegans the single Dcr produces both
miRNAs and siRNAs. The primary siRNAs in C. elegans induce the production of
secondary siRNAs, which exhibit 1G and 22-nt size preference (/00, 115). In plants
miRNAs and siRNAs loaded in AGO1 and AGO2 show preference of 1U and 1A,

respectively, while AGO4 loaded 24-nt siRNAs cleaved by DCL3 induce both
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post-transcriptional and transcriptional silencing (109, 116-121). 22-nt siRNAs processed
by DCL2 trigger the production of secondary siRNAs due to their specific size (/79,

122-123).

The third type of small RNAs, piRNAs, is responsible for suppression of
transposable elements like transposons in reproductive tissues to maintain the integrity of
genome, as well as the function in early development (/24). Insect and mammalian
piRNAs are derived from clusters and are longer than miRNAs and siRNAs in size (/24).
Deficiency in piRNA pathway generally results in high activity of transposable elements
corresponding to DNA damage and sterility (/25). PIWI proteins are preferentially
expressed in the germline, and the amplification of piRNAs may involve distinct PIWI
proteins in a ping-pong model (/26). However, how primary piRNAs are generated is not
completely elucidated yet. Though the nuclease zucchini (Zuc) was found to process the
5’ end of primary piRNAs, the component cleaving the 3’ end has not been understood
(81). In flies the PIWI/Aubergine complex and AGO3 complex are involved in the
ping-pong amplification, and mouse MILI and MIWI2 may have similar roles (/24).
piRNAs loaded in PIWI proteins guide the complementary and silencing to the target
transposable elements (81, 124). In C. elegans there is a unique pathway of piRNA
biogenesis, in which an endogenous capped-small RNA species (csRNAs) generated by

Pol II polymerase can be processed into mature piRNAs by cap removing and trimming

(127).
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1.4 Viral siRNA-dependent antiviral RNAi: a new innate immunity across species

In the last two decades the antiviral activity of RNAi was discovered as a new host innate
immunity mechanism against RNA virus infection, in which host RNAi machinery
recognizes the dsRNA intermediates of viral replication and processes the dsRNAs into
viral siRNAs (vsiRNAs) to guide specific antiviral RNA silencing (/28). The correlation
between gene silencing and virus resistance was first observed in transgenic plants (/29).
It was soon followed by the first detection of virus derived siRNAs in Nicotiana
benthamiana plants infected by potato virus X (PVX) (7/30). With specific size
preferences in distinct host organisms, sense and antisense vsiRNAs often accumulated to
similar levels even though the accumulation of viral genomic RNAs and mRNAs exhibits
strong strand bias (/37). Moreover, vsiRNAs cloned from infected cells overlap in
sequence and can be assembled into contigs covering the entire length of the virus
genomes (/32). These properties of vsiRNAs are consistent with the model in which
vsiRNAs are processed from dsRNAs precursors, rather than from hairpin-like secondary
structures found in specific genomic loci of the single-strand viral RNAs similar to
precursor miRNAs (/28). Drosophila vsiRNAs have 5’ monophosphates and are
methylated at the 3’-end, and are similar to the endogenous siRNAs, but distinct from
miRNAs and random degradation products (/28, 1317). Genetic mutants of fungi, plants,
flies, and worms defective in the biogenesis or functionality of vsiRNAs exhibit enhanced
susceptibility to distinct RNA viruses, revealing that antiviral RNAi functions as a

broadly conserved innate immunity against virus infection in diverse eukaryotic species
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(133-136). Some DNA viruses encode virus-derived miRNAs, which may regulate
expression of host genes to facilitate virus infection without direct viral targets (/37).
Virus-derived piRNAs were found firstly in Drosophila ovarian somatic sheet (OSS) cells
and subsequently in mosquitoes (/32, 138-139). Early genetic studies suggested an
antiviral role for the piRNA pathway in Drosophila. Recent studies have illustrated the
biogenesis of viral piRNAs and their antiviral functions in mosquitoes. However, whether
this antiviral function is direct or indirect via interacting with the vsiRNA pathway

remains to be determined (/40-141).

In Cryphonectria parasitica fungi infected by the positive-stranded RNA virus
hypovirus the generation of predominantly 21-nt vsiRNAs is dependent on Dicer-2,
which is also induced upon virus infection (/33). In Drosophila, antiviral RNA1 is
mediated by the dSRNA-siRNA pathway of RNAi controlled by Der-2, R2D2, and AGO2
(132, 142-143). The dsRNA uptake pathway is also found to suppress the virus replication,
which was proposed to function in building up the systemic immunity based on antiviral
RNAi (140, 144). In C. elegans antiviral RNAIi is induced by either the artificially
launched replication or natural infection of RNA viruses (/45-147). C. elegans vsiRNAs
are predominantly 22G secondary siRNAs, consistent with the dominant role of the
siRNA amplification pathway in antiviral RNAi (/47). Genetic studies have shown that
the biogenesis of vsiRNAs relies on the single Dicer in C. elegans facilitated by RDE-4,
and antiviral RNAIi requires the loading of vsiRNAs in RDE-1 and the amplification by

RdRP like RRF-1 as well as other components such as DRH-1, RDE-2 and MUT-7
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(145-150). In Arabidopsis thaliana DCL4-dependent 21-nt vsiRNAs are the most
dominant upon (+)RNA virus infection although 22- and 24-nt vsiRNAs made
respectively by DCL2 and DCL3 become detectable when DCL4 is inactive (/57). Both
DCL4 and DCL2 can mediate independent antiviral RNAi as the double knockout mutant
plants support the highest virus accumulation compared to either single knockout mutant
(136, 151). In contrast, an antiviral function of DCL3 is detectable only when the DCL4
function is compromised (208). Among all the ten AGO proteins of A. thaliana, AGO1
and AGO?2 cooperate to mediate antiviral RNAi (209), while the other AGOs may also be
involved, as the deficiency of AGO7 led to a higher virus accumulation, and AGOS5 can
bind vsiRNAs (7/52-155). As found in C. elegans, the amplification of secondary
vsiRNAs by RDR1 and RDR6 plays an important role in antiviral RNAI in plants (/56).
Unlike Drosophila, siRNAs are systemically mobile in plants, which may also contributes
to antiviral RNAi (/57-158). In plants infected by DNA viruses, DCL3-dependent 24-nt
vsiRNAs become the most dominant and are loaded in AGO4 to mediate a viral DNA

methylation pathway to repress virus infection (/59-160).

To counteract the host antiviral RNAi immunity, viruses have evolved to encode
diverse viral suppressors of RNA silencing (VSRs) (/617). The repression of host antiviral
RNAi by VSRs is essential for the infection and virulence of plant and invertebrate
viruses. VSRs may target almost every step in the host antiviral RNAi pathway, including
binding to viral dsRNAs to inhibit the biogenesis of vsiRNAs, sequestering duplex

vsiRNAs to prevent their loading into AGOs or their systemic spreading, degrading
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vsiRNAs, and interacting with the protein components required for dicing, slicing and
secondary vsiRNA amplification to interrupt their functions (/67). For example, VSR B2
protein encoded by FHV suppresses antiviral RNAi in Drosophila and is also active in the
non-host N. benthamiana plants (162). B2 binds dsRNAs with two positively charged
antiparallel o helices (02/02’) in a homodimer, forming a four-helix bundle that binds to
one face of an A-form RNA duplex independently of sequence or length. Functional
analysis indicates dual modes of the VSR function by B2 to block both the dicing of long

dsRNAs by Dicer and the loading of duplex vsiRNAs into RISC (163-164).

1.5 vsiRNA-dependent antiviral RNAi in mammals: an issue remaining

controversial

Although antiviral RNAI is conserved in invertebrates and plants, whether it is also active
in mammals remains controversial in the past decade. Proteins encoded by mammalian
viruses have been shown to encode the activity to suppress experimentally induced RNA(,
including B2 of Nodamura virus (NoV), NS1 of influenza A virus, VP35 of Ebola virus,
Tat of HIV-1, and NS4B of Dengue virus, all of which are indispensable for infection
(168-173). Deficiency of RNAi components in mammalian cells is correlated with an
increase of virus accumulation (/74-176). Although these results suggest an antiviral
function of RNAi in mammals against viruses, it is unclear if the antiviral effect is

mediated by virus-derived miRNAs or siRNAs, or host miRNAs (/77). Previous efforts
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to clone small RNAs from mammalian cells infected by some DNA viruses have
identified viral miRNAs. However, virus-derived small RNAs from mammalian cells
infected with many RNA viruses show no clear size preference and are likely to be
degradation products (137, 178-180), except those from HIV and HCV showing features
similar to siRNAs (772, 179). These unsuccessful attempts to find mammalian vsiRNAs
have led to a popular hypothesis that with the mature interferon system and the adaptive
immunity, mammals may have evolved to abandon antiviral RNAi. This dissertation aims
to characterize the role of antiviral RNAi in mammals according to the insights into the
mechanism of antiviral RNAi from the previous studies carried out in Ding lab in the fruit

fly model.
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Chapter 2: Characterization of antiviral RNAi response in cultured

Baby Hamster Kidney cells and mice

2.1 Introduction

Previous effort in characterization of antiviral RNAi response in mammalian system
returned no supportive evidence to the hypothesis due to the failure in identification of
vsRNAs with canonical siRNA properties as defined in other model organisms. We
hypothesized that the failure from previous studies in detecting viral siRNAs was due to
the impediment to host RNAi1 machinery by VSRs, which may prevent the biogenesis or
Argonaute loading of vsiRNAs. Suppression of antiviral RNAI also ensures robust virus
replication, leading to high accumulation of virus RNA degradation products as the noise
covering vsiRNA signals. Therefore, use of VSR deficient virus mutants may facilitate

the detection of the canonical vsiRNAs in mammals.

Nodamura virus (NoV) was employed in this study. NoV lethally infects both
suckling mice and suckling hamsters, and can replicate in cultured mosquito cells and
baby hamster kidney (BHK-21) cells (/81, 214). NoV belongs to the Alphanodavirus
genus of the Nodaviriade family, which includes Flock house virus (FHV) that has served
as a model for the characterization of antiviral RNAI in the fruit fly (/62-164, 194). The
Nodaviral B2 proteins encode VSR activity. The B2 protein of NoV can suppress

experimental RNAI in both Drosophila cells and human embryonic kidney (293T) cells
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and exhibits dsSRNA-binding activity similar to B2 of FHV (731, 182-183). The crystal
structure of NoV B2 shows a four-helix bundle structure capped by two short helices at
the C-termini also similar to FHV B2 protein even though the amino acid sequences of
the two B2 proteins share less than 30% identity (/69). Notably, NoV B2 also enhances
the accumulation of NoV in mammalian cells (/87), suggesting that the B2 protein of
NoV may suppress antiviral RNAi in mammals as which has been illustrated for B2 of

FHV in Drosophila infection.

2.2 Materials and Methods

2.2.1 Nodamura virus (NoV) and B2-deficient NoV mutant (NoVAB2)

NoV and its B2-deficient mutant (NoVAB2) were initially rescued from the infectious in
vitro transcripts of full-length ¢cDNA clones in BHK-21 cells as described (27/3). The
genome of NoV consists of two positive RNA segments, RNA1 and RNA2, encoding
RdARP and the coat protein respectively (/87). The subgenomic RNA3 from RNAI
(nucleotide position 2732 to 3204) encodes three extra proteins, B1 and two isoforms of
B2. B1 shares the same open reading frame (ORF) with the RARP encoded by RNA1, and
the two isoforms of B2 are translated from the +1 ORF of the RARP and B1 (/87).
NoVAB2 contains three point mutations on RNA1 (/81), U2745C, U2754C and C2757G,
as new stop codons to terminate the translation of both isoforms of B2 without affecting

the amino acid sequences of the RARP and B1 due to codon synonyms (Fig 2.1).

22



RNA1 I RNA dependent RNA Polymerase

[ 52 NoV
RNA2 I Coat Protein I U2745C
U2754C
C2757G
RNA dependent RNA Polymerase
RNA1 | : L novaB2

RNA2 | Coat Protein |

Figure 2.1 The genomic structures of NoV and NoVAB2. NoVAB2 strain was derived from NoV
by introducing three point mutations to deplete the expression of B2 protein which is a virus encoded
VSR, without changing the ORFs of the RARP and B1 protein.

2.2.2 Infection of cultured BHK-21 cells

BHK-21 cells were obtained from American Type Culture Collection (ATCC) and were
propagated in complete growth medium (Dulbecco's Modified Eagle's Medium (DMEM)
+ 10% Fetal Bovine Serum) at 37°C, 5% CO,. NoV was propagated in BHK-21 cells
whereas NoVAB2 was amplified in the stable BHK-21 cell line expressing B2 of NoV
due to its defective infection, which was constructed and selected using pseudotyped
murine leukemia viruses for transduction as described (/81, 190). The copy number of the
viral genome RNAI in the stock preparations of NoV and NoVAB2 were determined by a
real-time RT-PCR protocol previously reported (/97-192), in which a 10-fold dilution
series of NoV RNAI1 with known concentrations were synthesized in vitro by T7
polymerase and used to establish a standard curve by real-time RT-PCR to amplify
nucleotides 595-732 of RNA1 by primers 5’-CCGTTCATGGCTTACACCTT-3" (NoV
Replicase Fwd) and 5’-GCACCAGTCCCAAACTTCAT-3> (NoV Replicase Rev).
Virion RNAs extracted from a defined volume of each of the virus stock preparations

were quantified by the same real-time RT-PCR using the standard curve as the reference.
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For infection in cell culture, BHK-21 cells seeded in 6-well plate were infected in each

well by NoV or NoVAB2 with the same amount of viral genome copies.

2.2.3 Infection of mice

Suckling BALB/c mice of 6 to 8 days old after birth or adult mice (Jackson Lab, Bar Harbor,
ME) were inoculated by intraperitoneal injection (IP) as described (793) with the same
amount of viral genome copies of NoV or NoVAB2. Total RNA was extracted separately
from individual fore (2 samples) and hind (2 samples) limb tissues of one anesthetized
suckling mouse using TRIzol (Invitrogen, Carlsbad, CA) according to manufacturer’s
instructions at different days post inoculation (dpi). Animals were housed in the Animal
Resources Facility according to the guidelines described under the federal Animal
Welfare Regulations Act. All animal procedures were approved by the Institutional

Animal Care and Use Committee at the University of California, Riverside.

