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Chemical Intervention of Influenza Virus mRNA Nuclear Export
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Influenza A viruses are human pathogens with limited therapeutic options, making it crucial to
devise strategies for the identification of new classes of antiviral medications. The influenza A virus
genome is constituted of 8 RNA segments. Two of these viral RNAs are transcribed into mRNAs that are
alternatively spliced. The M1 mRNA encodes the M1 protein but is also alternatively spliced to yield the
M2 mRNA during infection. M1 to M2 mRNA splicing occurs at nuclear speckles, and M1 and M2 mRNAs
are exported to the cytoplasm for translation. M1 and M2 proteins are critical for viral trafficking, assembly,
and budding. We show that influenza virus utilizes nuclear speckles to promote post-transcriptional splicing
of its M1 mRNA. We assign previously unknown roles for the viral NS1 protein and cellular factors to an
intranuclear trafficking pathway that targets the viral M1 mRNA to nuclear speckles, mediates splicing at
these nuclear bodies, and exports the spliced M2 mRNA from the nucleus. In addition, gene knockout of
the cellular protein NS1-BP, a constituent of the M mRNA speckle-export pathway, inhibits M mRNA

nuclear export without significantly altering bulk cellular mRNA export, providing an avenue to



vii

preferentially target influenza virus. We performed a high-content, image-based chemical screen using
single-molecule RNA-FISH to label viral M mRNAs followed by multistep quantitative approaches to
assess cellular mRNA and cell toxicity. We identified inhibitors of viral mMRNA biogenesis and nuclear
export that exhibited no significant activity towards bulk cellular mRNA at non-cytotoxic concentrations.
Among the hits is a small molecule that inhibits nuclear export of a subset of viral and cellular mRNAs via
the mRNA export factor UAP56 without altering bulk cellular mRNA nuclear export. These findings
underscore specific nuclear export requirements for viral MRNA nuclear export. This RNA export inhibitor
also impaired replication of diverse influenza virus strains at non-toxic concentrations. Thus, this screening
strategy yielded compounds that alone or in combination may serve as leads to new ways of treating

influenza virus infection and are novel tools for studying viral RNA trafficking in the nucleus.
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CHAPTER ONE
Introduction
Influenza virus: disease and treatment

Influenza A viruses are human pathogens that cause 291,000 to 646,000 deaths worldwide annually
[1]. The largest influenza virus pandemic, the Spanish flu, caused more than 25 million deaths in the first
25 weeks of its detection and over 50 million deaths occurred by the end of the pandemic period. The
influenza A virus is also capable of infecting diverse animals, including avian, canine, and swine species,
which can also be transmitted to humans. One strain of swine origin was responsible for the most recent
influenza pandemic in 2009. Despite the availability of modern-day treatment and medical care, this
specific strain caused a large number of influenza-related deaths, more than 180,000 deaths worldwide [2].

Though it has been several decades since influenza virus was identified, available treatments are
limited to vaccines and a few antiviral drugs. Currently, vaccines are dependent on the robustness of the
one’s immune system, being less effective in the elderly population. In addition, seasonal Influenza
vaccines rely on the accuracy of predicted circulating population of Hemagglutinin (HA) and
Neuraminidase (NA). Antiviral drugs are most effective within the first 48 hours of the infection. In both
cases, vaccines and antivirals are limited in effectiveness due to the virus’ high mutation rate, which drives
resistance [3-5]. This gradual accumulation of genetic changes caused by selective pressures from the
immune system is known as antigenic shift. Antigenic shift changes the HA and NA surface protein
structures to evade recognition by antibodies in the extracellular space. This same event also allows the
virus to infect different species as well as production of the different strain subtypes, including 16 different
HA and 9 different NA subtypes.

Of the four FDA-approved Influenza antiviral drugs, three (Oseltamivir, Zanamivir, and Peramivir)
target the NA protein, all of which have similar resistance limitations as vaccines against NA. The newest
drug, Baloxavir Marboxil, is the only drug that does not target NA, but targets another viral protein PA, an
endonuclease that is important for proper viral mMRNA synthesis. Despite being approved for clinical use in
2018, virus mutations that confer reduced susceptibility to the drug have already been observed in patients.

1



Patients infected by influenza carrying these mutations exhibited longer time to alleviate symptoms and
shed infectious virus longer than patients infected with virus without these mutations [6]. Due to the lack
of sustainable medical options available for treatment of Influenza infections, identification of alternative
antiviral strategies is necessary to develop drugs that cannot be quickly resisted. One strategy to do this is
to target viral-host interactions that reduce viral replication while having no major adverse effects on the
host. In order for the development of such treatments, the field then requires an understanding of how the

virus interacts with the cell.

Overview of the influenza A virus

Influenza is a member of the Orthomyxoviridae family of RNA viruses, which can be further
classified into Influenza A, B, C, and D types. Differences between the influenza types are based on genetic
changes that influence what species can be infected and how pathogenic they are in humans. Influenza A
is a membrane-bound viral particle forming a spherical structure ~100 nm in diameter. The viral membrane
is surrounded by the two surface proteins Hemagglutinin (HA) and Neuraminidase (NA), which function
to allow proper entry and budding from the host cell. HA is in greater representation compared to NA, at a
ratio of four to one [7]. In addition, the M2 ion channel is found at a much lower abundance than either, at
a ratio of one for every 10-100 HA present [8]. M2 is required for proper viral entry, inhibition of cellular
autophagy [9], and budding from the host [10, 11]. Located on the interior surface of the viral membrane
is the M1 matrix protein. Viral RNAs (VRNAs) make up the viral genome and are bound by nucleoproteins
(NP) and the subunits for the viral RNA-dependent, RNA Polymerase (PB1, PB2, and PA). Together, these
proteins and VRNAs make up the viral ribonuclear proteins or vVRNPs. Other proteins synthesized, which
are not structural components of the viral particle but serve other functions important for replication, are
Non-Structural Protein 1 (NS1) and Nuclear Export Protein or Non-Structural Protein 2 (NEP/NS2). NS1
protein has a variety of functions, including suppression of host innate immunity [12], regulation of RNA

synthesis and translation, regulation of splicing, and RNA nuclear export, preventing host mMRNA nuclear



export [13, 14] but promoting viral MRNA nuclear export [14-17]. NS2 plays a role in nuclear export of
VRNPs and because of this is important for viral replication [18].

The virus first enters the host cell by receptor-mediated endocytosis, triggered when HA recognizes
the a-2,3-linked or a-2,6-linked sialic acid from cellular receptors on the plasma membrane. Before HA is
able to interact with receptors it must be cleaved by cellular proteases, processing the uncleaved HA, into
HA; and HA: parts that are bound by disulfide bonds. Within the endosome, the low pH (pH 5.0-6.0)
induces a conformational change in HA, allowing the N-Terminal peptide to insert into the endosomal
membrane causing fusion with the viral membrane and entrance of viral components into the host cell. Also
while in the endosome, the M2 ion channel on the viral membrane transports hydrogen ions from the
endosomal acidic environment into the virus particle resulting in M1 matrix coat protein dissociation and
release of the viral genome into the host cell cytoplasm after viral-host membrane fusion [7]. Each of the
VRNPs are unique, each carrying 1 of 8 negative-sense, single-stranded VRNA. The proteins that make up
the VRNPs contain nuclear localization signals (NLS), though NP is the only necessary and sufficient NLS
required for nuclear import. The NP of the VRNP complex associates with the nuclear import receptors
karyopherin o and karyopherin 3, which dock the VRNP on the nuclear pore complex (NPC) for nuclear
import [19]. Once in the nucleus, the VRNAS can be directly transcribed into viral mMRNAs.

Once transcribed, the viral MRNAs are exported from the nucleus using host cellular factors [16,
20] and are then translated into proteins in the cytoplasm. The viral proteins carry out functions in the
cytoplasm and the nucleus. Later in the viral life cycle, vRNPs are transcribed into positive-strand
complementary RNPs (cRNPs), an intermediate that will then be transcribed into VRNPs. The newly
synthesized VRNPs are exported from the nucleus into the cytoplasm via M1 protein interaction with the
NP and NEP/NS2 proteins. NEP interaction with the cellular CRM1 nuclear export factor mediates nuclear
export of VRNPs, which are then localized to the plasma membrane for new virion assembly [18, 21-23].
Membrane-bound proteins, HA, NA, and M2 are also shuttled to the cell surface membrane through the

trans-golgi network. M1 matrix protein assists with curving the membrane to initiate budding, while M2



localizes to the membrane neck bridging the budding viral particle and the cell. NA assists in leaving the
host cell by cleaving sialic acid from the newly assembled viral particle [10]. This budding is damaging to

the cell and produces a cytotoxic effect that eventually lyses the cell.
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Figure 1. Influenza virus life cycle.

Influenza A virus life cycle begins with hemagglutinin binding to cell surface receptors containing sialic
acid. The virus enters the cell through receptor-mediated endocytosis where it transports hydrogen ions
from the acidic endosomal environment into the interior of the virus particle. The lower pH triggers fusion
of the viral and endosomal membranes and release of the viral genome into the cytoplasm which is imported
to the nucleus. In the nucleus, the negative-sense viral RNA packaged in viral ribonucleoproteins (VRNPS)
can be transcribed into mMRNA. The viral mMRNA is then exported out of the nucleus for translation, while
specific mMRNAs like M and NS mRNAs, undergo splicing before nuclear export. Midway through
infection, VRNPs are used as the template to synthesize an intermediate complementary RNP (cRNP),
which is transcribed into new VRNPSs. The newly synthesized vRNPs are exported from the nucleus to the
cytoplasm where, together with viral proteins, localize at the plasma membrane to assemble new viral
particles, which then bud from the host cell.