2.2.4 Quantification of NoVAB?2 titer by real-time PCR in suckling mice

The virus accumulation in suckling mice was determined by quantitative PCR using
iScript™ Select cDNA Synthesis Kit and iQ SYBR green Supermix (Bio-Rad, Richmond,
CA) using the extracted RNA samples described above. One pg of total RNA from

individual fore or hind limb tissue of each inoculated mouse was used for cDNA synthesis
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and 1/100 of the cDNA products obtained were used for real-time PCR using NoV
Replicase Fwd and NoV Replicase Rev primers to amplify nucleotides 595-732 of NoV
RNAI. The relative abundance of the viral RNA 1 was normalized to $-actin mRNA as

the internal control and was estimated by the ACT method as described (/94).

2.2.5 Small RNA library construction

Libraries of small RNAs from cultured cells or mice were constructed using the method
that depends on the 5 monophosphate of small RNAs as described previously with minor
modifications (/94). Total small RNAs from BHK-21 cells 2 or 3 days after inoculation
with NoV or NoVAB2 were used to construct libraries with a barcode added to the 5’
ligation adaptors. Libraries of total small RNAs from the hind limb tissues of mice at
different days after inoculation with NoVAB2 or NoV were constructed using TruSeq
Small RNA Sample Preparation Kit of Illumina (San Diego, CA). The libraries were
sequenced by Illumina HiSeq 2000 at the Core Facility of the Institute for Integrative

Genome Biology on campus.

Co-immunoprecipitation of small RNAs from mice 3 dpi with NoV or NoVAB2 by
Anti-pan Argonaute (Ago) antibody (Millipore, Billerica, MA), and from mice 3 dpi with
NoV by B2 antibodies were essentially as described (/95). Briefly, 100 pg of muscle
tissue lysates in 1 ml RIPA was pre-cleared by sequential incubation with 3 pg of rabbit

or mouse IgG and 15 pl of protein A/G PLUS-Agarose beads (Santa Cruz Biotechnology,
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Santa Cruz, CA). Three pg of Anti-pan Ago or B2 antibodies immobilized to protein A/G
PLUS-Agarose beads were then incubated with the pre-cleared cell lysates for 2 hours at
4 °C. After extensive washes, the precipitated complexes were used for RNA extraction
by TRIzol and the total RNAs obtained were used for the construction of small RNA

libraries as described above.

2.2.6 Deep sequencing and bioinformatics analysis of small RNAs

The libraries of small RNAs cloned from cultured cells and mice were sequenced by
[Mlumina HiSeq 2000/2500 at the Core Facility of the Institute for Integrative Genome
Biology on campus. Small RNA reads were mapped to the virus and host genome
references or compared to mature miRNAs. Mapping was done by Bowtie 1.0.0 with
either perfect match or 1 mismatch only for genotyping and reads origin analysis. All of
the references used were downloaded from web sources as listed below. Subsequent
bioinformatics analysis of virus-derived small RNAs was carried out using in-house Perl

scripts. The reference sequences used in this study:

1. Nodamura Virus (NoV) RNAs 1 and 2: NCBI NC_002690.1 and NC_002691.1.

2. NoVAB2 RNAs 1 and 2: the same as NoV except for 3 substitutions in RNAT:

U2745C, U2754C and C2757G.

3. Mature miRNAs and miRNA precursors: miRBase 19 (http://www.mirbase.org/).
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Specifically for the cellular miRNAs in BHK-21 cells which are not available on
miRBase, the miRNA sequences from Chinese Hamster Ovary (CHO) cell lines

were used as an imperfect alternative (/84).

4. Non-coding RNAs: fRNAdb 3.0 (http://www.ncrna.org/frnadb/).

5. Mus musculus mRNAs: Mammalian Gene Collection (MGC) and NIA Mouse

cDNA Project.

6. Mus musculus whole genome: the Dec. 2011 (GRCm38/mm10) assembly of the
mouse genome (mml0, Genome Reference Consortium Mouse Build 38

(GCA_000001635.2)).

Pairs of complementary 22-nt vsRNAs in each library in different distance categories
were computed using previously described basic principles (126, 179) with modifications.
The program calculates the counts of pairs in each nucleotide distance category between

the 5° and 3’ ends of complementary 22-nt vsRNAs with the algorithm below:

—~
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x indicates each distance category.

a and b are determined by the sizes of small RNAs examined.

f(x) indicates the total number of small RNA pairs for each distance category.
i indicates a small RNA from positive strand.

t indicates the total number of positive-strand small RNAs.
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j indicates a small RNA from negative-strand which overlaps with small RNA i in

the distance category x.

I indicates the total number of negative-strand small RNAs that meet the

requirement determined by x and i.

n; indicates the repeat number of the small RNA i.

pi indicates the multiple viral genome hit number of the small RNA i.
my; indicates the repeat number of the small RNA ;.

¢; indicates the multiple viral genome hit number of the small RNA ;.

2.2.7 Correlation analysis of small RNA populations

The correlation analysis of small RNA populations was done by the formulas below:
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n indicates the total number the total number of the unique NoVAB2 small RNA
species (18- to 28-nt) found in agol/3/4 mutant and/or wild-type BALB/c suckling mice

with/without co-IP by anti-pan-AGOs antibody.

i indicates a given small RNA species in agol/3/4 mutant and wild-type BALB/c

suckling mice.

yi indicates the % of a given vsiRNA to the total vsiRNAs in agol/3/4 mutant
suckling mice with a value between 0 and 100%. y indicates the average % of all the

vsiRNAs in ago1/3/4 mutant suckling mice.

x; indicates the % of a given vsiRNA to the total vsiRNAs in wild-type suckling mice
with/without co-IP by anti-pan-AGOs antibody with a value between 0 and 100%. x

indicates the average % of all the vsiRNAs in wild-type suckling mice.

Any unique small RNA species referred as (i) above with a value change (yi-x;)
beyond the interval [u-30, p+3c] was considered as displaying significant variation
between the two small RNA libraries; otherwise it was considered to display no

significant variation.
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2.3 Results

2.3.1 Characterization of antiviral RNAi induced by NoVAB2 in BHK-21 cells

Previous studies in Ding lab suggested that use of NoVAB2, a B2-deficient mutant of
NoV (213), to challenge baby hamster kidney 21 (BHK-21) cells might facilitate
detection of mammalian viral siRNAs. In two independent experiments, I compared deep
sequencing profiles of 18- to 28-nt small RNAs from BHK-21 cells 2 or 3 days post
inoculation (dpi) with either NoV or NoVAB2. Reads perfectly identical to the mature
cellular miRNAs were highly abundant in all the four libraries and occupied from 20% to
40% of the total reads sequenced, indicating the good quality and reliability of the small
RNA cloning (Table 2.1). To confirm the genotype of NoVAB2 used in the cell infection
and library construction, reads sequenced from the BHK-21 cells challenged by NoVAB2
were mapped to the loci on NoV genome where the three point mutations were expected

(Fig 2.2). The result verified the correct genotype of NoVAB2 used in this study.
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Figure 2.2 The small RNAs from NoVAB?2 infected BHK-21 cells revealing the three expected
point mutations. Small RNAs from BHK-21 cells inoculated with NoVAB2 at 3 dpi are mapped to
NoV genome, and the sequence, size and raw number of each read are shown. The average coverage to
the region presented is over 100 times, sufficient to provide statistically reliable results. The
mismatches (shown in red) reveal the three expected mutations (indicated by red frames). To simply

the figure, only reads with counts no less than 3 in the library are presented.

I found that virus-derived small RNAs (vsRNAs) from BHK-21 cells infected by
NoV at either 2 dpi or 3 dpi were highly abundant, representing 22.8% and 24.9% of the
total reads sequenced in the two libraries (Table 2.1). However, they displayed an
overwhelming bias for positive strands (~97%) (Table 2.1), showed no size preference
expected for Dicer products (Fig 2.3A, Table 2.1), and are likely breakdown products

from the abundant positive-strand viral RNAs (/28).
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Figure 2.3 The size distribution of small RNAs from NoV or NoVAB2 infected BHK-21 cells.
Small RNAs from BHK-21 cells inoculated with (A) NoV or (B) NoVAB2 are respectively mapped to
the virus genome, and the raw reads number of each size is shown. The strand sources of viral small

RNAs are indicated by colors.

By contrast, vsRNAs from NoVAB2-infected cells were much less abundant,
representing only approximate 0.1% of the total sequenced reads in both libraries (Table
2.1). The reduced abundance of viral reads was consistent with low replication levels of
NoVAB2 in cultured cells (/87). By comparison, NoVAB2 vsRNAs exhibited reduced
positive-strand bias (~85%) compared to NoV infection (Table 2.1). Notably, I found that
~77% of the total negative-strand vsSRNA reads of NoVAB?2 in both libraries were in the
21- to 23-nt size range with a major 22-nt peak (Fig 2.3B), similar to Dicer-dependent
cellular miRNAs (Fig 2.4). NoVAB2 unique negative-strand vsRNAs also had a dominant
22-nt peak, eliminating potential experimental bias to certain small RNA species caused

by cloning and library construction (Fig 2.5). Such size preference of 22-nt was also
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visible for NoVAB2 positive-strand vsRNAs, although it was not as strong as that
exhibited by negative-strand vsRNAs (Fig 2.3B). Therefore, NoVAB2 vsRNAs display
patterns of length distribution and strand bias expected for Dicer products as found for

plant and invertebrate viral siRNAs (vsiRNAs) (128).

g 80+ BHK-21 (2 dpi)
i n=3,368,644

18 22 26
Reads Length in Nucleotides (nt)

Figure 2.4 The size distribution of miRNAs from BHK-21 cells. Small RNAs from BHK-21 cells
inoculated with NoVAB2 (2 dpi) are compared with the miRNA sequences from Chinese Hamster
Ovary (CHO) cell lines (/84), and the percentage of each size to total miRNAs is shown. The total

number of miRNA reads () is indicated.

BHK-21 (2 dpi) BHK-21 (3 d = Positive
Reads AR = Negative

Wl o

Reads Length in Nucleotldes (nt)

Figure 2.5 Properties of NoVAB2 unique vsiRNA species in BHK-21 cells. Size distribution and
abundance of positive- (red) or negative-strand (blue) viral unique small RNA species from BHK-21

cells infected by NoVAB2 showing the a peak at 22-nt.

I found that NoVAB2 vsRNAs exhibited properties of canonical siRNAs, using a

program [ wrote aiming to detect the most abundant vsRNA duplex patterns (Fig 2.6,
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Table 2.1). First, both NoVAB2 libraries were enriched for a population of 22-nt vsRNAs
that contained a 20-nt perfectly base-paired duplex region with 2-nt 3’ overhangs (Fig 2.6,
peak indicated as “-2” and the small RNA pair by a and B). 28.4% and 31.6% of the total
22-nt NoVAB2 vsRNAs in BHK-21 cells at 2 and 3 dpi, respectively, were involved in
this duplex pattern, and contributed over 3,000 raw counts of pairs revealed by the
program in both libraries (Table 2.1, Fig 2.6). However, such enrichment for 22-nt
canonical siRNA pairs was not found for the comparably much more abundant vsRNAs
of NoV (Fig 2.6). Second, I detected a more dominant population of complementary 22-nt
vsRNA pairs with 20-nt 5’-end overhangs only for NoVAB2 vsRNAs (Fig 2.6, peak
indicated as “+20” and the small RNA pair by a and y). Such duplex pattern was likely a
byproduct composed of vsRNAs from two adjacent canonical siRNA pairs, representing
33.5% and 35.7% of the total 22-nt NoVAB2 vsRNAs in cells at 2 and 3 dpi, respectively
(Fig 2.6, Table 2.1). These findings together suggest Dicer-dependent processing of the
same viral dsRNA precursor into successive 22-nt viral siRNA duplexes in cells infected

by NoVAB2, but not by NoV.
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Figure 2.6 The canonical siRNA properties of NoVAB2 22-nt small RNA duplexes in BHK-21
cells. Total counts of pairs of complementary NoV or NoVAB2 22-nt small RNAs in each distance
category (in nucleotides) between 5’ and 3’ ends of a complementary small RNA pair is shown. Perfect
base-paired 22-nt small RNA duplexes with blunt ends are defined as a distance of 0. -2 is defined for
duplexes with 2-nt overhang at the 3’ end of each strand (illustrated as small RNA o and 3), and +20 is
defined for small RNA pairs with 2-nt overlapping (o and ).

2.3.2 Characterization of antiviral RNAi induced by NoVAB?2 in suckling mice

Small RNA libraries were further deep-sequenced from BALB/c suckling mice 4 days
after NoV inoculation and from those 1 or 2 days after NoVAB2 inoculation. NoV
vsRNAs in suckling mice were abundant, representing 14.6% of the total sequenced small
RNAs (Table 2.1). Similar to results in BHK-21 cells, NoV vsRNAs in suckling mice

showed no size preference, and the 22-nt vsRNAs of NoV were not enriched for
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canonical siRNAs (Fig 2.7), which suggested B2 suppression of viral siRNA biogenesis
in NoV-infected mice. By comparison, NoV vsRNAs cloned from mice contained more
abundant negative-strand vsRNAs (~16%) than those from cell culture (~3%) (Table 2.1),

which might indicate weak in vivo dicing of NoV dsRNA in the presence of B2.

Positive mm Negative Pairs (x1 000)
Reads (x1,000) NoVAB2 1 dpi -2
Ba__ |
1 V\—/\/\J\
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8: Pairs (x1,000)

| - 800
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VM [

2
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| | - 600
--lI I-———— \ i
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Reads (x1,000) NoV 4 dpl Pairs (x1,000)
4,000
3,000
2,000
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21 nt

Reads Length (nt) Dlstante Category

Figure 2.7 Properties of mouse vsiRNAs produced in vivo. (A) Size distribution and abundance of
positive- (red) or negative-strand (blue) viral small RNAs from suckling mice 1 or 2 dpi with NoVAB2
or with NoV at 4 dpi. (B) Total counts of pairs of complementary NoV or NoVAB2 22-nt small RNAs
in each distance category (in nucleotides) between 5’ and 3’ ends of a complementary small RNA pair.

The relative abundance of vsiRNAs in NoVAB2-infected mice was 0.1% and 0.3%
to the total sequenced reads in mice at 1 and 2 dpi (Table 2.1), similar to that found in

fruit flies (0.5 to 0.9%) undergoing FHVAB?2 clearance (/94). In contrast to NoV vsRNAs,
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~85% of NoVAB2 small RNAs from mice at 2 dpi were 21- to 23-nt long, with 22 nt as
the predominant size for both strands (Fig 2.7, Table 2.1). A higher density of vsiRNAs
was found to target the RNA3-coding region of RNA1 and the 5’-terminal region of
RNAs 1 and 2 in NoVAB2-infected mice and BHK-21 cells (Fig 2.8). NoVAB2 siRNAs
from mice at 2 dpi were divided approximately equally into positive and negative strands
(51.8% and 48.2%), and 65.4% of the 22-nt vsiRNAs could form canonical siRNA
duplexes with 2-nt 3” overhang (Table 2.1, Fig 2.7). I found a conserved set of successive
viral canonical siRNA pairs at 5’ terminal of RNA1 in both NoVAB2-infected mice and
cells (Table 2.2). Unique NoVAB2 vsRNA species in mice also exhibited the enrichment
for population within Dicer product size range and canonical vsiRNA duplexes (Fig 2.9).
Together, these findings reveal that mice are able to launch a potent antiviral RNAi

response without viral suppression of RNA..
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Figure 2.8 Virus genome distribution of 21- to 23-nt vsiRNAs in suckling mice and BHK-21
cells infected by NoVAB2. The coverage of each nucleotide position along the virus genome by 21- to
23-nt vsiRNAs is shown. The strand sources of vsiRNAs are indicated by colors. Arrows indicate the
regions of the enrichment of vsiRNAs. The functional proteins encoded by the viral bipartite RNA
genome and transcription of B2 mRNA (RNA3) from RNA1 are shown.
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Figure 2.9 Properties of NoVAB2 unique vsiRNA species in suckling mice. (A) Size distribution
and abundance of positive- (red) or negative-strand (blue) viral unique small RNA species from
suckling mice infected by NoVAB2 showing the a peak at 22-nt. (B) Total counts of pairs of
complementary unique 22-nt small RNA species in each distance category (in nucleotides) from
suckling mice at 1 or 2 dpi with NoVAB2, showing the -2 peak for the duplexes of 2-nt overhang at
the 3’ ends and the +20 peak for successive vsiRNAs.
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Table 2.2 Phased viral small RNAs targeting the 5’-terminal region of NoVAB2 RNA1

Duplex BHK-21 2 dpi BHK-21 3 dpi Mice 1 dpi Mice 2 dpi
no.

1(-)! 26 (nt 2-23) 47 (nt 2-23) 38 (nt 2-23) 375 (nt 2-23)

1 (+)? 9 (nt 4-25) 11 (nt 4-25) 2 (nt 4-25) 14 (nt 4-25)

2(-) 9 (nt 24-45) 13 (nt 24-45) 163 (nt 24-45) 716 (nt 24-45)

2 (+) 3 (nt 26-47) 7 (nt 26-47) 15 (nt 26-47) 229 (nt 26-47)

3() — — — —

3(+) 6 (nt 48-69) 1 (nt 49-70) 7 (nt 48-70) 86 (nt 48-70)

4 (-) 2 (nt 69-90) 3 (nt 69-90) — 3 (nt 69-90)

4 (+) 60 (nt 71-92) 52 (nt 71-92) 55 (nt 71-92) 735 (nt 71-92)

5(-) 29 (nt 91-111) 21 (nt 91-111) 6 (nt 91-112) 56 (nt 91-112)

5 (+) — — — 1 (nt 94-114)

6 () — — — —

6 (+) 5 (nt 114-135) 5 (nt 114-135) 14 (nt 114-135) 67 (nt 114-135)

7(-) — 1 (nt 134-155) 2 (nt 134-155) 4 (nt 134-155)

7(+) 2 (nt 136-157) 6 (nt 136-157) — —

8 (-) 5 (nt 156-177) 3 (nt 156-177) 4 (nt 157-177) 42 (nt 156-177)

8 (+) 13 (nt 158-179) 11 (nt 158-179) 1 (nt 160-180) 9 (nt 158-179)

Read numbers of phased positive (+) and negative (-) strand 22-nt viral small RNAs targeting the
5’-terminal region (1-180 nt) of NoVAB2 RNAI1 cloned from BHK-21 cells or suckling mice
after infection with NoVAB2.

! Positions of small RNAs mapped to the viral negative-strand RNA1 were given from 3’ to 5°.
2 Positions of small RNAs mapped to the viral positive-strand RNA1 were given from 5’ to 3°.

— indicates that phased viral small RNAs at this position were undetectable in the library.

NoVAB2 vsRNAs in mice at 1 dpi also exhibited canonical siRNA properties as
found in mice at 2 dpi, but were less enriched for positive-strand population within Dicer
product size range and exhibited a stronger positive-strand bias (Fig 2.7). This suggests a
time-course effect to the enrichment of vsiRNA population in mice. I next analyzed the
nucleotide bias of NoVAB2 22-nt vsiRNAs (Fig 2.10). Unlike vsiRNAs in cultured cells
exhibiting preference for adenine at 3* ends (22A, ~40%), vsiRNAs cloned in mice at 1 or
2 dpi were enriched for population with uracil at 5’ end (1U, ~35% or 45%, respectively,

Fig 2.10). This finding suggests potential loading of NoVAB2 vsiRNAs in AGOs in mice.
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Figure 2.10 The nucleotide preference of NoVAB2 derived vsiRNAs. The %s of each type of the
four bases (indicated by colors) at each nucleotide position of NoVAB2 derived 22-nt vsiRNAs in
suckling mice or BHK-21 cells are shown. Both positive- and negative-strand vsiRNAs were included

in the analysis. The raw numbers of the 22-nt vsiRNAs in each library are indicated.

2.3.3 Characterization of AGO-bound NoVAB2 vsiRNAs in suckling mice

To directly determine if NoVAB2 vsiRNAs were loaded into AGOs, I compared the
populations of vsiRNAs obtained from NoVAB2-inoculated suckling mice at 3 dpi before
and after co-immunoprecipitation (co-IP) by an antibody specific to the four mouse AGOs
(Figs 2.11 and 2.12). miRNAs, miRNAs* and imprecise products from the hairpin
precursor miRNAs were abundant in both libraries and represented >90% to the total
sequenced reads and indicating the good quality of small RNA cloning (Fig 2.11). All
known canonical siRNA properties were found for NoVAB2 vsRNAs bound to AGOs
(Fig 2.12). NoVAB2 vsRNAs bound to AGOs were highly enriched for population within
Dicer product size range, and were predominantly 22-nt in size (Fig 2.12). Approximately
equally distributed to positive and negative strands, the 22-nt NoVAB2 vsiRNAs were

enriched for canonical siRNA duplexes with 2-nt 3’ overhang (Fig 2.12). Notably, 63.3%
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of NoVAB2 vsiRNAs found in AGO complexes contained 1U, exhibiting a higher
preference compared to 41.0% of input vsiRNAs in mice at 3 dpi (Fig 2.12). This finding
suggests 1U as a shared in vivo property between vsiRNAs and miRNAs in mice. I noted
similar virus genome distribution patterns of vsiRNA hot spots between the total and
AGO-bound populations (Fig 2.13). Therefore, mouse vsiRNAs produced in response to
infection are in vivo loaded in AGOs, and exhibited preference of both 1U and 22-nt

similar to mammalian miRNAs.

NoVAB2: Input (n=7,572,056)

NoVAB2: AGO-IP (n=60,972,563)

NoV: Input (n=18,218,199)

NoV: AGO-IP (n=89,450,071)

NoV: B2-IP.1 (n=98,213)

NoV: B2-IP.2 (n=111,059)
(A repeat library)

mmm Virus
mmm Mouse mature miRNAs NoVAB2: Input
mmm Mouse pre-miRNA hairpins NoVAB2: AGO-IP

Mouse non-coding RNAs NoV: Input
mmm Mouse mRNAs NoV: AGO-IP

Mouse whole genome NoV: B2-IP.1
mmm Unmapped NoV: B2-IP.2

| T T T
0 0.2 04 06 0.8 1 %

Figure 2.11 Origins of the small RNAs in each library from suckling mice. 18- to 28-nt small
RNA reads sequenced from suckling mice infected by NoV or NoVAB2 at 3 dpi were mapped to each
category allowing 1-nt mismatch. For clarity, the proportion of the virus-derived small RNAs
(vsRNAs) in each library was enlarged below, showing the lowest content of vsSRNAs among those
co-immunoprecipitated with AGOs from NoV-infected mice. Mature mouse miRNAs (& those
mapped to their precursor hairpins, including microRNAs* and imprecise products) were the most
abundant in both the total and AGO-bound small RNAs from NoV- and NoVAB2-infected mice.
However, vsRNAs became the most abundant in two independent small RNA libraries
co-immunoprecipitated with B2 protein (B2-IP.1 was shown as the representative for the analysis in
Fig 2.19).
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Figure 2.12

distribution and abundance (shown as reads per million of total mature miRNAs) of virus derived

Properties of vsiRNAs and the loading to AGOs in suckling mice. (A) Size

small RNAs sequenced from suckling mice infected with NoVAB2 or NoV at 3 dpi, either with or
without co-immunoprecipitation (co-IP) by the antibody to AGOs. The 5’ terminal nucleotides of viral
small RNAs are indicated by colors. (B) Total counts of pairs of complementary 22-nt viral small
RNAs (per million of total mature miRNAs) in each distance category (in nucleotides). The
enrichment for pairs of canonical vsiRNAs with 2-nt 3’ overhangs (-2 peak) was detected by the
infection of NoVAB2 both before and after the co-IP.
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Figure 2.13  Virus genome distribution of 21- to 23-nt NoVAB2 vsiRNAs loaded in AGOs in
suckling mice. The % of the coverage of each nucleotide position to the whole virus genome by 21- to
23-nt vsiRNAs is shown. The strand sources of vsiRNAs are indicated by colors. The functional
proteins encoded by the viral bipartite RNA genome and transcription of B2 mRNA (RNA3) from
RNA1 are shown.
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I next analyzed the population of vsSRNAs in NoV-infected mice at 3 dpi before and
after the co-IP by the anti-pan-AGOs (Figs 2.11 and 2.12). Although 22-nt vsiRNAs were
detectable in AGOs from NoV-infected mice, AGO-loaded vsiRNAs were >30-fold less
abundant and showed reduced preference for 1U compared to those from
NoVAB2-infected mice (Figs 2.11 and 2.12). Such de-enrichment of vsiRNAs was in
contrast to the abundant input NoV vsRNAs in total mice, representing 6.5% of the total
sequenced reads in the library (Fig 2.11). These findings indicate that the biogenesis of
vsiRNAs is not completely suppressed during wild-type NoV infection, but the remaining
vsiRNAs are invisible by sequencing small RNAs either with or without AGO co-IP
because of the presence of abundant non-specific vsRNAs and the suppressed vsiRNA

loading into AGOs.

2.3.4 Characterization of antiviral RNAI in suckling mice depleted of non-slicer AGOs

Three of the four mouse AGO proteins (AGO1, AGO3 and AGO4) do not exhibit the
slicing activity unlike AGO2 (103-106). To investigate the role of non-slicer AGOs in
mammalian antiviral RNAi response, I next analyzed the vsRNA population sequenced
from ago1/3/4 triple knock-out (KO) mutant suckling mice at 3 days post inoculation by
NoVAB2 (Fig 2.14). By comparison, NoVAB2 vsRNAs in agol/3/4 KO mice were as
abundant as those in wild-type mice (Fig 2.14). NoVAB2 vsRNAs produced by ago1/3/4

KO mutant mice exhibited the known canonical siRNA properties, since they were
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predominantly 22-nt in size, and were enriched within Dicer product size range (Fig
2.14A). Moreover, viral siRNAs were equally distributed to positive and negative strands
(Fig 2.14A), and were enriched for canonical 22-nt vsiRNA duplexes with 2-nt 3’
overhang (Fig 2.14B). The population of 1U vsiRNAs represented 41.2% of the total
NoVAB2 vsiRNAs in ago1/3/4 KO mutant mice, comparable to those found in wild-type
suckling mice (Fig 2.14A). The result suggests that depletion of AGO1, AGO3 and AGO4
in suckling mice does not affect the canonical siRNA properties of NoVAB2 vsiRNAs in

antiviral RNAI response induced by infection.
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Figure 2.14 Properties of vsiRNAs in suckling mice depleted of AGO1/3/4. (A) Size distribution
and abundance (shown as reads per million of total mature miRNAs) of virus derived small RNAs
sequenced from ago1/3/4 suckling mice infected with NoVAB2 at 3 dpi. The 5’ terminal nucleotides of
viral small RNAs are indicated by colors. (B) Total counts of pairs of complementary 22-nt viral small
RNAs (per million of total mature miRNAs) in each distance category (in nucleotides) show the
enrichment for pairs of canonical vsiRNAs with 2-nt 3’ overhangs (-2 peak) and successive phasing
vsiRNAs (+20 peak). (C) The coverage of each nucleotide position to the whole virus genome by 21-
to 23-nt vsiRNAs (shown as reads per million of total mature miRNAs). The strand sources of
vsiRNAs are indicated by colors. The functional proteins encoded by the viral bipartite RNA genome
and transcription of B2 mRNA (RNA3) from RNAI are shown.
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NoVAB2 vsiRNAs in agol/3/4 KO mutant mice exhibited similar genome
distribution pattern as found in wild-type mice, and were enriched at both termini of
RNAI, 5’ terminal of RNA2, and RNA3-coding region for both positive and negative
strands (Fig 2.14C). I noted higher densities of positive-strand NoVAB2 vsiRNAs from
an upstream locus to RNA3 in agol/3/4 KO mutant mice (Fig 2.14C). Such specific
positive-strand vsiRNA hot spot attenuated the similarity between NoVAB2 vsiRNA
populations from agol/3/4 KO mutant and wild-type mice revealed by correlation
analysis (Fig 2.15). By comparison, 68 out of the total 11,613 vsRNA species exhibited
significant variations in abundance between ago1/3/4 KO mutant and wild-type mice, and
the abundance of 74 out of the total 13,011 vsRNA species sequenced from ago1/3/4 KO
mutant mice or found in AGOs of wild-type mice were changed (Fig 2.15). I found that
the majority of the variation was contributed by positive-strand vsRNAs. When only
negative-strand vsRNAs were analyzed, I obtained higher regression coefficients (0.90 or
0.87, respectively) for the two comparisons between vsRNAs in ago1/3/4 KO mutant and
wild-type mice, or between those in total ago1/3/4 KO mutant mice and bound to AGOs.
The correlation coefficients were also increased to 0.73 or 0.79 for the two comparisons,
respectively. Therefore, the depletion of non-slicer AGOs did not induce significant
variation to NoVAB2 vsiRNA population in suckling mice, suggesting that presence of

AGO?2 alone may support the loading and stability of the viral siRNAs in vivo.
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Figure 2.15 Correlation analysis between vsiRNAs in suckling mice depleted of AGO1/3/4 and
wild-type suckling mice. Scatter plots of NoVAB2 vsRNAs from total ago1/3/4 suckling mice and
from wild-type mice either with or without treatment by AGO-colP. The sizes of reads are indicated
by colors. Each dot indicates the % of a given vsRNA to the total vsRNAs in either library. The
correlation coefficient (r) and the regression coefficient through the origin (a) of each comparison are

shown.