Mechanisms of Viral mRNA transcription and RNA replication



Viral mRNAs are synthesized by the virus’ RNA-dependent RNA Polymerase (RdRp), which
consists of the subunits PB1, PB2, and PA. With the highly conserved 5’ and 3’ ends of each VRNA, the
complementary sequences form a double stranded segment creating a distinct panhandle structure. The
RdRp initially recognizes and binds to the panhandle, promoting transcription initiation [24, 25]. In a
separate event, PB2 binds to the 5’-cap of the host RNAs while the endonuclease domain of the PA subunit
cleaves 8-14 nucleotides downstream in an act known as cap-shatching [26-28]. The RdRp uses this as a
primer to start elongation of the VRNA template until it reaches a segment with a 5-7 nucleotide uracil
repeat (U-stretch). The stuttering is caused by steric hindrance of the 5 end of the template still bound to
the newly synthesized viral mMRNA. The RdRp continues and synthesizes a polyadenylated tail at the end
of the viral mRNA [29, 30].

Using the same proteins for transcription in the process of replication, VRNPs are used as the
template for the generation of cRNPs. Unlike during the synthesis of mRNA, complementary RNAs
(cRNAS) are synthesized by copying the entire vVRNA template. In addition, cRNA synthesis is initiated de
novo, meaning a primer is not required for initiation and elongation. Because no primer is needed, this does
not require cap-shatching as a pre-initiation step. Instead, a subdomain located near the active site of PB1
known as a priming loop is used, likely functioning to stabilize the first nucleotide base interaction [31].
As the cRNA is synthesized, cRNPs are organized similarly to VRNPs using NPs and formed into a
panhandle structure. This starts shortly after the 5° end of the newly synthesized cRNA emerges from the
RdRp. The cRNA is bound by a second polymerase which recruits other viral proteins to start assembly of
CcRNPs. Continuing cRNA synthesis, steric hindrance is avoided and there is no polyadenylated tail
produced despite using the same template for mRNA synthesis. It is hypothesized that this is due to small
viral RNAs (svRNAs) that are produced, which correspond to the 5’ termini of vRNAs. This is thought to
preserve the sequence by forming the promoter in trans, allowing the polymerase to reach the end of the
VRNA sequence and preventing polyadenylation [32, 33].

In the last stages of the viral life cycle, cRNA is used as the template for generation of genomic

VRNA for viral particle packaging. Unlike either mMRNA or cRNA synthesis, VRNA synthesis initiation



does not require primers or the priming loop. Instead, it is initiated on the cRNA template at the U4 and C5
positions in a process termed internal initiation. The dinucleotide complex is then shifted to the U1 and C2
positions of the 3’ terminus of the cRNA. As the 5* end of the VRNA emerges from the RdRp, a second
polymerase also binds [34]. This second RdRp does not need to be catalytically active but is still required
for RNA replication [35]. There are different models that suggest the role of the second polymerase. In the
trans-activating role, the second RdRp functions to recruit NP to assemble new VRNPs and stabilize VRNA.
In another model in which the second RdRp is trans-acting, the second RdRp performs the same activity
as the first, starting with internal initiation. There is then a third polymerase that initiates assembly of the
VRNPs [36].

There are a few models as to what determines whether the virus should continue mRNA
transcription or to start VRNA replication. In the first model, NP accumulation over the course of the viral
life cycle signals to the viral replication proteins to start cRNA synthesis. This is supported by the
transcription-to-replication switch occurring with exogenous expression of NP and the observation that the
RNA-binding activity is not required for this switch to occur [37]. The second theory is based on the
transcription of svVRNAs, which are typically synthesized later in the viral life cycle. Since proper cRNA
synthesis requires the presence of svRNAs, cRNA synthesis would also occur later in the life cycle about
8-10 hours post-infection when svRNA is available [38]. The last model is that cRNA is continually being
produced, but without the necessary amounts of NP and RdRp proteins to stabilize the cRNAs in cRNPs,
the RNA is degraded by cellular nucleases. It is not until the later in the life cycle that there is enough

proteins to protect the cRNA being made [39].

Viral mRNA splicing

Two of the eight influenza virus RNA segments, M and NS, undergo alternative splicing in addition
to generating proteins from the pre-mRNA [40]. In the case of the M1 mRNA, it generates the M1 protein
and is alternative spliced into M2, which is translated into the M2 ion channel. The splicing of M1 to M2

occurs late in infection as M2 is a proton channel and its expression early during infection would be toxic



to the host cell, inhibiting the late stages of infection. M1 mRNA is also spliced into mRNA3, which does
not encode a peptide, and M4 mRNA, which encodes an isoform of M2 protein and only present in specific
viral strains [41]. The other viral MRNA that is alternatively spliced is NS1 mRNA, which is spliced into
NS2 mRNA. NS1 to NS2 splicing is regulated by NS1 protein. NS1 interacts with the host splicing factor
SF2, directing it to the exonic splicing enhancer (ESE) to promote splicing [42].

Previous work from our lab has shown that M1 to M2 splicing occurs at huclear speckles [16], also
known as interchromatin granule clusters (IGCs). Mammalian cells have ~20-50 nuclear speckles per
nucleus, each containing proteins involved with pre-mRNA processing and splicing factors [43, 44]. In
most cases, splicing factors leave nuclear speckles to function at active transcription sites in the
nucleoplasm [45]. However, polyadenylated RNAs are found at nuclear speckles and a subset of mMRNAs
require localization to a nuclear speckle for splicing and/or export from the nucleus [46-50]. This is in
contrast to the majority of mMRNAs that are co-transcriptionally spliced.

Based on our studies of M1 to M2 splicing, we proposed a model that viral NS1 protein interacts
with the cellular protein NS1-BP, which along with hnRNP K, targets M1 mRNA from the nucleoplasm to
nuclear speckles. U1 snRNP is then recruited to the complex at the M2 5’ splice site on M1 mRNA to
promote splicing. NS1 and NS1-BP then use the RNA helicase UAP56 and the mRNA export factor
Aly/REF to export M1 and M2 mRNAs into the cytoplasm for translation [51]. Though most splicing occurs
in the nucleoplasm, these data suggest that the virus utilizes a non-canonical pathway for splicing and
nuclear export through nuclear speckles. This is likely a post-transcriptional splicing event as opposed to
co-transcriptional splicing. This same pathway is also used by a subset of cellular RNAs, as indicated by
another study from our laboratory on NS1-BP interactions with components of the splicing and mRNA
export machineries and its function in splicing and nuclear export of a subset of viral and host mMRNAs [52].

Disruption of this nuclear speckle-export pathway at different steps of the pathway results in
various phenotypes that impair viral M mRNA production, splicing, and export. Infecting cells with a NS1-
deficient virus results in decreased production of viral M2 mRNA relative to M1 mRNA as well as an

inhibition of M mRNA nuclear export [16]. This result shows that although M1 is being produced, it is not



being spliced or exported. This highlights NS1’s role in viral M1 mRNA to M2 mRNA splicing as well as
nuclear export, supporting the model that NS1 promotes transport of M1 mRNA to nuclear speckles for
splicing and exports M1 and M2 mRNAs from the nucleus. Depletion of nuclear speckle factors NS1-BP,
hnRNP K, and SON by siRNA did not change overall M mRNA levels (total M1 mMRNA and M2 mRNA
levels), but did result in accumulation of M mRNA in nuclear speckles. This effect prevented M mRNA
splicing and nuclear export. As a result, viral replication was reduced. These data suggest that without the
ability to be spliced, viral M1 mRNA is halted at nuclear speckles and cannot be exported from the nucleus.
Interestingly, knockdown of nuclear export factors Aly/Ref and UAP56 also results in accumulation of M
MRNA in nuclear speckles in addition to inhibiting nuclear export. One major difference from the
previously described phenotype is that there is an increase in splicing rather than a decrease. This result
suggests that while M1 mRNA is trapped in the nucleus and with all the required splicing factors intact
within the nuclear speckles, the higher concentration of M1 mRNA is readily available for splicing. These
experiments show how targeting this pathway disrupts viral M mRNA processing and export which

decreases viral replication [16].
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Figure 2. Viral M mRNA processing and nuclear export pathway.
Viral M1 vRNA is transcribed into M1 mRNA using viral RNA polymerase. Viral NS1 protein is imported
into the nucleus and binds the cellular NS1-BP protein. The complex then transports M1 mRNA to nuclear
speckles where together with hnRNP K and SON mediate M1 mRNA splicing into M2 mRNA. After
splicing, M2 mRNA is exported from the nucleus, a process mediated by NS1, NS1-BP, and the export
factors UAP56 and Aly/Ref.
Project rationale

Since this splicing-export pathway through nuclear speckles does not impact bulk mRNA but only
a subset of viral and cellular mRNAs [16, 52], chemical compounds that would antagonize this process
have the potential of not being overly toxic and could inhibit virus replication. Thus, we performed an
image-based chemical screen using single-molecule RNA-FISH to detect the viral M mRNA (M1 and M2
mMRNAS) and thereby identify chemical compounds that would inhibit different steps of this speckle-export

intranuclear pathway but that would not significantly compromise bulk poly(A) RNA. Indeed, we identified

chemical compounds that inhibited viral mRNA processing and nuclear export, and which did not
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significantly affect bulk cellular mRNA levels or intracellular distribution. This selective approach offers a
window of opportunity for targeting virus-host interactions, which favor the mining of compounds that
target the virus with less impact to the host. Furthermore, differential requirements for nuclear export of
viral mMRNAs and for a subset of cellular mMRNAs were revealed by one of the top hits, uncovering a new

tool for studying these poorly known cell biological processes.



CHAPTER TWO
Materials and Methods
(Contents of Chapters 2-5 were adapted from Nature Microbiology 2016 and
PLOS Pathogens 2020)

Cell Culture

Human lung adenocarcinoma epithelial cells (A549) and MDCK cells, obtained from ATCC (American
Type Culture Collection), were maintained in high-glucose DMEM (Gibco), 10% FBS (Sigma), and 100
units/mL Pen/Strep antibiotics at 37 °C with 5% CO,. Primary human bronchial epithelial cells were
cultured as reported [53]. A549 cells stably expressing UAP56 E179A mutant were generated as we

recently reported [54].