2.3.5 Time course analysis of NoVAB2 vsiRNAs in suckling mice

I next investigated the change of vsiRNA properties during NoVAB?2 infection in suckling
mice. NoVAB2 was rapidly cleared by 7 dpi from its peak level of replication at 3 dpi,
and became essentially undetectable at 15 dpi or later time points (Fig 2.16). Viral
siRNAs accumulated to high levels in mice at 3 dpi, and were equal to approximately
0.5% of the total cellular miRNA population (Fig 2.16). A time course analysis revealed
that although there was a major decrease in the abundance of NoVAB2 vsiRNAs in mice
during the process of virus clearance from 3 to 7 dpi, the population of NoVAB2
vsiRNAs was maintained at abundant levels for 2 to 3 weeks after virus clearance (Fig
2.16). Notably, NoVAB2 vsiRNAs detected at 7 dpi and after were as highly enriched for
those with 1U as found for vsiRNAs co-immunoprecipitated with AGOs (Fig 2.16). These

findings suggest stable maintenance in vivo of NoVAB2 vsiRNAs in mice AGOs.
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Figure 2.16 A time course analysis of NoVAB2 vsiRNAs and the virus titer in suckling mice.
The abundance of 21- to 23-nt vsiRNAs mapped to the positive- (blue) and negative-strand (white) of
NoVAB?2 in suckling mice at each time point after the inoculation is shown, which is normalized as
the % of the total mature miRNAs for comparison among the libraries. The accumulation of NoVAB2
was measured by RT-qPCR of the viral genomic RNA1 normalized to f-actin mRNA (obtained from
collaborators in Ding lab) and the one at 3 dpi was set as 100% (green). The 1U % of the vsiRNAs in

each library is indicated at bottom.

NoVAB2 vsRNAs were predominantly within Dicer product size range during virus
infection in two repeat sets of time course libraries (~85%, Fig 2.17). Interestingly, I
found that the proportion of 21-nt NoVAB2 vsiRNAs was increased at later time points
(Fig 2.17) from a low relative abundance of only ~35% to 22-nt vsiRNAs at 3 dpi. The
abundance of 21-nt vsiRNAs became approximately equal to 22-nt vsiRNAs at 19 or 27
dpi in the two time course analysis (Fig 2.17). In contrast to 21-nt vsiRNAs, the relative
abundance of 23-nt vsiRNAs to 22-nt vsiRNAs was unchanged, representing ~15%
during the time course of virus infection (Fig 2.17). This finding suggests a size shift by

1-nt shortening in NoVAB2 vsiRNA size distribution after virus clearance.
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Figure 2.17 A time course analysis of NoVAB2 vsiRNA proportions. The relative abundance of
21- and 23-nt NoVAB2 small RNAs from both strands compared to the 22-nt vsiRNAs in suckling
mice at each time point after the inoculation is shown. The % of the vsiRNAs to total viral small
RNAs (18- to 28-nt) in each library is given at bottom. The library set of repeat 1 was shown as the

representative for the analysis in Figs 2.16 and 2.18.

I found that the 21-nt vsiRNAs at later time points were generated from the same loci
of the 22-nt vsiRNAs at earlier time points (Fig 2.18). For example, 93.8% of the 21-nt
vsiRNA reads, or 84.6% of the total unique 21-nt vsiRNA species at 27 dpi, representing
867 raw reads in the library, shared sequences with 16.1% of the total unique 22-nt
vsiRNA species at 3 dpi by missing a single nucleotide at either 5’ or 3’ end (Fig 2.18).
31.6% of the 867 21-nt vsiRNAs were shortened at their 3’ ends, and only 9% were
shortened at their 5 end (Fig 2.18). The remaining 59.4% of the 21-nt vsiRNAs were
found to derive from two possible 22-nt vsiRNA species by one nucleotide removal from
either end (Fig 2.18). Similar results were also found by comparing 21-nt vsiRNAs at 19
or 23 dpi to the 22-nt vsiRNAs at 3 dpi (Fig 2.18). This finding suggests the preference to
3’ shortening in vsiRNA size shift during the time course, which could be explained by

the importance of 5’ nucleotide in loading and stable maintenance of vsiRNAs by AGOs.
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Figure 2.18 A comparison between 21-nt NoVAB2 small RNAs at late time points and 22-nt
vsiRNAs at 3 dpi in suckling mice. The %s and the total reads number of the three types of 21-nt
virus reads at late time points with 1 or 2 correlated 22-nt vsiRNA species at 3 dpi in each library are

shown.

2.3.6 In vivo sequestration of vsiRNA duplexes by VSR B2

Our previous studies in vitro suggested that Nodaviral B2 proteins inhibit both the dicing
and loading steps of antiviral RNAi (/31, 182). Lack of vsRNAs exhibiting canonical
siRNA properties in NoV-infected mammalian cells and mice in previous results was
consistent with the activity of B2 to suppress in vitro processing long dsRNA into siRNAs
by Dicer. To investigate if NoV B2 protein binds in vivo to vsiRNA duplexes, I next
characterized the population of NoV vsRNAs in BALB/c mice at 3 dpi after co-IP by the
antibody specific to the viral B2 protein (Fig 2.19). NoV vsRNAs co-immunoprecipitated
with B2 were highly abundant, representing ~40% of the total reads in two repeat libraries
(Fig 2.11). In contrast to the input NoV vsRNAs that exhibited strong positive-strand bias
and random size distribution, B2-bound vsRNAs were predominantly 22-nt and exhibited

approximately equal strand ratios for all sizes (Fig 2.19A). B2-bound 22-nt vsRNAs were
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enriched for canonical siRNA duplexes with 2-nt 3° overhangs (Fig 2.19B), but exhibited
no preference for 1U population unlike AGO-bound NoVAB2 vsiRNAs (Fig 2.19A).
These findings, together with the low abundance of vsiRNAs found in AGOs in
NoV-infected mice, indicate that B2 sequesters also vsiRNA duplexes to prevent their
loading in AGOs in addition to the suppression of dicing. Interestingly, miRNAs and
miRNAs* were significantly de-enriched in the libraries (Fig 2.11), suggesting that B2
preferentially recognizes perfect base-paired viral siRNA duplexes than the imperfect
base-paired miRNA/miRNA* duplexes.
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Figure 2.19 Properties of NoV derived small RNAs sequestered by B2 in suckling mice. (A) Size
distribution and abundance (shown as reads per million of total reads) of virus derived small RNAs
co-IPed by the antibody to B2 from suckling mice infected with NoV at 3 dpi. The 5’ terminal
nucleotides of viral small RNAs are indicated by colors, and the % of 1U 21- to 23-nt vsRNAs is
indicated. (B) Total counts of pairs of complementary 22-nt vsRNAs bound to B2 (per million of total
reads) in each distance category (in nucleotides) exhibiting the enrichment for pairs with 2-nt 3’

overhangs (-2 peak) in suckling mice infected by NoV at 3 dpi.

51



2.3.7 Characterization of antiviral RNAi response in mutant mice defective in IFN

signaling pathway

To investigate the crosstalk between interferon signaling pathway and antiviral RNAI in
mammalian innate immunity, [ next compared vsRNA populations sequenced from NoV-
or NoVAB2-infected wild-type C57 suckling mice and mutant mice defective in type I
IFN signaling pathway. 22-nt NoV vsRNAs of both polarities were more abundant than
other size classes of vsRNAs, and were enriched for canonical siRNA duplexes (not
shown), but exhibited no enrichment of 1U population in both wild-type C57 mice and
LGP-2"" mice after NoV infection (Fig 2.20). This suggests that B2 is less effective to
suppress the biogenesis of viral siRNAs in C57 mice than BALB/c mice. However, NoV
vsRNAs in RIG-I knockout (RIG-I") or MAVS knockout (MAVS’) mutant mice
exhibited strong positive-strand bias and random size distribution with no canonical
siRNA properties, similar to those in wild-type BALB/c mice (Fig 2.20). Viral small
RNAs in NoVAB2-infected C57, RIG-I"- or MAVS” mice exhibited known canonical
siRNA properties as found in BALB/c mice, including size preference for 22-nt,
approximately equal strand ratio, enrichment for both 1U population and canonical
siRNA duplexes (Fig 2.20). NoVAB2 vsRNAs in RIG-I"- or MAVS” mice exhibited
similar genome distribution patterns to those in C57 mice (Fig 2.21). These findings
suggest that the neither RIG-I nor MAVS is essential for the production of the canonical

siRNAs during NoVAB2 infection of suckling mice.
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Figure 2.20 Properties of vsiRNAs in suckling mice depleted of components in IFN signaling
pathway. (A) Size distribution and abundance (shown as reads per million of total mature miRNAs) of
virus derived small RNAs sequenced from wild-type C57 suckling mice or mice knocked out of RIG-I,
MAVS, or LGP-2 infected with NoVAB2 or NoV at 4 dpi. The 5’ terminal nucleotides of viral small
RNAs are indicated by colors. (B) Total counts of pairs of complementary 22-nt viral small RNAs (per
million of total mature miRNAs) in each distance category (in nucleotides). The enrichment for pairs
of canonical vsiRNAs with 2-nt 3” overhangs (-2 peak) was shown.
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Figure 2.21 Virus genome distribution of 21- to 23-nt NoVAB2 vsiRNAs in suckling mice
depleted of components in IFN signaling pathway. The coverage of each nucleotide position to the
whole virus genome by 21- to 23-nt vsiRNAs derived from wild-type C57 suckling mice or mice
knocked out of RIG-I, MAVS, or LGP-2 infected with NoVAB2 at 4 dpi (shown as reads per million
of total mature miRNAs). The strand sources of vsiRNAs are indicated by colors. The functional
proteins encoded by the viral bipartite RNA genome and transcription of B2 mRNA (RNA3) from
RNA1 are shown.

I found that the abundance of NoVAB2 vsiRNAs was dramatically changed in
mutant mice (Fig 2.22). NoVAB2 vsiRNA abundance in RIG-I"- mice was reduced,
representing only 32.5% of that in NoVAB2-infected C57 mice (Fig 2.22). Since the

abundance of vsiRNAs could correlate with the level of virus replication providing viral
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dsRNA precursors, NoVAB2 vsiRNAs in each library were further normalized by virus
titers determined by RT-PCR (Fig 2.22). NoVAB2 vsiRNA abundance in RIG-I" mice
was extremely low after normalization by virus titer, representing only 0.4% compared to
that in C57 mice (Fig 2.22). In contrast, although NoVAB2 vsiRNA abundance increased
in MAVS”" mice by ~170%, the vsiRNA abundance after normalization by virus titer
exhibited a mild decrease by ~30% compared to that in C57 mice, indicating that such
change to NoVAB2 vsiRNAs was due to a higher viral replication level (Fig 2.22).
Therefore, these findings suggest that RIG-I may enhance Dicer-dependent processing of

viral dsRNA into siRNAs.
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Figure 2.22 Relative abundance of 21- to 23-nt NoVAB2 vsiRNAs in suckling mice depleted of
components in IFN signaling pathway. The relative abundance of 21- to 23-nt vsiRNAs derived
from wild-type C57 suckling mice or mice knocked out of RIG-I, MAVS, or LGP-2 infected with
NoVAB?2 at 4 dpi is shown. Reads are normalized either by mature microRNA only or by both
microRNAs and virus titer determined by RT-PCR by collaborators in Ding lab. The strand sources of
vsiRNAs are indicated by colors. The value of vsiRNA abundance in wild-type C57 mice is set to 100,

and the relative values of vsiRNA abundance in mutant mice compared to C57 mice are shown.
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NoVAB2 vsiRNAs were also highly abundant in LGP-2"- mice at 4 dpi, suggesting
LGP-2 was not essential for the vsiRNA biogenesis (Fig 2.20). Notably, the abundance of
NoVAB2 vsiRNAs increased by 2.7 and 6.6 times in LGP-2"~ mice compared to that in
C57 mice before and after normalization by virus titer (Fig 2.22). This result suggests that
LGP-2 may repress Dicer-dependent processing of viral dsSRNA into vsiRNAs in contrast

to RIG-IL

2.3.8 Characterization of the antiviral RNAi response in adult mice

Adult mice are resistant to NoV infection unlike suckling mice (/93). Viral small RNAs
cloned from NoVAB2-infected BALB/c adult mice at 3 or 7 dpi were not abundant, but
exhibited the canonical siRNA properties. These adult mouse vsiRNAs exhibited
preference within Dicer product size range with 22-nt as the most dominant size,
approximately equal strand ratio, preference of 1U, and enrichment of 22-nt canonical
siRNA duplexes with 2-nt 3* overhangs (Fig 2.23). Notably, NoVAB2 vsiRNAs in adult
mice were found preferentially to target 5° terminal region of RNAT1, but the vsiRNA hot
spots at 5’ terminal region of RNA2 reproducibly found in suckling mice became
invisible (Fig 2.24). Although the RNA3-coding region was targeted by abundant
NoVAB2 vsiRNAs, the relative density of vsiRNAs from that region decreased in adult
mice compared to suckling mice (Figs 2.13 and 2.24). These findings indicate that

NoVAB?2 infection also induces the antiviral RNA1 response in adult mice.
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Figure 2.23 Properties of vsiRNAs in adult mice. (A) Size distribution and abundance (shown as
reads per million of total mature miRNAs) of virus derived small RNAs sequenced from adult
BALB/c mice at different time point post infection by NoVAB2 or NoV. The 5’ terminal nucleotides of
viral small RNAs are indicated by colors. (B) Total counts of pairs of complementary 22-nt viral small
RNAs (per million of total mature miRNAs) in each distance category (in nucleotides). The
enrichment for pairs of canonical vsiRNAs with 2-nt 3* overhangs (-2 peak) and successive phasing
vsiRNAs (+20 peak) was shown.

Strikingly, vsRNAs cloned from NoV-infected adult BALB/c mice were
predominantly 22-nt in size (Fig 2.23). NoV vsRNAs in adult mice at 4 dpi exhibited
weak positive-strand bias, but this bias disappeared for those mice at 6 dpi (Fig 2.23).
NoV vsiRNAs cloned from adult mice were enriched for 22-nt canonical siRNA duplexes,
but exhibited no enrichment for 1U population (Fig 2.23), suggesting that their loading
into AGOs may be inhibited by B2. Notably, unlike the random genome distribution
pattern of positive-strand vsiRNAs, negative-strand NoV vsiRNAs in adult mice were

almost exclusively from 5’ terminal region of RNAT1 (Fig 2.24), which is similar to that

found in mouse embryonic stem cells infected with NoVAB2 (796). The negative-strand
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22-nt vsiRNA species from two successive siRNA duplexes at 5 terminal of RNAI1
starting from the second nucleotide of RNAI represented 71.5% and 67.1% of the total
negative-strand 22-nt vsiRNAs at 4 and 6 dpi, respectively (Figs 2.24 and 2.25). These
findings demonstrate induction of the antiviral RNAi response in adult mice infected by
NoV, suggesting a possible role of antiviral RNAI in the adult mouse resistance to NoV

infection.
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Figure 2.24 Virus genome distribution of 21- to 23-nt vsiRNAs in adult mice. The coverage of
each nucleotide position to the whole virus genome by 21- to 23-nt vsiRNAs derived from adult
BALB/c mice at different time points post infection by with NoVAB2 or NoV (shown as reads per
million of total mature miRNAs). The strand sources of vsiRNAs are indicated by colors. The
functional proteins encoded by the viral bipartite RNA genome and transcription of B2 mRNA (RNA3)
from RNA1 are shown.
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Figure 2.25 The abundant production of 21- to 23-nt vsiRNAs at 5’ terminal of RNA1 in adult
mice infected by NoV. The coverage of each nucleotide position to the 5’ terminal of RNA1 by 21- to
23-nt vsiRNAs derived from adult BALB/c mice infected by NoV at 4 dpi (shown as raw reads). The
strand sources of vsiRNAs are indicated by colors. Read sequences within this region reveal a
dominant set of successive pairs of 21- to 23-nt vsiRNAs. Read counts (in brackets), read length,

genomic position and sequence of each vsiRNA species are indicated.

2.4 Discussion and conclusions

Results in this chapter describe the first in vitro and in vivo characterization of the
mammalian antiviral RNAi response induced by an RNA virus infection. My
bioinformatics analysis of NoVAB2 small RNAs revealed the properties of canonical
siRNAs, and was supported by parallel vsiRNA detection by Northern blot hybridization
by my collaborators in Ding lab (/85). The findings here and those of Maillard et al. (196)
illustrate that Dicer-dependent processing of viral dsRNA replication precursors into

successive siRNAs is a conserved mammalian immune response to infection by two
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distinct positive-stranded RNA viruses (Table 2.2). This work also suggests that the use of
viruses incapable of inhibiting siRNA biogenesis will facilitate future detection of

vsiRNAs targeting other mammalian viruses.

NoV infection both in vitro and in vivo requires the RNAi suppressor activity of its
B2 protein (/85). In particular, suckling mice become completely resistant to the lethal
infection by NoVAB2, or a NoV mutant after substitution of a single amino acid in B2
(NoVmB2) that eliminates its RNAi suppressor activity (/85). Abundant production of
vsiRNAs is detected in NoVAB2-infected mice by deep-sequencing as presented in this
chapter and by Northern blotting (/85). Thus, the typical RNAi response induced by virus
infection in mammals has potent antiviral activity. The striking similarities in the
induction and suppression of antiviral RNAi by the closely related FHV and NoV in fruit
flies, nematodes, and mammals (/31, 134, 145, 162-163, 194, 210-211) highlight an

evolutionary conserved role of RNAI in antiviral defense within the animal kingdom.

Viral siRNAs are in vivo loaded in AGOs like mammalian miRNAs and are stably
maintained. Production and loading of vsiRNAs in AGOs are both dramatically repressed
by dual functions of NoV B2 in viral dsRNA dicing inhibition and vsiRNA duplex
sequestration. Studies in mouse embryonic stem cells by Maillard et al. (196) suggest that
AGO?2 is essential for in vitro clearance of NoVAB2. It is not clear why the size of
vsiRNAs shifts to 21-nt after NoVAB2 clearance in vivo. As artificial 21-nt siRNAs
efficiently inhibit infection by mammalian viruses (212), I propose that the in vivo size

shift may contribute to a long lasting protection to mammalian virus infection. These
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findings may facilitate future in vivo studies of RNAi-based antiviral immunity guided by
naturally occurring vsiRNAs, and may help overcome the challenging issues of specific
delivery, off-target effect and the loss of siRNA sensitivity that confronted the studies of

antiviral therapies by artificial small RNA duplexes or their precursors (/65-167).

Antiviral RNAI exhibits properties associated with adaptive and other known innate
immunities as it involves rapid host recognition of a microbe-associated molecular pattern
dsRNA and a mechanism of specificity determined by pathogen-derived siRNAs (/28).
Interestingly, RIG-I is required for efficient dicing of viral dsSRNA in mice, suggesting a
new role in mammalian antiviral RNAi immunity besides its known function in type-I
IFN signaling pathway as the viral dsRNA sensor. Similarly, the observed negative
regulation of the vsiRNA biogenesis by LGP-2 may provide new insights into its
intriguing function in innate immunity. It is likely that the characterization of mammalian
antiviral RNAI in this chapter will provide a new framework to investigate the innate and

adaptive control of important human viral pathogens.
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Chapter 3: Somatic role of Dicer in the biogenesis of vsiRNAs in

human cells

3.1 Introduction

Chapter 2 presented the first evidence for the induction of the antiviral RNAi response in
mice, which detects viral dsRNA as the non-self pathogen-associated molecular pattern.
Similar to fungi, plants and invertebrates (/28), suckling mice also are able to produce
virus-derived small interfering RNAs (vsiRNAs) from viral dsRNA precursors and further
load them in Argonaute proteins (AGOs) in RNA-induced silencing complex (RISC).
However, controversial issues remain unresolved on mammalian antiviral RNA1 despite
these recent advances described in Chapter 2 and by Maillard et al (196). It is widely
thought that mammalian Dicer cannot detect and process viral dsSRNAs into vsiRNAs in
the differentiated somatic cells that are attacked first in an infection (275). The
sequencing of small RNAs in the past decade from a wide range of mature mammalian
somatic cells after infection with diverse RNA viruses (/78-180) detected only
virus-derived small RNAs (vsRNAs), which exhibit random size distribution and strong
strand bias in contrast to vsiRNAs. Our studies have demonstrated production of highly
abundant vsiRNAs in mouse embryonic stem cells (mESCs) and suckling mice (185, 196),
but the accumulation of vsiRNAs in mESCs decreases in abundance upon differentiation.

Therefore it was thought that undifferentiated cells in suckling mice may play a role in
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biogenesis of vsiRNAs. The absence of evidence for vsiRNA production in human cells
and the presence of a rodents-specific isoform of Dicer for processing long dsRNA into
siRNAs in mouse oocytes (/97) have further led to the controversial hypothesis that

humans have evolved to abandon the antiviral RNAi response (216).

Studies conducted in this chapter aimed to determine if human somatic cells produce
canonical vsiRNAs in response to RNA virus infection. According to the mechanistic
insights into the induction and suppression of the vsiRNA biogenesis by Nodamura virus
(NoV), I searched for the biogenesis of vsiRNAs in human embryonic kidney 293 (293T)
cells and adenocarcinomic alveolar basal epithelial (A549) cells infected by mutants of
Influenza A virus (IAV) not expressing its viral suppressor of RNAi (VSR), the
non-structural protein 1 (NS1). IAV belongs to the Orthomyxoviridae family, and is an
enveloped (-)RNA virus containing eight genomic segments. IAV has a wide host range
including birds and mammals and is divided into subtypes defined by the surface
glycoproteins hemagglutinin (HA) and neuraminidase (NA) encoded by genome
segments 4 and 6, respectively (/86-187). IAV replicates in the nucleus, where the
negative-strand viral genomic RNAs (VRNAs) are used as the template for the synthesis
of both mRNAs and the full-length complementary RNAs (cRNAs) before the vVRNAs

copied from cRNAs are exported into the cytosol (/87).

IAV genome segment 8 encodes two proteins, NS1 and NS2 (/87). NS1 contains the
N-terminal dsRNA-binding domain and the C-terminal effector domain and is

multifunctional with main function as the IFN antagonist (/70). NS1 also exhibits the
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VSR activity in both Drosophila and plant cells and potently suppresses Drosophila
antiviral RNAi1 against Flock house virus (FHV) (170, 182). Interestingly, NS1 also
shares structural similarity with the B2 proteins of FHV and NoV in dsRNA binding (2179)
and both bind long dsRNA with two positively charged antiparallel o helices in a
homodimer. However, differentiated mammalian cells produce only vsRNAs after
infection with wild-type IAV strains that do not exhibit the properties of vsiRNAs (780,
218). Therefore it has not been possible to investigate the physiological role for the VSR

activity of NS1 in an RNAi response induced by IAV infection (219).

3.2 Materials and Methods

3.2.1 Influenza A viruses and cell culture

Influenza A/Puerto Rico/8/34 (HIN1) and A/WSN/1/33 (HIN1) viruses, designated
PR8-wildtype (WT) and WSN-WT, respectively, and their NSI1 deletion mutants,
designated PR8-deINS1 and WSN-deINS1, were kind gifts of Drs. Adolfo Garcia-Sastre
and Peter Palese (788, 198). The —deINS1 mutant IAVs contain a deletion of nucleotides
57 to 528 in NS segment which are located in the intron of NS2 protein but the exon of
NS1. PR8-3841 mutant contains amino acid substitutions R38A and K41A known to
result in defectiveness in dsSRNA binding without affecting protein dimerization (201,
217). IAV-3841 was constructed by combining segment 1-7 from PR8-WT and segment

NS from WSN-WT, containing the same mutations as referred above. Human lung
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epithelial cells (A549) were maintained in F-12K medium whereas human embryonic
kidney cells (293T) were cultured in Dulbecco's modified Eagle's medium (DMEM)
containing 10% fetal bovine serum. hDicer knockout 293T cell line 4-25 and its parental

293T cell line were kind gifts of Dr. Bryan Cullen (799).

3.2.2 Plasmids and molecular cloning

The expression plasmids for human AGOI1l, AGO2 and Dicer were purchased from
Addgene (cat no. 10820, 10822 and 19873). The cDNA clones for Drosophila
Loquacious isoforms PD (Logs PD) were from Addgene (no. 42095) whereas the
plasmids encoding Drosophila proteins dDicer-2 and R2D2 were kind gifts from Dr.
Qinghua Liu (202, 203). The ORFs of Logs PD and R2D2 were cloned with an
N-terminal Flag tag into pcDNAFlag (/95) to generate pcDNA-Flag-PD and
pcDNA-Flag-R2D2, respectively. The ORFs of dDicer-2 was cloned with an N-terminal

His tag into pcDNA4HisMax (/95) to generate pcDNA-His-dDcr2.

3.2.3 Cell culture infection, transfection and the construction of small RNA libraries.

293T and hDcrKO 293T cells were seeded in a 6-cm plate at a density of 2.5 x 10%/plate
one day before infection. Twenty-four hours after inoculation with serum-free DMEM

(mock), PR8-WT, WSN-WT, PR8-deINS1 or WSN-deINS1 (moi=1) as previously
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described (795), the infected cells were harvested for the extraction of total protein and
RNA using TRIzol (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol.
To determine the role of Dicer in the biogenesis of viral siRNAs (vsiRNAs), hDicer-KO
293T cells seeded in a 6-cm plate at a density of 2.5 x 10%/plate were transfected with 8
ug of the plasmid encoding hDicer, or Drosophila Dicer-2 (dDcr2), or co-transfected with
8 nug pcDNA-His-dDcr2, 4 ng pcDNA-Flag-Logs-PD, and 4 pg pcDNA-Flag-R2D2 using
TransIT®-LT1 transfection reagent (Mirus, Madison, WI) following the supplier’s
recommended protocol. Six hours after transfection, hDcr-KO 293T cells were infected
by PR8-deINS1 (moi=1) and the infected cells were harvested for the extraction of total

protein and RNA using TRIzol 24 hours after infection.

Libraries of small RNAs were constructed from total RNA extracted 24 hours after
infection of 293T cells with PR8-deINS1 or WSN-deINS1 either without or with
co-immunoprecipitation by Anti-pan Ago antibody (Millipore, Billerica, MA) as
described in the previous chapter. Libraries of small RNAs were also constructed from (i)
total RNA co-immunoprecipitated from 293T cells 24 hours after infection with PR8-WT
or WSN-WT by Anti-pan Ago antibody (Millipore, Billerica, MA), (ii) total RNA from
A549 cells 24 hours after infection with PR8-deINS1, (iii) total RNA from
PR8-deINS1-infected hDcr-KO 293T cells without or with ectopic expression of hDicer,
dDicer-2 or dDicer-2 plus Logs-PD and R2D2, and (iv) total RNA
co-immunoprecipitated from 293T cells over-expressing FLAG-tagged human AGO1 or

AGO2 24 hours after infection with PR8-deINS1 or WSN-deINS1.
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3.2.4 Northern blot analysis

15 pg total RNA extracted from cells 24 hours after infection and a chemical
cross-linking protocol (204) were used as essentially described previously with one
modification (/85). Instead of using locked nucleic acid (LNA) oligonucleotides as
probes (/85), the negative- and positive-strand influenza viral RNAs were detected by the
32P-labeled synthetic RNA oligo, 5’-CAUAAUGGAUCCAAACACUGUG-3" and

5’-GACACAGUGUUUGGAUCCAUUA-3’, respectively.