Transfections and siRNAs

SiRNAs were reverse transfected with A549 cells using RNAIMAX (Invitrogen) in OptiMEM
(ThermoFisher) by the manufacturer’s instructions. After 24h transfection, media was replaced with growth
media. Knockdown was allowed to continue for 48h before compound treatment or infections occurred.
siRNAs used include UAP56 and MISSION siRNA Universal Negative Control #2 (Sigma-Aldrich), ON-
TARGETplus siRNAs against SON and ON-TARGETplus Non-targeting Control #2 (Dharmacon,

ThermoFisher), and 3°UTR siUAP56 sequence 5’-GCUUCCAUCUUUUGCAUCAUU-3’ (Dharmacon).

NS1-BP knockout cell line

The NS1-BP gene was knocked out in A549 cells by genome editing using CRISPR—-Cas9. In brief, the
genomic target oligos (Forward: CACCGTGCTTATGGCCATTCTCACG, Reverse:
AAACCGTGAGAATGGCCATAAGCAC) were cloned into a lentiCRISPRv2 vector. The plasmid was
co-transfected into HEK293T cells, obtained from ATCC (American Type Culture Collection), with the
packaging plasmids pVSVg and psPAX2, generating lentivirus to infect A549 cells. Then, cells were

clonally selected using puromycin (1.0 ug/mL) for 7 days followed by 3 days without selection for

11



12

expansion. Clones were isolated and expanded to generate lysates for western blot analysis using anti-NS1-
BP antibody. Candidate clones were subjected to genomic sequencing using amplicons flanking the
sgRNA-target site. Growth rates were determined by measuring ATP levels. Cells were tested at 24 h, 48
h, 72 h, and 96 h after plating equal number of NS1-BP** and NS1-BP cells. ATP was measured by

luminescence using CellTiter-Glo (Promega) according to the manufacturer’s instructions.

Viruses

Influenza A viruses (A/WSN/33, A/Vietnam/1203/04, A/Panama/99) were generated in embryonated eggs
or in MDCK cells after growth from a clonal population of virus at low multiplicity of infection to avoid
accumulation of defective virus particles. In MDCK cells, virus was amplified at MOI 0.1-0.001 in infection
media containing EMEM (ATCC, 30-2003), 10mM HEPES (Gibco), 0.125% BSA (Gibco), 0.5ug/mL
TPCK trypsin (Worthington Biomedical Corporation). Cells were incubated with virus for 1 hour at 37°C,
then washed before amplification in infection media. After cell death was observed at 48-72 hours post-
infection, supernatants were centrifuged at 1,000 x g for 10 minutes to remove cell debris, aliquoted, and
stored at -80°C. All virus stocks are controlled for an appropriate ratio of HA/PFU titer and sequenced by

RNAseq to confirm the full sequence of the virus.

Viral replication and cytotoxicity assays

A549 cells were infected with A/WSN/33 and A/Vietnam/1203/04 at MOI 0.01, or with A/Panama/99 at
MOI 0.1 in the absence or presence of compound 2 at concentrations depicted in the figures. Supernatants
were collected from each condition 24 h post-infection and viral particles were tittered by plague assay as
following: MDCK cells were seeded in 6-well plates to reach confluency the next day. At confluency, ten-
fold serial dilutions of each sample’s supernatant were diluted in PBS containing 100 units/mL Pen/Strep

antibiotics, 0.2% BSA, 0.9 mM CaCl;, and 1.05 mM MgCl,. After infection with each dilution, cells were
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overlaid with a 1:1 mixture of 2X L-15 media and 2% Oxiod Agar (Final concentration of 1X L-15 media
and 1% Agar). Plaques formed at 24 h for A/WSN/33 and A/Vietnam/1203/04, or 48 h for A/Panama/99
were counted and titers determined. Primary human bronchial epithelial cells were infected with A/WSN/33
at MOI 0.1 for 24 h in the absence or presence of compound 2 at depicted concentrations. Supernatants

were subjected to plaque assays as described above.

Cytotoxicity was also performed using the MTT assay (Roche), according to the manufacturer’s

instructions, concurrent with viral replication assay.

SMRNA-FISH

SmMRNA-FISH was performed as previously described [16], which includes the sequences of M1 and NS1
probes except for the HA probes that are listed below. Briefly, cells were grown on glass coverslips
(Fisherbrand, Fisher Scientific) coated with 1mL of 0.1% gelatin (Sigma-Aldrich). Cells were fixed with
4% paraformaldehyde (PFA, Electron Microscopy Sciences) in PBS for 15 min before incubation in 70%
ethanol for 12 h at 4°C. Coverslips were then placed in wash buffer for 5 min, containing Nuclease Free
Water, 2x SSC Buffer (Sigma), and 10% formamide. (Sigma). The coverslips where then removed and
incubated in hybridization buffer containing FISH probe. Hybridization occurred at 37 °C for 4 h, then cells
were washed with wash buffer for 30 min at 37 °C. Coverslips were then washed twice for 5 min in PBS
and stained with 1 pg/ml Hoechst 33258 (Molecular Probes/Life Technologies) for 10 min. Coverslips were

briefly washed with PBS before mounting in ProLong Gold antifade reagent (Life Technologies).

HA mRNA Probes:

Forty-eight, 20nt DNA probes labeled with Quasar 570 (BIOSEARCH TECHNOLOGIES) were designed

to hybridize with the Influenza WSN full length HA mRNA.. Sequences include:

Probe # |Probe (5'->3")
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11

12

13

14

15

16

17

18

19

20

21

catattgtgtctgcatctgt

ttgagttgttcgcatggtag

gccacattcttctcgaatat

gtcttcgagcaggttaacag

ttacatagtttccegttgtg

caattgtagtggggctattc

catccggtgatgttacattt

tgagtcgcattctggatttc

cattctcagagtttggtgtt

tcagttcctcatagtcgatg

gatactgagctcaattgctc

ccatgaactttccttgggaa

gagcatgatactgttactcc

gtaaaaactgctttttcccc

ttcgtcagccatagcaaatt

aattggtcagctttgggtat

tttccctttattgttcacat

tgatgaacaccccatagtac

gggtgaatctcctgttataa

cccatgttgatcttttactt

gcaaggtccagtaatagttc

14
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23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

tattagattaccagttgcct

tcagtgcgaaagcataccat

tgatgatgccggactcaaac

tcatgcattgacgcgtttga

gtgtttgacacttcgtgtta

gattgctgtttatagatcce

gactgggtgtatattctgga

tgacatattttgggcactct

gtaaccatcctcaatttggt

ggatgggatgtttcttagtc

ctccaaatagacctctgtat

cccctcaataaaaccagcaa

aaccataccatccatctatc

ttttttgatccgetgeatag

tttgtaatcccgttaatgge

ctcgataacagagttcacct

tgtccaaatgtccagaaacc

goctttttactttctegtac

tccgatttctttggeattat

tcattgtcacacttgtggta

aagtcccatttcttacactt

15
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43 ctatcttttccctgttcaac

44 cccattgattccaatttcac
45 tggcgacagttgagtagatc
46 gagaccaaaagcaccagtga
47 acatccagaaactgattgcc
48 atgcatattctgcactgcaa

High-throughput screen and statistics

To identify chemical inhibitors of viral M mRNA processing and nuclear export, A549 cells were treated
with 232,500 chemical compounds available from the University of Texas Southwestern Medical Center
High Throughput Screening core facility. Cells were treated with 2.5 yM compound for 30 minutes and
incubated at 37°C in 5% CO.. Cells were then infected with influenza A/WSN/33 virus at MOI of 2 and
returned to incubation as before. At 7.5 hours post-infection, cells were fixed with 4% paraformaldehyde
and subjected to RNA-FISH. To localize M mRNA, we used forty-five FISH probes labeled with Quasar
570 that cover the entire M mRNA segment, as previously reported [16]. Nuclei were stained with 1 pg/mL
Hoechst 33342 dye. M mRNA distribution between the nucleus and the cytoplasm was detected using the
IN Cell Analyzer 6000 (GE Healthcare, Marlborough MA). Multiple fields per well were taken at 20X
magnification using the Hoechst and dsRed widefield fluorescence filters. Image analysis was performed
in a GE IN Cell Analyzer Workstation 3.7.3 (GE Healthcare) using the multi-target analysis template.
Individual nuclei were segmented using a top-hat filter on the Hoechst channel with the default sensitivity
setting. For samples detecting the M1 mRNA, the cell body was segmented using the region growing
method on the M1 mRNA channel. This method uses the nuclei as the seed and then expands outwards
until the edge of the stain is reached. For samples detecting poly(A) RNA, the poly(A) RNA channel was

instead used to define the cell body region using the region growing method. For each segmented nucleus
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and cell pair, the mean and total signal intensities of the nuclear and cytoplasmic chambers were calculated
for the poly(A) RNA (where applicable) and M1 mRNA channels. The mean nuclear to mean cytoplasmic
(N/C) ratio was then calculated for both mMRNA probes for each cell. Finally, the average N/C ratios per
well were calculated and used for hit identification. The results were imported into the GeneData
Screener™ (Basel, Switzerland; version 13.0.6) software analysis suite to normalize and summarize the
overall M mRNA intensity as well as nuclear to cytosolic ratio in terms of a Z-score as previously described

[55, 56].

In the primary screen, compounds with a robust Z-score of less than -3 for intensity were considered
hits affecting virus replication. Compounds with a Z-score greater than 3 in the nuclear/cytosolic ratio were
selected as hits for inhibition of nuclear export. Any compound that lowered the nuclear count to a Z-score
of -3 or lower was considered cytotoxic and not included in follow-up experiments. Compounds (1,125)
that had the highest activity were selected for confirmation and retested in triplicate at a compound
concentration of 2.5 uM. All imaging confirmation and follow-up assays included a bulk poly(A) RNA
probe linked to Quasar 670 for FISH imaging. As with the M mRNA probe, total intensity and N/C ratio
were also measured for the poly(A) RNA probe. The 600 compounds with the highest activity from the
confirmation assay were subjected to 12 point dose response curves ranging from 0.5 nM to 50 uM at 0.5
log dose intervals. Of the 600 compounds tested, 413 compounds had a measureable effect on bulk poly(A)
RNA and were excluded from further testing. The remaining 187 compounds that inhibited viral mMRNA
nuclear export and/or decreased viral mMRNA levels but had no substantial effect on the host cell poly(A)
RNA were categorized into 3 major phenotypes. These include 22 compounds that retained viral M mRNA
in the nucleus, 33 compounds that decreased viral M mRNA levels, and 132 compounds that decreased
overall levels and inhibited nuclear export of viral M mRNA. Clustering analysis of confirmed hits was

performed with Pipeline Pilot v16 (Biovia, Inc.) using ECFP4 fingerprints [57].

Image quantification and statistics
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Total cell fluorescence intensity or fluorescence intensity in the nucleus and cytoplasm analysis for Figures
9, 15, 16, and 23. Images were obtained using AxioVs40 (4.8.2.0) then deconvolved with AutoQuant (3.1.2)
software. Deconvolved images were analyzed using Imaris (Bitplane) (9.1.2). The Surfaces tool was used
to segment fluorescence within the cytoplasm and nucleus of each cell quantified. Statistical analyses for
imaging studies and qPCR data in the figures mentioned above were performed using the two-sample, two-

tailed, t-test.

Compounds
Compound 2-thiobenzimidazole was initially purchased from TimTec (HTS04595) as well as synthesized
in-house. JMN3-003 was synthesized as previously described [58]. All compounds were dissolved in

dimethylsulfoxide (DMSQO). Compound 2 was synthesized and characterized as following:

N
KOH EtOH S>—s 0
[ >:S + )\/j/ N { N=
\)k reflux 2 hrs; H |.|NA<:>7Br
r.t., overnight \_/
SW053772 (Compound 2)

2-((1H-benzo[d]imidazol-2-yl)thio)-N-(5-bromopyridin-2-yl)acetamide

A mixture of 2-mercaptobenzimidazole (30.0 mg, 0.2 mmol, 1.0 equiv.) and crushed potassium hydoxide
(11.2 mg, 0.2 mmol, 1.0 equiv.) in 2 mL of ethanol was kept at reflux for 2 hours. The reaction mixture was
cooled down to room temperature, N-(5-bromopyridin-2-yl)-2-chloroacetamide (49.9 mg, 0.2 mmol, 1.0
equiv.) was added, and the reaction was stirred for overnight. The resulting reaction mixture was
concentrated under reduced pressure. 2.0 mL of saturated ammonium chloride solution and 2.0 mL of
dichloromethane were added to the residue. The organic layer was separated, washed with 2.0 mL of brine,

then dried over sodium sulfate, filtered and concentrated under reduced pressure. The crude was further
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purified by silica gel chromatography using 60% of ethyl acetate in hexane to afford 54 mg white solid as
product, yield 74%.

IH NMR (CDCls, 400 MHz)

Sppm 8.31 — 8.24 (m, 1H), 8.03 (d, J = 8.8 Hz, 1H), 7.72 (ddd, J = 8.9, 2.8, 1.5 Hz, 1H), 7.48 (br, 2H), 7.20

—7.08 (m, 3H), 4.03 (s, 2H).

13C NMR (CDCls, 400 MHz)

Sppm 168.23, 149.92, 149.48, 148.78, 140.57, 122.95, 122.35, 115.53, 114.86, 109.97, 36.24.
MS

MS (ESI) m/z = 363.0 ([M+H]"), C14H1:BrN.OS requires 363.0

Measurement of cellular ATP levels

ATP was measured by luminescence using the CellTiter-Glo kit (Promega) according to the manufacturer’s

instructions.

RNA purification and RT-qPCR

Total RNA was isolated from A549 cells using the RNeasy Plus Mini Kit (Qiagen) and reverse
transcribed into cDNA by SuperScript Il reverse transcriptase (Invitrogen), each according to the
manufacturers’ protocols. Samples were then amplified in a LightCycler 480 quantitative real-time PCR
(qPCR) system (Roche) using SYBR Green | (Roche) and sequence specific primers.

RT-PCR Primer Sequences:

M1 Forward- ATCAGACATGAGAACAGAATGG

Reverse- TGCCTGGCCTGACTAGCAATATC



M2

NS1

NS2

HA

18S

B-actin

SPTLC3

CEACAM19

VTCN1

uQCC

UAP56

Forward;: CGAGGTCGAAACGCCTATCAGAAAC

Reverse:

CCAATGATATTTGCTGCAATGACGAG

Forward: TGGAAAGCAAATAGTGGAGCG

Reverse:

GTAGCGCGATGCAGGTACAGAG

Forward: CAAGCTTTCAGGACATACTGATGAG

Reverse:

CTTCTCCAAGCGAATCTCTGTAGA

Forward: TCTATTTGGAGCCATTGCTGG

Reverse:

TGCTTTTTTGATCCGCTGCA

Forward: GTAACCCGTTGAACCCCATT

Reverse:

CCATCCAATCGGTAGTAGCG

Forward: CCGCGAGAAGATGACCCAGAT

Reverse:

CGTTGGCACAGCCTGGATAGCAACG

Forward: GGAATTGGAACCCTGTTTGGC

Reverse:

GTCTCTGATTCGCATGTAAAGGT

Forward: GCCCAGCCTACAGACAGTG

Reverse:

GCAGCAAGAGATCCAATGATGG

Forward: TCTGGGCATCCCAAGTTGAC

Reverse:

TCCGCCTTTTGATCTCCGATT

Forward: GGAGAAAACTGACTTCGAGGAAT

Reverse:

Forward:

Reverse

TCCAGACGTGGAGTAGGGTTA

CTTTGAGCATCCGTCAGAAGT
: AGTGTGACACATCACCAGTACA

Cell fractionation and RNAseq analysis

20

Cells were treated with 0.1% DMSO or 2.5 uM compound 2 for 9 hours. Nuclear and cytoplasmic fractions

were obtained using the NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific).
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Total RNA was isolated total cell lysates, nuclear and cytoplasmic fractions using the RNeasy Plus Mini
Kit (Qiagen). RNA samples were then analyzed in the Agilent 2100 Bioanalyzer to determine RNA quality
(RIN Score 8 or higher). RNA concentration was determined using the Qubit fluorometer. A TruSeq
Stranded Total RNA LT Sample Prep Kit (Illumina) was used to prepare 4 ug of DNAse-treated RNA for
poly(A) RNA purification and fragmentation before strand specific cDNA synthesis. cDNA libraries were
a-tailed and ligated to indexed adapters. Samples were then PCR amplified and purified with Ampure XP
beads and validated with the Agilent 2100 Bioanalyzer. Samples were quantified again by Qubit before
being normalized and pooled to be ran on the Illumina HiSeq 2500 using SBS v3 reagents. Raw FASTQ
files were analyzed using FastQC v0.11.2 [59] and FastQ Screen v0.4.4 [60], and reads were quality-
trimmed using fastq-mcf (ea-utils/1.1.2-806) [61]. The trimmed reads were mapped to the hgl9 assembly
of the human genome (the University of California, Santa Cruz, version from igenomes) using STAR
v2.5.3a [62]. Duplicated reads were marked using Picard tools

(v1.127; https://broadinstitute.github.io/picard/), the RNA counts generated from FeatureCounts

[63] were TMM normalized [64], and differential expression analysis was performed using edgeR [64].
Expression data is represented as TPM (Transcripts per Million). Genes with mMRNA TPM values of zero
in either the control or experiment conditions were removed from the analysis. Log2 of the average TPM
values for the remaining genes of each condition (total, nuclear, and cytoplasmic) were calculated. Only
MRNAs with Log2TPM > -1 were considered for further analysis to remove experimental background
noise. The TPM readings of the experiment compared with control samples were used to calculate the
positive and negative fold changes from their ratios. The differentially expressed mRNAs with fold changes

of + or — 1.5 FC were subjected to GSEA to obtain the enriched pathways.

Gene Set Enrichment Analysis (GSEA)
Pathway and network analysis were conducted using Gene Set Enrichment Analysis (GSEA) [65] software

and the functional datasets were CP: Canonical pathways from the MSigDB [66, 67].


https://broadinstitute.github.io/picard/
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Western blot

Cell lysis was performed in 250mM Tris HCI pH 6.8, 40% Glycerol, and 8% SDS. Western blot was
performed as previously described [68]. Antibodies used in this study to detect viral proteins include
Influenza A virions (Meridian Life Science B65141G), M1 and M2 (Thermo MAL1-082), NA (GeneTex
GTX125974), PA (GeneTex GTX118991), PB1 (Santa Cruz sc-17601), PB2 (Santa Cruz sc-17603), and
NS1 (a gift from J.A. Richt, National Animal Disease Center, lowa) [69]. Antibodies against cellular
proteins include B-actin (Sigma A5441) and UAP56 [Anti-BAT1 (C-TERMINAL antibody produced in
rabbit, Millipore SAB1307254). Horseradish peroxidase (HRP)-conjugated secondary antibodies include
donkey anti-rabbit, sheep anti-mouse (GE Healthcare NA934V and NA931V, respectively), and donkey
anti-goat (Jackson Immunoresearch 705-035003). Quantification of protein band intensity was performed
using Image Studio software (LI-COR Imaging). Each protein band was normalized to its corresponding

loading control. Values listed below each band represent relative band intensity to its corresponding control.