3.2.5 Deep sequencing and bioinformatics analysis of small RNAs

Libraries of small RNAs cloned from cultured human cells were sequenced by Illumina
HiSeq 2000/2500 at the Core Facility of the Institute for Integrative Genome Biology on
campus. Small RNA reads were mapped to the virus and host genome references or
compared to mature miRNAs. Mapping was done by Bowtie 1.0.0 with either perfect
match or 1 mismatch only for genotyping and reads origin analysis. All of the references
used were downloaded from web sources as listed below. Subsequent bioinformatics
analysis of virus-derived small RNAs was carried out using in-house Perl scripts as
described in Chapter 2. Pairs of complementary 22-nt vsiRNAs in each library with
different base-pairing lengths were computed using the algorithm described in the
previous chapter, which calculates the total counts of pairs in each nucleotide distance

between the 5’ and 3’ ends of complementary 22-nt vsiRNAs (/85). The reference
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sequences used in this study:

1.

A/Puerto Rico/8/34 (HINI1) (PR8-WT): NCBI AF389115.1, AF389116.1,
AF389117.1, AF389118.1, AF389119.1, AF389120.1, AF389121.1 and

AF389122.1.

PR8-deINS1: the same as PR8-WT except for the deletion of nucleotides 57 to

528 in NS segment.

A/WSN/1/33 (HIN1) (WSN-WT): NCBI J02179.1, J02178.1, CY034137.1,
J02176.1, CY034135.1, L25817.1, L25818.1 and M12597.1 with the missing
terminal sequences from the following segments completed by sequencing

(nucleotides underlined are the original terminals from NCBI):

Segment PA (segment 3) 3’ terminal: 3’-~AGCGAAAGCAGGTACTGATT...-5’

Segment PA (segment 3) 5’ terminal: 3’-...AAAAAAGTACCTTGTTTCTACT-5’

Segment NP (segment 5) 3’ terminal: 3>~ AGCAAAAGCAGGGTAGATAATCACTC...-5’

Segment NP (segment 5) 5’ terminal: 3’-... AAAGAAAAATACCCTTGTTTCTACT-5

Segment M (segment 7) 5’ terminal: 3°...AAACTACCTTGTTTCTACT-5’

4. WSN-deINS1: the same as WSN-WT except for the deletion of nucleotides 57 to

528 in NS segment.

5. Human mature miRNAs and miRNA precursors: miRBase 19

(http://www.mirbase.org/).
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6. Human non-coding RNAs: fRNAdD 3.0 (http://www.ncrna.org/frnadb/).
7. Human mRNAs: Mammalian Gene Collection (MGC).

8. Human whole genome: GRCh38 project from NCBI, released on December 24,

2013 (GCA_000001405.15).

3.2.6 Correlation analysis of small RNA populations

The correlation analysis of small RNA populations was done by the formulas below:

2 (% =5)0 - 5)

Correlation coefficient () = i1
»

JZ(’% -x)* sz:(}’z -y

i=l i=l

»
Z X3

Regression coefficient (@) = l-lm_

>

i=l

»
Z O = %)
Average variation () ==L
b
Z (= £°
Standard deviation () = (2=

n indicates the total number of the nucleotide positions on each strand of the

PR8-deINS1 genome in the analysis for correlation between 21- and 22-nt influenza
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vsiRNAs made by hDicer and dDicer2, or the total number of the unique influenza small

RNA species (18- to 28-nt) found in human AGO1 and/or AGO2 co-IP libraries.

i indicates a specific nucleotide position as referred above that is covered or not
covered by either 22- or 21-nt vsiRNAs from the hDicer and dDicer2 libraries,

respectively, or a given small RNA species in human AGO1 and AGO2.

yi indicates the relative coverage at position i by 22-nt vsiRNAs made by hDicer with
a value between 0 and 1 after normalization by the maximum 22-nt vsiRNA coverage of
each virion RNA segment in either polarity. y indicates the average coverage by 22-nt
vsiRNAs at all nucleotide positions (n). In the analysis for small RNAs in human AGOI1
and AGO2, y; indicates the % of a given vsiRNA to the total vsiRNAs loaded in human

AGOI, and y indicates the average % of all the vsiRNAs loaded in human AGO1.

x; indicates the relative coverage at position i by 21-nt vsiRNAs made by dDicer2
with a value between 0 and 1 after normalization by the maximum 21-nt vsiRNA
coverage of each virion RNA segment in either polarity. x indicates the average coverage
by 21-nt vsiRNAs at all of the nucleotide positions (n). In the analysis for small RNAs in
human AGO1 and AGO?2, x; indicates the % of a given vsiRNA to the total vsiRNAs
loaded in human AGO2, and x indicates the average % of all the vsiRNAs loaded in

human AGO?2.

Any given nucleotide position or unique small RNA species referred as (i) above

with a value change (y;-x;) beyond the interval [u-3c, u+3c] was considered as displaying
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significant variation between the two small RNA libraries; otherwise it was considered to

display no significant variation.

3.3 Results

3.3.1 Human 293T cells produce highly abundant vsiRNAs loaded in AGOs after

infection with NS1-deletion mutant of IAV

According to the characterization of viral siRNAs (vsiRNAs) in fruit flies (/37) and
suckling mice, Argonaute co-immunoprecipitation (co-IP) enriches vsiRNAs by
eliminating non-specific degradation fragments of the abundant viral genomic and
messenger RNAs that accumulate during infection. These studies also show that VSRs
may inhibit the processing of viral dsSRNA precursor into siRNAs or destabilize the
vsiRNAs by preventing their loading into Argonautes. Therefore, human vsiRNAs might
become readily detectable by deep sequencing small RNAs co-immunoprecipitated with
Argonaute proteins (AGOs) from cells infected with an RNA virus defective in the

expression of a cognate VSR.

To test this hypothesis, the total small RNAs co-immunoprecipitated by an
anti-pan-AGOs antibody from human 293T cells 24 hours post infection with a human
Influenza A virus (IAV) mutant not expressing NS1 were cloned and sequenced. The

AGO-bound, [AV-derived small RNAs sequenced from the human somatic cells infected
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with PR8-deINS1 (Fig 3.1), a NS1-deletion mutant of IAV strain A/Puerto Rico/8/1934
(HIN1) characterized previously (/88), exhibited several known properties of mouse
vsiRNAs described in Chapter 2 and by Maillard et al (196). 93.6% of the 41,324 virus
reads, cloned by a protocol requiring the presence of monophosphates at 5’ termini, were
in the 21- to 23-nt size range of Dicer products (Fig 3.1, Table 3.1). The most dominant
size of the influenza vsiRNAs was 22-nt for both the positive and negative strands (Fig
3.1, Table 3-1). The influenza vsiRNAs were abundant, representing 0.34% of the total
sequenced reads and equal to 0.81% of the total mature miRNA content (Table 3.1), and
were comparable to human miR-27b-3p and miR-1307-5p in abundance in the library. By
comparison, the AGO-bound 21- to 23-nt vsiRNAs reached 0.29% of the total mature
miRNAs in mESCs infected with encephalomyocarditis virus (/96). Notably, the 22-nt
RNAs of AV were highly enriched for canonical vsiRNAs with 20-nt perfect base-paired
duplexes with 2-nt 3’ overhangs (Fig 3.1). Therefore, the cloned influenza vsiRNAs
closely resemble the mouse vsiRNAs, demonstrating production of canonical vsiRNAs in
the mature human somatic cells in response to the influenza viral infection. Interestingly,
71.5% of the sequenced viral 22-nt RNAs and 62.9% of the viral 21- to 23-nt siRNAs
contained uridine as the 5’-terminal nucleotide (1U) (Table 3.1), revealing shared

properties between human miRNAs and the influenza vsiRNAs (220, 221).
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Figure 3.1 Production of IAV vsiRNAs in human 293T cells. Size distribution and abundance
(shown as reads per million of total mature miRNAs) of total vsRNAs sequenced from cells 24 hours
after infection with deINS1 mutants of PR8 and WSN strains without (input) or with co-IP by anti-pan
AGO antibodies (AGO-IP). Strong enrichment of total and AGO-bound 22-nt RNAs of both
PR8-deINS1 and WSN-deINS1 for pairs (-2 peak) of canonical vsiRNAs with 2-nt 3’ overhangs was
visualized by computing total pairs of 22-nt vsRNAs with different length of base-pairing. The 5’

terminal nucleotide of vsSRNAs is indicated by color.

In contrast, I detected abundant positive- and negative-strand virus reads outside the
size range of Dicer products in the total small RNAs cloned without AGO co-IP from
PR8-deINSI1 infected cells (Fig 3.1). As a result, only 54.6% of the total virus reads were
within the 21- to 23-nt size range (Table 3.1) and the peak at 22-nt was less dominant (Fig
3.1) compared to those cloned after AGO co-IP. Nevertheless, the 22-nt virus reads cloned
either before or after AGO co-IP were similarly enriched for canonical pairs of vsiRNAs
(Fig 3.1). In addition, the preference for 1U was also visible for the 22-nt virus reads in
the input library cloned without AGO co-IP (Fig 3.1). These results indicate that AGO
co-IP indeed selectively enrich canonical vsiRNAs produced in the human somatic cells

in response to the influenza viral infection.
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The canonical vsiRNAs detected in human cells after PR8-deINS1 infection differ
drastically from vsRNAs detected previously during wild-type IAV infection, which
exhibit random size distribution and are almost exclusively negative strands and 5’
co-terminal with the virion RNAs (780, 218). Consistently, vsiRNAs were detectable by
Northern blot hybridization in 293T cells infected with PR8-deINS1, but not in the cells
infected with wild-type PR8 (Fig 3.2). Next, I further analyzed small RNAs
co-immunoprecipitated with AGOs from 293T cells infected with wild-type PR8. Similar
amounts of cellular miRNAs were associated with AGOs in 293T cells infected with
either wild-type PR8 or PR8-deINS1 (Table 3.1). However, AGO-bound virus reads were
extremely low abundant in wild-type PR8-infected cells, showed no preference either in
size or for 1U (Fig 3.1), and were approximately 50-fold less abundant compared to those
found in PR8-deINSI infected cells (Table 3.1). These findings suggest suppression of
either the biogenesis or the AGO loading of vsiRNAs in human cells infected by the

wild-type PRS8 of [AV.
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Figure 3.2 Visualization of IAV vsiRNAs by Northern blotting in human 293T cells. Northern
detection of the positive-strand influenza vsiRNAs in human 293T cells 24 hours after infection with
the mutant (deINS1) or wild-type (WT) viruses of PRS strain. The lane of small RNA marker run from
the same gel was stained separately. Figures were combined by the relative location of the gel to the

membrane during the transfer step.

3.3.2 Infection with a distinct strain of IAV also induces vsiRNA biogenesis in human

somatic cells

The subtype HINT1 (species) of influenza A viruses (genus) includes many strains with
distinct pathogenesis properties. To independently verify the production of vsiRNAs
during IAV infection, the total small RNAs were sequenced with and without AGO co-IP
from human 293T cells 24 hours post infection with WSN-deINS1, a NSI-deletion
mutant of the human IAV A/WSN/1/33 (HIN1). 90.9% of the total virus reads
co-immunoprecipitated with AGOs were in the 21- to 23-nt size range of Dicer products,

72.1% of which contained 1U (Fig 3.1, Table 3.1). Similar to the vsiRNAs targeting
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PR8-deINS1, 22-nt siRNAs of WSN-deINS1 were the most dominant species for both the
positive and negative strands and were enriched for canonical vsiRNAs with 20-nt perfect
base-paired duplexes and 2-nt 3’ overhangs (Fig 3.1). In contrast to the canonical
properties of AGO-bound WSN-deINS1 siRNAs, 57.9% of the total WSN-deINS1 small
RNAs cloned without AGO co-IP were outside the 21- to 23-nt size range of the vsiRNAs
associated with AGOs (Fig 3.1). However, the 22-nt RNAs were more abundant than
other sizes of WSN-deINS1 small RNAs, and were specifically enriched for the canonical
siRNA duplexes with 2-nt 3’ overhangs (Fig 3.1). These findings demonstrate the
production and selective AGO loading of vsiRNAs during infection of the human somatic

cells by WSN-deINSI.

The AGO-bound small RNAs from 293T cells infected with the wild-type WSN
strain were also sequenced. The analysis of this population of small RNAs revealed the
presence of highly abundant cellular miRNAs as found for the population of small RNAs
co-immunoprecipitated with AGOs from cells infected with WSN-deINS1, PR8 or
PR8-deINS1 (Table 3.1). In contrast, extremely low abundant virus reads of random size
distribution were associated with AGOs in WSN-infected cells (Fig 3.1), similar to the
AGO-bound virus reads in PR8-infected cells. Together, these results demonstrate the
production and selective AGO loading of vsiRNAs in the mature human somatic cells in
response to the infection by distinct strains of IAV. Moreover, our findings indicate that
VSR deletion combined with AGO co-IP will improve the identification of human

vsiRNAs in the infected somatic cells (179, 185).
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3.3.3 Influenza A virus-specific dsRNAs are precursors of the cloned human vsiRNAs

The AGO-bound 21- to 23-nt siRNAs of both PR8-deINS1 and WSN-deINS1 were next
mapped to the eight genomic RNAs. For both strains, segments HA and NA were targeted
only by low density of the vsiRNAs whereas the highest density of the vsiRNAs was
found to target the NS segment (Fig 3.3). NS is the shortest among the eight segments and
becomes 418 nt long after the introduced deletion for both PR8-deINS1 and WSN-deINS1.
Approximately 65% and 56% of the total AGO-bound 21- to 23-nt vsiRNA reads from
293T cells infected respectively with PR8-deINS1 and WSN-deINS1 were mapped to NS
(Figs 3.3 and 3.4). Nevertheless, the virus reads mapped to the remaining 7 genome
segments of either strain also exhibited the canonical properties of vsiRNAs (Figs 3.4 and

3.5, Table 3.2) indistinguishable from those of the total virus reads.