CHAPTER THREE
Influenza Viral mRNA Splicing and Trafficking

3.1 Influenza Virus M mRNA Accumulates at Nuclear Speckles.

The entire section 3 presented here has been published in Nature Microbiology [16]. To spatially
and temporally define the mechanisms involved in influenza virus M1 mRNA alternative splicing and
export, we first followed M1 mRNA distribution using single molecule RNA-FISH (smFISH) in infected
cells. Forty-six FISH probes covering the full length M1 mRNA of the influenza A/WSN/33 virus strain
were generated to detect single M1 mRNA transcripts during influenza virus infection (Fig. 3a). While
these 46 probes can recognize M1 and its alternative spliced forms M2 and mRNAs, they can only detect
M1 at the single molecule level due to the small size of the other spliced forms that are recognized in bulk.
The signal detected with the 46 probes are then labeled as M mRNA. We observed that at 3h post-infection
single M1 mRNA transcripts are detected in the nucleus and in the cytoplasm indicating efficient
transcription and nuclear export of M1 mRNA (Fig. 3b). Notably, M mRNA significantly accumulates at
intranuclear foci ~4-5h post-infection (Fig. 3b). RNA-FISH and immunofluorescence staining against M
MRNA and SC35 protein, respectively, showed that M mRNA is enriched at nuclear speckles (Fig. 3c) as
SC35 is a SR protein, known splicing factor, and nuclear speckle marker[43]. Other influenza A virus
strains, A/Texas/36/91 and A/Puerto Rico/8/34, also show M mRNA localization at nuclear speckles.
Approximately 6h post-infection, M mRNA enrichment at nuclear speckles is reduced and most of the M

MRNA is detected in the cytoplasm, indicating efficient nuclear export (Fig. 3b,d).

23
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Figure 3. Influenza M mRNA is localized at nuclear speckles.

a. Schematic representation of M1 and M2 mRNAs. The hatched section in M1 mRNA represent an intron
that is spliced out to generate M2 mRNA. Forty-six FISH probes (labelled with Quasar 570, M mRNA
Probes) that cover the entire M1 and M2 mRNAs were synthesized. b. These probes monitored the
distribution of M mRNA at 3, 4, 5 and 6 h during A/WSN/33 infection of A549 cells at a multiplicity of
infection (MOI) of 10. Insets: enlargement of an area in the nucleus and cytoplasm. Images are
representative of three independent experiments. Scale bar, 10 pm. ¢, M mRNA accumulates at nuclear
speckles, which are marked by SC35 immunofluorescence staining (Pearson's correlation coefficient
between the M mRNA channel and the ‘Speckle’ channel in the nucleus = 0.72). The marked rectangular
region was enlarged and is shown in the middle panel. Further enlargement is shown in the right panel.
Images are representative of three independent experiments. d. The percentage of cells with speckle mRNA
accumulation was quantified. Values are percentage means + s.d. of at least 99 cells that were counted in
three independent experiments for each time point. p.i., post infection. e. M mRNA quantification at nuclear
speckles. Fluorescent signal emerging from labelled M mRNA transcripts was detected in the cytoplasm
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(single M mRNA detection, white dots) while the M mRNA signal emerging from the nucleus was masked
based on Hoechst staining. Nuclear speckles were also marked (nuclear speckle detection, yellow punctate).
Images are representative of three independent experiments. Scale bar, 10 um. f. Quantification of M
MRNA copy number at nuclear speckles marked with SC35 antibody. M mRNA fluorescence intensity sum
inside speckles was divided by the average intensity sum of individual cytoplasmic M mRNA transcripts.
Cells were infected for 4 h and RNA-FISH was quantified as in e. The number of M mRNA at nuclear
speckles was plotted according to the nuclear speckle volume. Dotted lines in the graph indicate the average
nuclear speckle volume and the corresponding M mRNA copy number. A total of 682 nuclear speckles
were analyzed in 16 cells.

To determine the number of viral M mRNA molecules at nuclear speckles, we first quantified the
fluorescence signal emerging from single mRNA molecules that could be detected in the cytoplasm (Fig.
3e). In the same cells, we used SC35 labeling to locate nuclear speckles and quantify the overall intensities
of RNA-FISH labeled M mRNAs inside the nuclear speckle volume (Fig. 3e). The M mRNA fluorescent
signal at individual speckles was then divided by the average intensity of a single M1 mRNA. In general,
nuclear speckles vary in size ranging from one to several micrometers in diameter [43]. We detected and
analyzed 682 SC35 labeled nuclear speckles in 16 cells (average of 42.6 nuclear speckles per nucleus) and
measured the volume of these nuclear speckles. We found that the average volume of a single nuclear
speckle is 0.82 um? (Diameter = 1.16 pm). We then calculated the accumulation of M mRNAs with respect
to the nuclear speckle volume (Fig. 3f). We show that there is a linear correlation between nuclear speckle
volume and the number of M mRNAs enriched at nuclear speckles (R?>=0.869). Additionally, we found that
inside the average size nuclear speckle, the bulk M mRNA signal is equivalent to ~ 13 M1 mRNA
molecules. Thus, we estimate that hundreds of viral M mRNA transcripts enter/pass through nuclear

speckles during infection.

Next we tested whether the viral NS mRNA, which is also alternatively spliced, accumulates inside
nuclear speckles. For this purpose we generated an additional set of probes covering the entire NS mRNA.
We then followed both NS mRNA and M1 mRNA (see below the description of specific M1 mRNA probes)
distribution during infection. At 3h post-infection most of NS mRNA had already been exported to the

cytoplasm while M1 mRNA was mainly in the nucleus. In contrast to M1 mRNA, NS mRNA was not
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enriched at nuclear speckles. This may indicate a major difference between M and NS mRNA biogenesis

pathways and that M mRNA specifically utilizes nuclear speckles for RNA processing.

3.2 Viral M mRNA is Post-transcriptionally Spliced at Nuclear Speckles.

To investigate if the viral M1 mRNA is actively spliced at nuclear speckles, we generated M1 and
M2 probes that specifically label the unspliced M1 mRNA and the spliced M2 mRNA, respectively (Fig.
4a). We then monitored both M1 and M2 mRNAs at 4h post-infection and found that significant pools of
both MRNASs were localized at nuclear speckles (Fig. 4b,c). M1 mRNA also co-localized with U5 snRNA
and Prp8 at nuclear speckles, indicating accumulation at speckles that contain high concentration of key
catalytic components of the splicing reaction (Fig. 4d) [70]. In addition, we were also able to detect MRNA3
at nuclear speckles, demonstrating the presence of another spliced product of M1 mRNA at this nuclear
body. Thus, the presence of both M1 mRNA and the spliced M2 mRNA and mRNA; at nuclear speckles
suggests that splicing of the M1 mRNA may occur at nuclear speckles. To reveal whether viral M1 mRNA
splicing occurs co- or post-transcriptionally at nuclear speckles, we co-labeled single M VRNA segments
using RNA-FISH and tracked accumulation in SC35 marked speckles. At 4h post-infection, when M
MRNASs are enriched at nuclear speckles, we did not detect single M VRNAs at nuclear speckles but they
can be adjacent to these nuclear bodies (Fig. 4e-g). In fact, comparative imaging analysis of the M VRNA
channel and the speckle channel shows low Pearson’s coefficient of 0.17. These findings suggest that the
M1 mRNA is first generated upon M VRNA transcription in the nucleoplasm and then M1 mRNA associates

with nuclear speckles for post-transcriptional splicing.
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Figure 4. M1 mRNA and spliced M2 mRNA accumulate at nuclear speckles after transcription.

a. Schematic representation of three sets of probes that were synthesized to specifically detect the M VRNA
and M1 and M2 mRNAs. Forty-six FISH probes labelled with Quasar 670 were synthesized to label the
entire M VRNA segment. Thirty-one FISH probes labelled with Quasar 670 were synthesized to cover the
M1 mRNA intron region. The M2 mRNA was detected using a single probe labelled with two Quasar 570
fluorophores. This probe binds the exon junction region of M2 mRNA. b. M1 and M2 probes were used in
RNA FISH experiments performed at 4 h post-infection. Nuclear speckles were marked with SC35
antibody. A single cell was enlarged to demonstrate the M1 and M2 mRNA enrichment at nuclear speckles.



28

The squared region shown in ‘Merge’ was further enlarged and the M1, M2 and ‘Speckle’ channels are
shown on the right. c, Relative intensity of the three channels along the white line in b. d. U5 snRNP
components, U5 snRNA and Prp8, were co-labelled with M1 mRNA at 4 h post-infection. Nuclear speckles
were marked with SC35 antibody (top) or SON antibody (bottom). e, M VRNA probes were used in RNA
FISH experiments performed at 4 h post-infection. Nuclear speckles were marked with SC35 antibody. f.
For the square region marked in e, ‘Merge’ was enlarged and M vVRNA, ‘Speckle’ and ‘Merge’ are shown.
g. Relative intensity of the M vRNA and ‘Speckle’ signal along the white line in f (‘Merge’). Images in b
and d-f are representative of three independent experiments. Scale bar (b, right panel), 1 um. Scale bar (f),
5 um. All other scale bars, 10 pm.

3.3 Viral NS1 Protein Promotes M mRNA Splicing and Nuclear Export Via Nuclear Speckles.

M1 mRNA splicing has been linked to the viral NS1 protein [71] and M1 mRNA can interact with
NS1 [71-73]. Additionally, NS1 has been previously shown to alter the SC35 punctate pattern, suggesting
that NS1 may induce changes in nuclear speckle structure and function [74]. Hence, we tested whether NS1
is involved in M mRNA localization and splicing at nuclear speckles using an influenza virus strain that
lacks NS1 (WSN ANSI1) [75]. Because NSL1 is also responsible for suppressing the innate immune system,
these infection studies were performed both in VERO cells which are interferon-deficient and therefore
allow replication of this mutant virus, and in A549 cells, which are immune-competent. This would
differentiate any perturbation in M mRNA localization and splicing observed as being due to immune
suppression or as separate NS1 activity. We found that the lack of NS1 protein significantly reduced
accumulation of M mRNA at nuclear speckles (Fig. 5a, b) and diminished M1 mRNA splicing (Fig. 5c, d)
in both cell types. Furthermore, after 6h post-infection, we observed a decrease in M mRNA nuclear export
in cells infected with WSN ANSI1 (Fig. 5e, f). Consequently, these effects contribute to the decrease in M1
and M2 protein levels in cells infected with virus lacking NS1 as compared to cells infected with wild-type
virus. These results point to a specific and previously unknown function of NS1 in promoting M1 mRNA
localization at nuclear speckles, which lead to M1 to M2 splicing. This function of NS1 seems to be
independent from its inhibitory role of interferon expression since M mRNA mislocalization and splicing-

export defects observed upon WSN ANST infection occurred in both A549 and VERO cells.
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Figure 5. Viral NS1 protein promotes M1 mRNA splicing at nuclear speckles and nuclear export.