Reads PR8-deINS1: AGO-IP Reads WSN-deIlNS1: AGO-IP
o] (+)-VSiRNA 2000+
2000] M (-)-vsiRNA oo ] I
250 -
80|
2001
60
150
40
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0 N
PB2 PB1 PA  HA NP NA M NS PB2 PB1 PA HA NP NA M NS

Figure 3.3 Distribution of IAV vsiRNAs among virion RNA segments in human 293T cells. 21-
to 23-nt vsiRNAs from cells infected by PR8-deINS1 or WSN-deINS1 sequenced at 24 hours after the
infection exhibited unequal distribution among virion RNA segments. NS segment derived vsiRNAs
were the most abundant in both libraries, whereas HA and NA segments had the lowest vsiRNA
production. The abundance of vsiRNAs mapped to an individual RNA segment was shown as reads

per 1 kb of the RNA segment and per million of total reads.
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Figure 3.4 Properties of IAV vsiRNAs produced in human 293T and A549 cells. Total small
RNAs were sequenced either with Argonaute co-immunoprecipitation (AGO-IP) or without (input)
from human 293T or A549 cells 24 hours after infection with the indicated virus. Size distribution,
abundance and 5’-terminal nucleotide (indicated by colors) of the sequenced vsRNAs mapped to each
of the eight influenza virion RNA segments in five independent libraries were shown. The abundance
of vsRNAs mapped to an individual RNA segment was shown as reads per 1 kb of the RNA segment

and per million of total miRNAs.
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Figure 3.5 Properties of IAV vsiRNAs mapped to the RNA segments excluding NS segment in
human 293T cells. The AGO-bound influenza vsiRNAs exhibit the canonical properties of vsiRNAs
after removal of the NS segment-derived vsiRNAs. Size distribution, abundance (per million of total
mature miRNAs), 5’-terminal nucleotide (indicated by colors), and the enrichment for pairs (-2 peak)
of 22-nt vsiRNAs with 2-nt 3’ overhangs of the sequenced vsiRNAs mapped to the virion RNA
segments 1-7 from 293T cells 24 hours after infection with either PR8-deINS1 or WSN-deINS1

without (input) or with co-immunoprecipitation by anti-pan AGO antibodies (AGO-IP) were shown.

91.8% and 88.6% of PR8-deINS1 and WSN-deINS1 vsiRNAs, respectively, were
derived from the terminal 100-nt regions of the eight virion RNA segments (Table 3.1,
Figs 3.6 and 3.7). Except for segments HA and NA, high densities of the positive- and/or
negative-strand vsiRNAs were mapped to one end or both ends of the genome segments
(Figs 3.6 and 3.7). Notably, these terminal virus reads formed successive (or phased)
complementary pairs of vsiRNAs processed from long dsRNA precursors (Figs 3.6, 3.7,
and 3.8). In particular, the second pair of 22-nt vsiRNAs targeting the 3’ terminus of the
NS segment accumulated to extremely high levels in the human cells infected by either

PR8-deINS1 or WSN-deINS1 (Figs 3.6 and 3.7). The total vsiRNAs of PR8-deINS1 and
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WSN-deINS1 contained 68.0% and 72.9% positive strands, respectively (Table 3.1). After
removal of the siRNAs mapped to segment NS that included a highly abundant 22-nt 1U
siRNA (Figs 3.6 and 3.7), the remaining vsiRNAs exhibited approximately equal strand
ratios, 47.0% and 53.7% for PR8-deINS1 and WSN-deINS1, respectively (Table 3.2).
These results together indicate that IAV-specific long dsRNAs are precursors of the

cloned human vsiRNAs.
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Figure 3.6 Terminal preference of PR8-deINS1 vsiRNAs along virion RNA segments in human
293T cells. (A) Relative abundance of vsiRNA hot spots mapped to the eight virion RNA segments of
PR8-deINS1. The abundance of vsiRNAs was shown as total virus reads 21- to 23-nt in length co-IPed
with AGOs from 293T cells 24 hours after infection. The length of each RNA segment listed from 3’
end (left) to 5* end (right) is given. High density of vsiRNAs were found at the terminal regions of
RNA segments except for the segments encoding the surface antigens haemagglutinin (HA) and
neuraminidase (NA), both of which were targeted by extremely low density of vsiRNAs in 293T cells
infected with PR8-deINS1. (B) Read sequences along the 3’-terminal 100 nt of PR8-deINS1 mutant
genome segment NS revealed dominant sets of successive pairs of 21- to 23-nt vsiRNAs. Read counts
(in brackets), read length, genomic position and % of the total reads mapped to the region are indicated.
The predominant small RNA pair is marked by stars, and the small RNA complementary to the
positive-strand vsiRNA species was used as the probe to detect the influenza vsiRNAs in
Northern-blotting.
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Figure 3.7 Terminal preference of WSN-delNS1 vsiRNAs along virion RNA segments in human
293T cells. (A) Relative abundance of vsiRNA hot spots mapped to the eight virion RNA segments of
WSN-deINS1. The abundance of vsiRNAs was shown as total virus reads 21- to 23-nt in length
co-IPed with AGOs from 293T cells 24 hours after infection. The length of each RNA segment listed
from 3’ end (left) to 5° end (right) is given. High density of vsiRNAs were found at the terminal

regions of RNA segments except for the segments encoding the surface antigens haemagglutinin (HA)

and neuraminidase (NA), both of which were targeted by extremely low density of vsiRNAs in 293T
cells infected with WSN-deINS1. (B) Read sequences along the 3’-terminal 100 nt of WSN-deINS1

mutant genome segment NS revealed dominant sets of successive pairs of 21- to 23-nt vsiRNAs. Read

counts (in brackets), read length, genomic position and % of the total reads mapped to the region are

indicated.
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Figure 3-8 TAV phased vsiRNAs at the termini of segment PB2 in human cells. Read sequences
along the 3’- or 5’-terminal 100 nt of IAV deINS1 mutant genome segments PB2 revealed dominant
sets of successive pairs of 21- to 23-nt vsiRNAs. Read counts (in brackets), read length, nonsequenced
reads, genomic position and % of the total reads mapped to the region are indicated.
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3.3.4 Influenza vsiRNAs are loaded non-discriminatively into human AGO1 and

AGO2 during infection

To verify the loading of the influenza vsiRNAs into specific AGOs, human 293T cells
ectopically expressing FLAG-tagged human AGO1 or AGO2 were infected with
PR8-deINS1 or WSN-deINS1. I found highly abundant small RNAs mapped to
PR8-deINS1 or WSN-deINS1 in both AGO1 and AGO2 co-immunoprecipitated by the
FLAG-specific antibody from the cells 24 hours after infection (Fig 3.9). The viral 21- to
23-nt RNAs, particularly those of negative polarity, were more abundant than vsRNAs of
other sizes (Fig 3.9). Notably, the viral 22-nt RNAs bound by either AGO1 or AGO2 in
cells infected with either PR8-deINS1 or WSN-deINS1 were enriched for the canonical
siRNA duplexes with 2-nt 3° overhangs (Fig 3.9). These results indicate loading of the
canonical siRNAs in both AGO1 and AGO2 during influenza viral infection of the human
cells. I detected strong similarity between the populations of the viral siRNAs bound to
AGOI1 and AGO?2 in cells infected with either PR8-deINS1 or WSN-deINS1 (Fig 3.10).
This finding indicates lack of selective loading of influenza vsiRNAs into human AGO1
or AGO2, which is consistent with the loading of miRNAs among the four mammalian

AGOs (105).
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Figure 3.9 Properties of IAV vsiRNAs loaded into human AGO1 and AGO2 in human 293T
cells. Human 293T cells ectopically expressing FLAG-tagged human AGO1 or AGO2 were infected
with PR8-deINS1 or WSN-deINS1 and total RNAs were sequenced after co-IP by the FLAG-specific
antibody from the cells 24 hours after infection. Size distribution, abundance (reads per million of total
miRNAs) and 5’-terminal nucleotide (indicated by colors) of the AGO1- and AGO2-bound vsiRNAs
were shown (A). The 22-nt vsiRNAs in both AGO1 and Ago2 exhibit strong enrichment (-2 peak) for

pairs of canonical vsiRNAs with 2-nt 3° overhangs (B).
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Figure 3.10 TAV vsiRNAs non-discriminatively loaded into human AGO1 and AGO2 in human
293T cells. Human 293T cells ectopically expressing FLAG-tagged human AGO1 or AGO2 were
infected with PR8-deINS1 or WSN-deINS1 and total RNAs were sequenced after co-IP by the
FLAG-specific antibody from the cells 24 hours after infection. (A) Correlation analysis by scatter
plots of PR8-deINS1 or WSN-deINS1 vsRNAs either within or outside (indicated by colors) the 21- to
23-nt size range bound to AGOI1 (y-axis) and AGO2 (x-axis). Each dot indicates the % of a given
vsRNA to the total vsSRNAs in either library. The correlation coefficient (r) and the regression
coefficient through the origin (a) calculated for both viruses were close to 1, indicating strong
similarity between the vsiRNA populations bound to AGO1 and AGO2. (B) The genome distribution
showed similar patterns of vsiRNAs (21- to 23-nt reads per million of total miRNAs) loaded in human
AGO1 and AGO?2 along the eight virion RNA segments of PR8-deINS1 or WSN-deINS1.
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3.3.5 Characterization of PR8-deINS1 derived vsiRNAs in human A549 cells

I next analyzed the small RNA populations sequenced from human lung epithelial A549
cells 24 hours post infection with PR8-deINS1 or wild-type PR8 (Fig 3.11, Table 3.1).
Although the library was sequenced without AGO co-IP, PR8-deINS1 derived vsRNAs in
A549 cells exhibited properties of vsiRNAs (Fig 3.11, Table 3.1) compared to those from
293T cells cloned before AGO co-IP (Fig 3.1, Table 3.1). Similarly, 49.3% of the total
PR8-deINS1 vsiRNAs in A549 cells were derived from the terminal 100-nt regions of the
eight virion RNA segments (Table 3.1). I found that more terminal vsiRNA species in
A549 cells were involved in the formation of successive complementary vsiRNA pairs
compared to those bound to AGOs in 293T cells infected by PRS8-deINS1 or
WSN-deINS1, but their relative abundance to the total vsiRNAs in the region was lower

(Figs 3.8 and 3.11).

Several canonical siRNA properties were undetectable for vsRNAs from A549 cells
infected with wild-type PR8 (Fig 3.11). However, the 22-nt vsRNAs of PR8 were
enriched for the canonical siRNA duplexes, suggesting incomplete suppression of the
vsiRNAs biogenesis in A549 cells during PR8 infection (Fig 3.11). Together, these
findings illustrate that production of abundant vsiRNAs is a conserved immune response

to IAV infection in distinct human somatic cells.
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Figure 3.11 Production of PR8-deINS1 vsiRNAs in human A549 cells. Size distribution and
abundance (shown as reads per million of total mature miRNAs) of total vsRNAs sequenced from
human A549 cells 24 hours after infection with (A) PR8-deINS1 or (B) wild-type PRS8. The 5’ terminal
nucleotide of vsRNAs is indicated by color. Strong enrichment of PR8-deINS1 derived 22-nt vsiRNAs
for pairs (-2 peak) of canonical vsiRNAs with 2-nt 3’ overhangs was visualized by computing total
pairs of 22-nt vsRNAs with different length of base-pairing. (C) Read sequences along the 3’-terminal
100 nt of PR8-deINS1 mutant genome segment NS revealed dominant sets of successive pairs of 21-
to 23-nt vsiRNAs. Read counts (in brackets), read length, genomic position and % of the total reads

mapped to the region are indicated.

3.3.6 Dicer-dependent biogenesis of influenza vsiRNAs in human somatic cells

To determine if human Dicer was essential for the biogenesis of vsiRNAs, 293T cells
knocked out of human Dicer (dcrKO) were challenged by PR8-deINS1. As reported
previously (7/99), the abundance of miRNAs and miRNAs* in derKO cells dramatically
reduced compared to the parental cell line, and was partially rescued by ectopically

expressed human Dicer (hDicer) from a co-transfected plasmid encoding an hDicer
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cDNA (Fig 3.12). Drosophila Dicer-2 (dDicer-2) shared the same domain architecture
with hDicer, and was known to process viral dSRNA into predominantly 21-nt vsiRNAs
in fruit fly somatic tissues (/28, 220). Ectopically expressed Drosophila Dicer-2 did not
restore the abundance of miRNAs and miRNAs* either with or without co-expression of
its dsRNA-binding (RBD) partners Logs-PD and R2D2, consistent with its specific
function in siRNA processing but not in miRNA biogenesis (Fig 3.12). These results

indicate successful depletion and ectopic expression of Dicer in 293T dcrKO cells.

I found that the influenza vsiRNAs became undetectable in 293T dcrKO cells, since
the PR8-deINS1 vsRNAs exhibited random size distribution without enrichment for 1U
population (Fig 3.12). However, vsiRNA production in 293T dcrKO cells was rescued by
ectopic expression of hDicer (Fig 3.12). By comparison, PR8-deINS1 vsiRNAs produced
by the ectopically expressed hDicer were more abundant, and contained a larger
proportion of vsiRNAs from internal regions of virion RNAs compared to those from
wild-type 293T cells infected by PR8-deINS1 (Fig 3.12). These results together reveal a
new somatic function of hDicer in the production of vsiRNAs in addition to its role in the

cellular miRNA biogenesis (220, 221).
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Figure 3.12 Properties of small RNA libraries sequenced from human Dicer knockout 293T
cells. (A) Origins and total read numbers of small RNAs in each library sequenced from 293T cells
and Dicer-knockout (hDicer-KO) cell lines either before or after infection with PR8-deINS1 after 24
hours. 18- to 28-nt small RNA reads were mapped to each category (indicated by colors) allowing 1-nt
mismatch, and the proportions were presented by lengths of the bars. (B) Size distribution, abundance
(shown as reads per million of total reads) and 5-terminal nucleotide (indicated by colors) of total
sequenced vsRNAs from hDicer-KO 293T cells and the cell lines ectopically expressing hDicer,
dDicer2 or dDicer2+Loqs-PD+R2D2 after infection with PR8-deINS1 after 24 hours. The % of 22-nt
1U in the cells expressing human Dicer and those of 21-nt 1U in the cells expressing Drosophila
Dicer-2 were shown. (C) Properties of vsRNAs mapped to internal regions of virion RNA segments
(excluding 100-nt from both 5° and 3’ terminals) from wild-type 293T cells by AGO co-IP and
hDicer-KO 293T cell lines ectopically expressing hDicer, dDicer2 or dDicer2+Loqs-PD+R2D2 after
infection with PR8-deINS1 after 24 hours. The %s of internal reads to total vsRNAs were shown.