a. Vero cells were infected with WSN virus or mutated virus that lack NS1 (WSN ANS1) at an MOI of 10.
After 4 h, cells were fixed and M mRNA was labelled by RNA-FISH. Speckles were marked by
immunofluorescence with SON antibody. Insets: enlargements of the marked white squares, showing
nuclear speckle areas. Scale bar, 10 um. b. Quantification of M mRNA intensity at speckles after WSN or
WSN ANSI infection. Data represent three independent experiments. M mRNA intensity sum at speckles
was normalized to the intensity sum in the nucleus. Normalized intensities at speckles of wild-type virus-
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infected cells were set to 1, and the relative fold change in WSN ANS1 virus-infected cells is shown. Values
are means + s.d. measured in 25 WSN and 29 WSN ANSI infected cells. p.i., post infection. ¢. Vero cells
were infected with WSN virus or WSN ANSI at an MOI of 1 for 6 h. Purified RNA was subjected to RT-
PCR and the products were run on agarose gel. Data represent three independent experiments. d. RT-gPCR
quantification of M2/M1 mRNA ratio in WSN or WSN ANS1 Vero infected cells. The average M2/M1
mRNA ratio from cells infected with WSN (M2/M1 mRNA = 0.62) was set to 1 and the relative average
M2/M1 mRNA ratio in WSN ANSI infected cells is shown. Values are means + s.d. for ratios from three
independent experiments. e. Vero cells were infected with WSN virus or WSN ANS1. After 6 h, cells were
fixed and M mRNA was labelled by RNA-FISH. Speckles were marked by immunofluorescence with SON
antibody. Scale bar, 10 um. f. Quantification of M mRNA cytoplasmic to nuclear ratio (C/N) was
determined after 6 h of WSN or WSN ANSI infection. Values are means + s.d. measured in 41 WSN and
50 WSN ANSI infected cells. Images shown in a and e are representative of three independent experiments.
**t-test P<0.01.

3.4 Cellular Proteins Mediate M1 mRNA Processing at Nuclear Speckles.

We have previously shown that the cellular protein NS1-BP, which interacts with the viral NS1
protein [76], forms a complex with the cellular hnRNP K protein and they are required for proper M1
MRNA splicing into M2 mRNA [77]. NS1-BP and hnRNP K are RNA binding proteins involved in viral
RNA splicing and the latter has also been linked to cellular pre-mRNA splicing [78-81]. Thus, we tested
whether NS1-BP and hnRNP K have a role on M mRNA localization at nuclear speckles. First, we show
that a pool of both NS1-BP and hnRNP K is found at nuclear speckles. NS1-BP has been previously found
at nuclear speckles [76]. In NS1-BP depleted cells, M mRNA accumulation at nuclear speckles was reduced
after 4h post-infection but the cytoplasmic to nuclear M mRNA ratio C/N was not altered. At 6h post-
infection, we observed an inhibition of M mRNA nuclear export in cells depleted of NS1-BP (Fig. 6a, b).
The observed M mRNA mislocalization shown here and the splicing defects we reported upon NS1-BP
knockdown [77] are similar to what we showed in cells infected with WSN ANS1 (Fig. 5). These data
suggest that NS1 and NS1-BP may function together to recruit M1 mRNA to nuclear speckles for splicing
and support the concept that M1 mRNA that is generated at 4-6 h post-infection is not efficiently exported

without being processed at nuclear speckles.
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Figure 6. M mRNA splicing at nuclear speckles is mediated by host factors NS1-BP, hnRNP K and
SON.

a. A549 cells were transfected with control SIRNA, hnRNP K siRNA or NS1-BP siRNA. After 72 h, cells
were infected with WSN at an MOI of 10 for 6 h. Cells were then fixed for M mRNA labelling by RNA-
FISH. Nuclear speckles were marked with SON antibody. Insets: enlarged nuclear speckle region. Scale
bar, 10 um. b,c. The distribution of M mRNA in the nuclear and cytoplasmic compartments (b) and at
speckles (c) was quantified. Values are means+s.d. of at least 20 cells that were analyzed for each
treatment. d. A549 cells were transfected with control sSiIRNA or SON siRNA. After 48 h, cells were infected
with WSN at an MOI of 10 for 6 h. Cells were subjected to RNA-FISH. Nuclear speckles were marked
with SON antibody. The SON signal was intensified to show the abnormal speckle structure that forms in
SON-depleted cells (marked by white arrows). Insets from cells depleted of SON show an enlarged area
with abnormally shaped nuclear speckles. Scale bar, 10 um. e. Quantification of M mRNA cytoplasmic to
nuclear ratios (C/N ratios). Values are means + s.d. measured in 61 cells transfected with control siRNA
and in 27 cells transfected with SON siRNA and infected with WSN. p.i., post infection. f. RT-gPCR
guantification of M2/M1 mRNA ratios from cells transfected with control siRNA or SON siRNA and
infected for 4, 6 and 8 h. The average M2/M1 mRNA ratio from cells treated with control siRNA at 4 h
post-infection (M2/M1 mRNA =0.59) was set to 1 and the relative average M2/M1 mRNA ratios at the
depicted time points are shown. Values are means £ s.d. from three independent experiments. g. WSN
replication was determined after 24 h in control cells or in SON-depleted cells. Virus titer was determined
by plaque assay. Values are means from two independent experiments. Images in a and d are representative
of three independent experiments. *t-test P <0.05, **t-test P <0.01.

We then depleted hnRNP K, which interacts with NS1-BP [77]. In contrast to NS1-BP depletion
and similar to control cells, hnRNP K depleted cells efficiently accumulated M mRNA at nuclear speckles
4h post-infection. However, at 6h post-infection we found a significant enrichment of M mRNA at nuclear
speckles in hnRNP K depleted cells (Fig. 6a,c) whereas most of M mRNA is not present at nuclear speckles
during this time in the control infected cells, as it has already been exported to the cytoplasm (Fig. 6a-c).
Since M mRNA enters and accumulates at speckles for a prolonged time in hnRNP K knockdown cells, but
does not efficiently splice [77], hnRNP K appears to function on M1 to M2 mRNA splicing at nuclear
speckles. Although M mRNA accumulation at nuclear speckles upon hnRNP K knockdown is prolonged,
the nucleoplasmic M mRNA pool was not enriched, so the C/N ratio of M mRNA was not significantly
altered relative to control cells (Fig. 6a, b). In hnRNP K and NS1-BP knockdown cells, the mislocalization
phenotypes may be specific to the viral M mRNA, as cellular GAPDH mRNA localization remained
unchanged after NS1-BP and hnRNP K depletion.

To further determine the importance of nuclear speckles for M1 to M2 splicing and export, we

perturbed nuclear speckle structure by knocking down the SON protein. SON was shown to be a
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scaffold/structural nuclear speckle factor and its depletion leads to dispersion of splicing factors from
nuclear speckles to the nucleoplasm [82, 83]. SON was also shown to regulate cell cycle progression,
development, and disease [82, 83]. In control cells where SON is not depleted, we found that most of the
M mRNA is in the cytoplasm at 6h post-infection (Fig. 6d, €). In contrast, in SON depleted cells the M
MRNA is accumulated at nuclear speckles that contain low levels of SON (Fig. 6d), while the distribution
of GAPDH mRNA remains unchanged. Although some M mRNA was detected in the cytoplasm of SON
depleted cells, the C/N ratio of M mRNA was significantly reduced (Fig. 6e), indicating defect in M mRNA
nuclear export in these cells. SON knockdown also reduced the M2/M1 mRNA ratio during infection (Fig.
6f). As a result, SON depletion reduced virus replication as compared to control cells (Fig. 6g). This effect
is consistent with a previous screen that identified SON as an essential cellular protein for influenza virus
replication [84]. Together, these findings reveal a novel role for the SON protein in the influenza virus life

cycle, supporting the concept of M1 mRNA splicing at nuclear speckles.

3.5 Aly/REF and UAP56 Couple Viral M mRNA Nuclear Export to Splicing via Nuclear Speckles.
There is some evidence that the TREX components UAP56 and Aly/REF proteins are involved in
the release of certain cellular mMRNAs from nuclear speckles [47]. In the model of mMRNA nuclear export,
UAPS56 is recruited to the nascent transcript and in turn recruits Aly/REF. UAP56 is then displaced by the
NXF1-NXT1 mRNA export receptors and Aly/REF enhances NXF1-NXT1 binding to the RNA [85].
NXF1-NXT1 then mediates the MRNA translocation through the nuclear pore complex. We show that
Aly/REF is present at nuclear speckles and UAP56 has been previously localized at these nuclear bodies
[86]. Additionally, Aly/REF and UAP56 have been shown to be involved in nuclear export of M1 and M2
MRNAs [20]. Thus, we tested whether depletion of these factors would lead to a change in M mRNA
localization or splicing. By monitoring M1 and M2 mRNA, we found that in both Aly/REF and UAP56
SiRNA treated cells M1 and M2 mRNA accumulated at nuclear speckles and in the nucleoplasm after 6h,
in contrast to control in both A549 and VERO cells (Fig. 7a-d; Fig. 9a). Surprisingly, RT-gPCR analysis of

the M2/M1 mRNA ratio revealed that M1 mRNA splicing was significantly enhanced by the Aly/REF and
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UAP56 knockdown (Fig. 7e). Despite this splicing enhancement, both M1 and M2 mRNAs were
significantly blocked in the nucleus upon depletion of Aly/REF and UAP56, which resulted in low levels
of M1 and M2 proteins. Thus, M1 mRNA nuclear export block seems to prolong the accumulation of M1

MRNA at nuclear speckles, which likely enhanced M1 mRNA splicing.
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Figure 7. Aly/REF and UAP56 depletion inhibits M1 and M2 mRNA nuclear export and mediates
speckle dependent M1 to M2 splicing enhancement.

a,b. A549 cells were transfected with control siRNA, Aly/REF siRNA or UAP56 siRNA. After 48 h, cells
were infected with WSN at an MOI of 10 for 6 h. M1 (a) and M2 (b) mRNA labelling was performed by
RNA-FISH. Nuclear speckles were marked with SON antibody. c¢,d. Distribution of M1 (c) and M2 (d)
mRNAs in the cytoplasm, nucleoplasm and nuclear speckles. The intensity sum in each compartment was
normalized to the general fluorescence intensity in the cell. Values obtained from cells transfected with
control siRNA were set to 1, and the relative fold changes in Aly/REF and UAP56 siRNA transfected cells
are shown. Values are means + s.d. of at least nine cells that were analyzed for each condition. e. RT-gPCR
guantification of M2/M1 mRNA ratio in cells transfected with control siRNA, Aly/REF siRNA or UAP56
SiRNA and infected for 6 h. Values are means of ratios = s.d. from three independent experiments. f. A549
cells were treated with 100 nM meayamycin or 0.1% DMSO (control) for 2 h and infected with WSN at an
MOI of 10 for 1 h. Virus was removed and 100 nM meayamycin or 0.1% DMSO was added for 3 h. Cells
were subjected to RNA-FISH. Nuclear speckles were marked with SON antibody. g. A549 cells were
transfected with control siRNA or Aly/REF siRNA. After 48 h, cells were processed as in f. h. M mRNA
intensities at nuclear speckles in cells (treated as in g) were quantified. The M mRNA signal at speckles
was normalized to the average speckle volume measured within each cell. Values obtained from cells
transfected with Aly/REF siRNA (control) were set to 1, and the relative fold changes in meayamycin-
treated cells depleted of Aly/REF are shown. Values are means + s.d. of at least nine cells that were analyzed
for each condition. Images shown in a, b, f and g are representative of three independent experiments. All
insets are enlargement of nuclear speckle areas. All scale bars, 10 pum.

We next inhibited splicing of M mRNA to determine whether this perturbation would affect its
nuclear speckle localization. We used the splicing inhibitor meayamycin that binds SF3b and therefore
prevents the formation of protein-RNA complexes essential for early spliceosome assembly [87]. M mMRNA
localization was assessed by RNA-FISH in the absence or presence of this chemical probe. In agreement
with previous findings, meayamycin, like its analogue spliceostatin A, increased nuclear speckle sizes (Fig.
8f-g) [88]. Additionally, we found that meayamycin treatment promotes premature nuclear export of M
mRNA (Fig. 7f) in addition to inhibiting M1 to M2 splicing. To prevent this premature nuclear export effect
and still inhibit M mRNA splicing, we took advantage of the Aly/REF phenotype, which inhibits M mRNA
nuclear export and increases both accumulation of M mRNA at nuclear speckles and splicing (Fig. 7a-e and
Fig. 7g control), and treated cells with both Aly/REF siRNA and meayamycin (Fig. 7g). We found that
meayamycin treatment prevents M mRNA nuclear speckle accumulation and splicing even in Aly/REF
depleted cells that contain high levels of nuclear M1 mRNAs (Fig. 7g, h). When meayamycin was removed

from the medium, M2 mRNA could again be detected after an additional 4 hours. Examination of both M1
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and M2 mRNA distribution by RNA-FISH revealed that M1 and M2 mRNA speckle localization was
restored upon meayamycin removal. These results indicate that the accumulation of M1 mRNA at nuclear
speckles is not a random process but rather a mechanism to induce M1 mRNA splicing.

Next we examined the effect of Aly/REF and UAP56 depletion during WSN ANS1 virus infection.
As expected, both WSN and WSN ANSI infected cells depleted from Aly/REF and UAP56 exhibited a
significant M mRNA nuclear export defect (Fig. 8a, b). Importantly, the nuclear speckle accumulation and
splicing enhancement seen after Aly/REF and UAP56 knockdown in WSN ANSI1 infected cells were
reduced as compared to WSN infected cells (Fig. 8a-d). These results indicate that the splicing enhancement
in Aly/REF and UAP56-deficient cells is dependent on nuclear speckle accumulation and reinforces the

new role of NS1 described here as a driver of M mRNA to speckles to undergo splicing.



a WSN

M mRNA

0

Control

si Aly/REF
{ o it
23 20
T
o
€~ 154
<3 1
.9
€S 10+ :
Ee
EE” I
= U9 4
=
3
3 % 00 o
e Control siRNA  siRNA
Aly/REF UAPS6
d 2 20 {awsN =wWsNaNSI
£ 15
<
Z
& 10 - "
< 05
o
=
0.0 +
Control siRNA  siRNA
Aly/REF UAP56
h M1 mRNA (label at C)
IP: anti
S
)
Q
‘ 2'3.,%_ O\; 83\
kDa total <7
e ]
250 —
150 —
100 —
7
v WS
Eaad
50 —
.o
37—

kDa |
250 —
72—
-
Q
[aa]
72—
55—
B
72— 8
>
72—
i

kDa

- o NSEP

!‘; hnRNP K
- e -
nel
B g we NsI-BP

- e e e [NRNP K

total

250 —
150 —
00—

75—

50 —

37—

WSN ANS1

37

Speckle

]
si Aly/REF
f g
Uninfected
RNasin RNase A
N 3
Fe e
a 1P L P kDa
[ B
250 — :
12—
72— - W N\SI-BP ©
S 72—5
(=} Q
s = == hnRNP K a
28—
55— | e =0 55—
250 — ° 250—
72 — Z| - e, NS1-BP ./7_5
2 L
72— =| = g hORNPK S
28—
j
M1 mRNA

NSI-8P

NS1-BP.

NS1
SON LhoRNP K
RS

Speckle \4
M2 mRNA

Nucleus

Cytoplasm

Infected

RNasin RNase A

) s hnRNP K

. — NS1

- e G

T
-7
.- - == hnRNP K

= - am NS1

p T g
NS1) M1 mRN \
NN Y
\ M1vRNA
NS1

TS

Aly/REF

NS1

M2 mRNA

Figure 8. Nuclear speckle assembly factor SON interacts with M1 mRNA and mediators of M1

MRNA splicing.



38

a,b. Vero cells were transfected with control siRNA, Aly/REF siRNA or UAP56 siRNA. After 48 h, cells
were infected with WSN (a) or WSN ANSI1 (b) at an MOI of 10 for 6 h. Cells were then fixed for M mRNA
labelling by RNA-FISH. Nuclear speckles were marked with SON antibody. Insets are enlargement of areas
showing nuclear speckles. Images shown in a and b are representative of three independent experiments.
Scale bars, 10 um. ¢, The accumulation of M mRNA at nuclear speckles was quantified and compared
between WSN- and WSN ANSI-infected cells transfected with siRNA as in a and b. Values are
means = s.d. of at least 11 cells that were analyzed in each treatment. p.i., post infection. d. RT-gPCR
guantification of M2/M1 mRNA ratio in Vero cells transfected with control siRNA, Aly/REF siRNA or
UAP56 siRNA and infected for 6 h with WSN or WSN ANS1 at an MOI of 1. The average M2/M1 mRNA
ratio from control siRNA transfected cells infected with WSN (M2/M1 mRNA = 0.495) was set to 1, and
the relative average M2/M1 ratios at the depicted conditions are shown. Values are means + s.d. from three
independent experiments. **t-test P <0.01. e—g. Cell extracts from uninfected or infected A549 cells treated
with RNase inhibitor (RNasin) or with RNase A were subjected to immunoprecipitations with antibodies
specific to NS1-BP or SON. Immunoprecipitates (bound) and unbound fractions were subjected to western
blot using antibodies specific to the depicted proteins. h,i. SON binds directly to M1 mRNA. The entire
M1 mRNA was radiolabeled uniformly at C residues, incubated with JSL1 nuclear extract under splicing
conditions, crosslinked with 254 nm light and digested with RNase. The reaction was then either resolved
by SDS-PAGE (25% total) or incubated in separate reactions with the antibodies indicated (IP: anti-). Total
reaction or immunoprecipitated proteins were resolved by SDS-PAGE. j. Model for influenza virus M1
mRNA trafficking and splicing. Data shown in e—i are representative of three independent experiments.

3.6 SON Interacts with M1 mRNA and with Factors Required for M1 mRNA Processing.

We then investigated whether NS1 and the cellular proteins involved in M1 mRNA localization and splicing
at nuclear speckles physically interact with SON, a major player in nuclear speckle assembly and alternative
splicing [82, 83]. The major form of the SON protein is ~263 kD and runs as a broad band in SDS- PAGE
as it is likely post-translationally modified. Lower molecular weight forms of SON are predicted to be
alternative spliced forms. We show that NS1-BP and hnRNP K interact with SON in non-infected or
infected cells (Fig. 8e-g). In addition, NS1 was pulled-down by SON antibody (Fig. 8g). To this end, NS1
protein from influenza B virus has also been shown to interact with nuclear speckle domains [89], further
indicating the importance of this intranuclear body to the different strains of influenza virus. The NS1-BP
and hnRNP K interactions with SON were detected by immunoprecipitations performed with either anti-
NS1-BP antibody or anti-SON antibody in the presence or absence of RNA (Fig. 8e-g). In uninfected cells,
the interactions of SON with NS1-BP (Fig. 8e) or SON with hnRNP K (Fig. 8f) were partially dependent

on RNA. During infection, interactions of SON with hnRNP K and with NS1 showed partial RNA
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dependence as well (Fig. 8g). Then, we tested whether SON directly interacted with M1 mRNA. M1 mRNA
was capped, *?P-labeled, and incubated with nuclear extracts. This was followed by UV treatment to
crosslink RNA-protein interactions. RNA was digested and immunoprecipitations were performed with
antibodies specific to SON, hnRNP U, Aly/REF and UAP56. hnRNP U was used as negative control based
on our previous work, which demonstrated direct interaction of hnRNP K with M1 mRNA and lack of
interaction with hnRNP U [77]. As shown in Figure 8h, SON (~263 kD broad band) and its putative
alternative spliced forms directly bound M1 mRNA whereas hnRNP U, Aly/REF and UAP56 did not
interact with M1 mRNA (Fig. 8h,i). Lack of direct interaction between Aly/REF or UAP56 with M1 mRNA
is not surprising as they likely require adaptor proteins to bind RNA. Thus, SON interaction with NS1,
NS1-BP and hnRNP K in addition to directly bind M1 mRNA support the functional data that indicates M1

MRNA splicing at nuclear speckles.