Ectopically expressed dDicer-2 also rescued the production of PR8-deINS1 vsiRNAs

in 293T dcrKO cells (Fig 3.12). Notably, a dominant size shift of the influenza vsiRNAs
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to 21-nt was detected in cells ectopically expressing dDicer-2 compared to the 22-nt
vsiRNAs in cells expressing hDicer (Fig 3.12). However, the distribution pattern of hot
spot vsiRNAs over the viral genomic RNAs was highly similar for the 21- and 22-nt
vsiRNAs made by dDicer-2 and hDicer, respectively (Figs 3.13, 3.14, and 3.15). I found
that 98.7% of the total 21-nt vsiRNAs (90.7% in species) produced by dDicer-2 and
98.3% of the total 22-nt vsiRNAs (74.2% in species) produced by hDicer shared the same
mapping positions in the genomic RNAs of PR8-deINS1 (Figs 3.13 and 3.14). This result
suggests that a similar set of dSRNA precursors were recognized and processed by the two

Dicer nucleases.
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Figure 3.13 Heatmap of vsiRNAs produced by ectopically expressed Dicers in human Dicer
knockout 293T cells. 20- to 23-nt PR8-deINS1 derived vsiRNAs sequenced from hDicer-KO 293T
cell lines ectopically expressing hDicer (red) or dDicer2+Logs-PD+R2D2 (green) were mapped to
viral genome by their 5’ ends. Each cell indicates a locus of 30 nucleotides along the viral genome
segments shown in the direction of VRNA from the 3’ end (top) to the 5° end (bottom). The overall
number of the reads (per million of total reads) mapped to each locus were counted, and the reads
abundance is presented by the brightness of the cell. The max reads number mapped to a single locus

in either polarity of each library is shown.
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Figure 3.15 Correlation analysis of PR8-deINS1 derived vsiRNAs produced by ectopically
expressed Dicers in human Dicer knockout 293T cells. Correlation analysis by scatter plot of 22-nt
(y-axis) and 21-nt (x-axis) vsiRNA reads along eight PR8-deINS1 genome segments from hDicer-KO
293T cells ectopically expressing hDicer and dDicer2+Loqs-PD+R2D2, respectively. Each spot
indicates the relative coverage normalized by the maximum coverage of each virion RNA segment in
either polarity by vsiRNAs at the corresponding nucleotide position. The correlation coefficient and
the regression coefficient through the origin are shown, and the relatively strong correlation indicates a
similar distribution of vsiRNAs made by hDicer and dDicer2. Note that the correlation coefficient and
the regression coefficient may have been attenuated due to the size difference between vsiRNAs made
by hDicer and dDicer2. Whether the positions of the nucleotides are at the terminal (100-nt from either
ends) or internal regions of the viral genomic RNAs and whether the variation is significant are

indicated by colors.

3.3.7 Characterization of vsiRNAs in human 293T cells infected by IAV strains

defective in dSRNA-binding ability of NS1

I next analyzed the vsRNA populations from different 293T cells 24 hours post infection
with JAV-3841 or PR8-3841, two AV mutant strains containing amino acid substitutions

R38A and K41A known to result in defectiveness in dsRNA binding without affecting
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protein dimerization (201, 217). IAV-3841 vsRNAs derived from 293T dcrKO cells
ectopically expressing hDicer exhibited predominant peaks at 22-nt for both positive and
negative strands, and were enriched for canonical siRNA duplexes with 2-nt 3’ overhangs
(Fig 3.16). However, IAV-3841 vsiRNAs were not enriched for 1U, represented 0.1% of
the total reads in the library, and were less abundant compared to those in the same cells
infected by PR8-deINS1 (Fig 3.16). Notably, mapping the IAV-3841 vsiRNAs to the
eight genome segments yielded a distribution pattern of the vsiRNA hot spots different
from that from PR8-deINS1 vsiRNAs (Fig 3.16). Moreover, abundant IAV-3841 vsiRNAs

were mapped to segments NP, NA, M and NS, unlike PR8-deINS1 vsiRNAs (Fig 3.16).

The vsRNAs from wild-type 293T cells infected by PR8-3841 exhibited random size
distribution and no 1U preference, but were enriched for canonical siRNA duplexes (Fig
3.16), suggesting that these vsRNAs included a subpopulation of canonical vsiRNAs. The
genomic distribution of 21- to 23-nt PR8-3841 vsRNAs revealed abundant vsRNAs at the
5’ terminal region of PB2 vRNA (Fig 3.16), which might correspond to the leader small
RNAs reported by others (/80). Indeed, removal of the vsRNAs mapped to the first 20 nts
at the 5’ terminal region of PB2 vRNA revealed a weak 22-nt peak for both positive and

negative strands (Fig 3.17).
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Figure 3-16 Properties of vsRNAs derived by NS1 deficient mutant IAV strain in 293T cells.
(A-D) Size distribution, abundance, and total counts of pairs of complementary 22-nt reads in each
distance category shown in nucleotides (shown as reads per million of total reads in each library) of
IAV-3841 or PR8-3841 derived small RNAs sequenced from 293T cells infected by the virus at 1 dpi.
The 5° terminal nucleotides of viral small RNAs are indicated by colors. The virus strain and genotype
of the 293T cells for each library are indicated. (E) The coverage of each nucleotide position to the
whole virus genome by 21- to 23-nt vsRNAs derived by [AV-3841 or PR8-3841 from 293T cells
(shown as reads per million of total reads in each library). The strand sources of vsRNAs are indicated
by colors, and the segment sources of vsRNAs are shown at bottom. As a comparison, the coverage
distribution by vsiRNAs derived from dcrKO 293T cells ectopically expressing human Dicer infected
by PR8-deINS1 at 1 dpi is shown.
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Figure 3.17 Properties of vsRNAs derived by PR8-3841 strain in 293T cells after removal of
potential leader small RNAs. (A) Size distribution and abundance (shown as reads per million of
total reads in the library) of PR8-3841 derived small RNAs sequenced from wild-type 293T cells
infected by the virus at 1 dpi, excluding those generated from the first 20-nt at 5’ terminal of PB2
vRNA to reduce the effect by leader small RNAs. The 5’ terminal nucleotides of viral small RNAs are
indicated by colors. (B) Total counts of pairs of complementary 22-nt viral small RNAs (per million of
total sequenced reads) in each distance category (in nucleotides) show the enrichment for pairs of

canonical vsiRNAs with 2-nt 3” overhangs (-2 peak).

Strikingly, PR8-3841 vsRNAs processed by ectopically expressed hDicer in 293T
cells knocked out of both human Dicer and RIG-I (der/rigl-KO) or MAVS (dcr/mavs-KO)
exhibited all of the known properties of the canonical siRNAs (Fig 3.16). PR8-3841
vsiRNAs in these two types of 293T cells were also abundant, representing 4.1% and
2.4% of the total small RNAs in dcr/rigl-KO and der/mavs-KO cells, respectively, and
thus were comparable to PR8-deINS1 vsiRNAs processed by ectopically expressed
human Dicer (Figs 3.12 and 3.16). Notably, the genome distribution pattern of PR8-3841
vsiRNAs in these cells differed from that of either PR8-deINS1 or IAV-3841 vsRNAs,
since the termini of segments PB2, PB1 and PA were targeted by high densities of the
positive and negative strand PR8-3841 vsiRNAs (Fig 3.16). Therefore, these results
together demonstrate production of influenza vsiRNAs in human cells infected by IAV

mutants carrying only point substitutions in segment NS to abolish the dSRNA-binding

98



activity, but the expression of NS1. This finding indicates a role of the dsSRNA-binding
activity of NS1 in the suppression of the vsiRNA biogenesis and suggests that the large
deletion in segment NS is not essential for the induction of the vsiRNA biogenesis in

human cells infected by IAV NS1-deletion strains.

3.3.8 Characterization of influenza vsRNAs bound to NS1 in 293T cells infected by

wild-type influenza viruses

To investigate whether NS1 also sequesters vsiRNAs as NoV B2 as described in Chapter
2, I next analyzed the small RNA populations co-immunoprecipitated with the antibody
specific to influenza NS1 protein from 293T cells 24 hours after infection by wild-type
PR8 or WSN. PR8 and WSN vsRNAs found in NS1 exhibited random size distribution,
and contained extremely low number of complementary duplexes, suggesting that no
vsiRNAs were bound to NSI during wild-type IAV infection unlike NoV (Fig 3.18).
Although the size distribution patterns were different between the two virus strains, they
were respectively consistent with those of the input vsRNAs (Fig 3.18). This result
suggests different mechanisms of influenza NS1 and NoV B2 in the repression of the

vsiRNA biogenesis during virus infection.
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Figure 3.18 Properties of wild-type IAV strains derived vsRNAs bound to NS1 protein in
human 293T cells. The NS1-bound vsRNAs derived from 293T cells infected by wild-type PR8 or
WSN exhibit no properties of vsiRNAs and high similarity to input vsSRNA populations. Size
distribution, abundance (per million of total sequenced reads in the library), 5’-terminal nucleotide
(indicated by colors), and the limited enrichment for pairs (-2 peak) of 22-nt vsRNAs with 2-nt 3’
overhangs of the sequenced vsRNAs from 293T cells 24 hours after infection with wild-type 1AV
strains either without (input) or with co-immunoprecipitation by antibody specific to NS1 protein were

shown.

3.4 Discussion and conclusions

Results of this chapter demonstrate innate immune detection of RNA virus infection by
the RNAi pathway for the first time in mature human somatic cells. Similar to plants,
invertebrates and mice (728, 185), the human vsiRNAs are produced from viral dSRNA
precursors by Dicer and loaded abundantly into AGOs when the cognate VSR is inactive.

These findings illustrate that the antiviral RNAi response is conserved in humans.

This work also reveals that either VSR depletion or AGO co-IP alone may not be
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sufficient to remove the non-specific degradation products and to enrich the vsiRNA
population for deep sequencing. Therefore, combining both VSR depletion and AGO
co-IP will facilitate both the identification of canonical mammalian vsiRNAs and the

characterization of human antiviral RNAi response.
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Chapter 4: Conclusions

The results in this dissertation described the first in vitro and in vivo characterization of
virus-derived siRNAs (vsiRNAs) in mammals. Upon infection with the VSR-defective
mutant strains of NoV and IAV, cultured BHK-21 cells, human cells and suckling mice
produced abundant vsiRNAs with the canonical siRNA properties, which include the
preference for both 22-nt and 1U, approximately equal strand ratio, and the enrichment of
canonical 22-nt siRNA duplexes with 2-nt 3° overhangs and 5’ monophosphate. In
contrast, previous studies by others examined mammalian cell infection by wild-type
viruses and detected only virus-derived small RNAs (vsRNAs), which are non-specific
degradation products from the abundant virus genomic RNAs (179, 180). The canonical
siRNA properties of the vsiRNAs that I have found from mammalian cells infected with
VSR-deficient NoV and IAV mutants suggest that they are the specific products processed
by mammalian Dicer from viral dsSRNA precursors. Consistently, the genetic study in
human 293T cells illustrated the requirement of Dicer in the biogenesis of vsiRNAs
targeting the Influenza A virus mutant defective in the expression of the viral NS1 protein.
Therefore, these results demonstrate that the antiviral RNAi response previously

described in fungi, plants, insects and nematodes (/28) is also conserved in mammals.

The analysis of the small RNA population co-immunoprecipitated by anti-pan-AGO

antibody illustrated both in vitro and in vivo loading of vsiRNAs in AGOs, similar to
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mammalian miRNAs. Further analysis reveals that the VSR protein NS1 of Influenza A
virus inhibits the biogenesis of viral siRNAs whereas the VSR protein B2 of Nodamura
virus suppresses both the biogenesis and the Argonaute loading of viral siRNAs during
infection. The mutational analysis indicated that the suppression of RNAi by the influenza
and Nodaviral VSRs (/85) depends on their dSRNA binding activity. The similarities in
the induction and suppression of antiviral RNAi by virus infection in mammals and other
eukaryotic hosts (131, 134, 145, 162-163, 194, 210-211) suggest an evolutionary
conserved role of RNAIi in antiviral defense in mammals. Indeed, studies by my
colleagues in Ding lab demonstrated that NoV virulence both in vitro and in vivo requires
the specific virus-encoded activity to suppress RNAi (/85). Specifically, suckling mice
produce abundant vsiRNAs and become completely resistant to the infection by NoV
mutants either not expressing B2 or expressing a mutant B2 (R59Q) defective in dsRNA
binding and RNA1 suppression (/85), and the clearance of NoVAB2 in mouse embryonic
stem cells is AGO2-dependent (/96). These findings provide evidence supportive to the
proposal that the vsiRNA-induced RNAi response functions as an innate antiviral

immunity in mammals.

The bioinformatics analysis identified a typical population of vsiRNAs from the
infected human somatic cells only after combining VSR deletion and Argonaute
co-immunoprecipitation. In contrast, total virus-specific small RNAs sequenced directly
from suckling mice infected with B2-deletion mutant NoV exhibited strong canonical

siRNA properties, suggesting that the non-specific degradation products of the high
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molecular weight viral RNAs do not accumulate to a level that interferes with the

detection of vsiRNAs under in vivo conditions.

To summarize, this dissertation reports three major findings on mammalian antiviral
RNAIi response. First, it reports the first detection of Dicer-dependent mammalian
vsiRNAs both in vitro and in vivo. Second, it establishes a strategy to identify canonical
vsiRNAs from mammalian somatic cells by combining both VSR depletion and
Argonaute co-immunoprecipitation. Third, it identifies a set of bioinformatic properties of
vsiRNAs to distinguish them from non-specific degradation products of the high
molecular weight viral RNAs. These findings together provide new insights into the

innate and adaptive control of important viral pathogens in human and other mammals.
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