CHAPTER FOUR
Identification of Chemical Compounds that Inhibit Viral M mRNA Nuclear Export

4.1 High-throughput screen to identify inhibitors of viral M mRNA processing and nuclear export

The entire section 4 presented here has been published in PLoS Pathogens [90]. In the previous
chapter, we identified that knockdown of the cellular NS1-BP protein inhibits influenza virus M mRNA
splicing and nuclear export through host nuclear speckles [16]. We have now knocked out NS1-BP using
the CRISPR/Cas9 system (Fig. 9a) and these cells show a slight reduction in growth rate (Fig. 10). We then
subjected wild-type and NS1-BP knockout cells to single-molecule RNA fluorescence in situ hybridization
(SMRNA-FISH) to detect influenza virus M1 mRNA in infected cells (Fig. 9b-d) and oligo-dT in situ
hybridization to label bulk cellular poly(A) RNA in the absence of infection (Fig. 9e-g). While viral M1
MRNA nuclear export is substantially inhibited in the absence of NS1-BP (Fig. 9b-d), as expected based
on our previous results with siRNA [16], bulk cellular poly(A) RNA distribution between the nucleus and
cytoplasm was not altered in the absence of NS1-BP, but total intracellular levels were increased (Fig. 9e-
g). These results indicate that the viral M mRNA uses a distinct mechanism to be exported from the nucleus
to the cytoplasm, which is not shared by the bulk of the cellular MRNA. Thus, we postulated that it should
be possible to identify specific inhibitors of this unique mechanism that would impact nuclear export of the

influenza virus M RNA without significantly affecting bulk cellular RNA processing and expression.
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Figure 9. Loss of NS1-BP protein inhibits viral M mRNA nuclear export without significantly altering
intracellular distribution of bulk cellular poly(A) RNA.

a. Disruption of the NS1-BP gene by CRISPR-Cas9 system yielded A549 cells lacking NS1-BP protein.
Cell lysates from control or NS1-BP knockout cells were subjected to western blot analysis with antibodies
against NS1-BP antibody or B-actin, as control. b. Wild-type or NS1-BP"- A549 cells were infected with
influenza virus (A/WSN/33) at MOI 2 for 6h. Single-molecule RNA fluorescence in situ hybridization
(smFISH) was performed to detect influenza virus M mRNA. Hoechst staining labeled nuclei. Scale bar =
10 um. c,d. Quantification of total fluorescence intensity of M mRNA in the nucleus and cytoplasm of
wild-type or NS1-BP" cells (c), or nuclear-to-cytoplasmic (N/C) ratios of M mRNA in these cells (d) from
panel B. e. Non-infected wild-type or NS1-BP’- A549 cells were subjected to RNA-FISH to label poly(A)
RNA. f,g. Quantification of total fluorescence intensity of poly(A) RNA in the nucleus and cytoplasm of
wild-type or NS1-BP™ cells (f), or nuclear-to-cytoplasmic (N/C) ratios of poly(A) RNA in these cells (g)
from panel e. Thirty cells were quantified for each condition. These data are representative of three
independent experiments. ***p<0.001.
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Figure 10. Growth rate of NS1-BP knockout cells compared to wild-type cells.
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Cell growth of NS1-BP wild-type and knockout cells was monitored at 24, 48, 72, and 96 hours as
determined by CellTiter-Glo. Four independent experiments were performed. Graph shows mean +/- SD.
***p<0.001, ****p<0.0001.

Next, we performed a high-throughput screen to select inhibitors of viral M mRNA processing and
nuclear export. By adapting our previously reported protocol to visualize the M mRNAs during virus
infection [16], we designed a high-throughput screening assay to identify compounds that alter M mRNA
expression and trafficking without significantly compromising bulk cellular poly(A) RNA levels or
intracellular distribution. The high throughput screen was performed using a chemical library of 232,500

compounds. As shown in Figure 11, cells were incubated with compounds and then infected with influenza

virus (WSN) for 7.5 h.
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Figure 11. Schematic representation of a high-throughput screen to identify chemical inhibitors of
viral M mRNA processing and nuclear export.

Screen was performed using a chemical library of 232,500 compounds in A549 cells. Cells were incubated
with compounds for 30 min and, for robust imaging analysis, ~ 100% of the cells were infected with
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influenza virus (WSN), at MOI 2 for 7.5h. Viral M mRNA was detected by smRNA-FISH and images were
systematically taken in a high throughput microscope (IN Cell Analyzer 6000). Samples on 384-well black
clear-bottom plates were imaged at 20X magnification using the Hoechst and dsRed filters. 4 fields of view
per well were collected for each channel. The distribution of fluorescent signal between the nucleus (N)
and the cytoplasm (N/C ratio) as well as total cell signal intensity were quantified using GE IN Cell
Analyzer Workstation (version 3.7.3) and Pipeline Pilot (version 9.5; Biovia). Data was imported into the
GeneData’s Screener™ software analysis suite for quality control to ensure that data quality is high for all
plates in each experimental run (Z’ > 0.4).

Cells were then subjected to sSmRNA-FISH and images were analyzed by quantifying the
distribution of fluorescence signal between the nucleus (N) and the cytoplasm (N/C ratio) as well as total
cell fluorescence intensity. In a control experiment, N/C ratios were identified for DMSO negative-control
and DRB (5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole) positive control (Fig. 12a,b), which inhibits
cellular processive transcription by RNA polymerase 1l and also prevents nuclear export of a subset of
influenza virus mRNAs, including M mRNA [91]. Compounds with high N/C ratios (Z-score > 3 compared
to the robust test population median on each plate), indicating nuclear export block of viral M mRNA (Fig.
12c¢), were selected for follow-up screening. In addition, our screen revealed compounds that selectively
decreased viral RNA signal (fluorescence intensity), indicating down-regulation of viral M mRNA levels

(Z-score < -3 compared to the median of the test population on each plate, Fig. 12d).
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Figure 12. Identification of small molecules that inhibit viral M mRNA nuclear export and/or
decrease viral M mRNA levels.

a. Representative images showing uninfected cells; cells infected with A/WSN/33 and pretreated with 0.5%
DMSO (control), which show viral M mRNA exported into the cytoplasm, in red; and cells infected with
A/WSN/33 pre-treated with 2.5 pM of the transcription inhibitor DRB (5,6-dichloro-1-B-D-
ribofuranosylbenzimidazole). DRB served as positive control for viral M mRNA nuclear retention. b.
Distribution of nuclear (N) to cytosolic (C) (N/C ratio) of all wells in a mock assay plate showing the assay
window and sensitivity. DMSO wells were normalized to 0 and DRB positive control wells were
normalized to 100. The circled red diamond shape represents a lower dose of DRB and shows lower
normalized N/C ratio than the other diamonds representing the full control dose of DRB. ¢. Rank-sorted Z-
score of the Nuclear to Cytoplasmic (N/C) ratio of viral M mRNA in A549 cells after individual treatment
with 232,500 compounds (2.5 uM). Each N/C value is expressed as a Z-score, indicating the number of
standard deviations from the median plate ratio. Points above the red line at Z-score 3 represent compounds
that were considered hits in the primary screen. d. Rank-sorted Z-score of the total intensity of viral M
MRNA after compound treatment. Each value is expressed as a Z-score, indicating the number of standard
deviations from the median plate intensity. Points below the red line at Z-score -3 represent compounds
selected as hits in the primary screen. To better visualize the distribution of compounds within the desired
range (Z-score < -3), the Z-score range of the graph has been focused to view data points that show decrease
in viral M mRNA fluorescence.
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Furthermore, we have also identified compounds that inhibited both viral M mRNA nuclear export and
decreased total viral M mRNA levels (Fig. 13). Compounds that reduced nuclei count were considered
cytotoxic (Z-score threshold < -3, See Fig. 13). In total, 4,688 of the 232,500 compounds tested were hits
in the primary screen. The 4,688 compounds were clustered based on chemical structure and the 1,125
compounds (824 that inhibited M mRNA nuclear export and 301 that decreased M mRNA levels) with the
highest Z-scores from each cluster were chosen for confirmation. The top 600 compounds, including both
phenotypic classes, were then subjected to dose response assays to determine their potency. At this stage,
we also assessed poly(A) RNA by RNA-FISH to detect potential compound effects on host bulk poly(A)
RNA levels or nuclear export. Compounds that altered bulk poly(A) RNA were excluded (ACso < 8 uM).
Thus, only compounds that blocked viral M mRNA nuclear export or biogenesis and did not substantially
affect host bulk mRNA, at non-toxic concentrations, were selected. 413 of the 600 compounds altered bulk
poly(A) RNA and were excluded, thus leaving a total of 187 compounds for follow-up studies (Fig. 13).
Importantly, these 187 confirmed hits represent 187 structurally diverse clusters, and each cluster contains

the top hit and related less active analogs (Fig. 14).
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Figure 13. Schematic representation of identification and selection of top hits that inhibit viral M
MRNA nuclear export and/or expression.

Out of the 232,500 compounds tested in the primary screen, we selected compounds with Z-scores > 3 for
the N/C ratio and compounds that decreased viral mMRNA levels with Z-scores < -3. Compounds that
reduced nuclear count significantly (Z-score < -3) were considered cytotoxic and were eliminated from
further consideration. Of those remaining, the 1,125 compounds with the highest Z-scores were chosen for
confirmation studies. The top 600 compounds from single-dose confirmation studies were further evaluated
in a 12-point dose response study to assess the potency (ACso — concentration at 50% activity). Examples
of dose-response curves showing phenotypes of hits that induced viral M mRNA nuclear export block
(increased N/C) and decrease in viral M mRNA levels (decreased intensity) are depicted. During this step,
bulk cellular poly(A) RNA localization and intensity were also assessed by SmRNA-FISH to determine the
effect of these compounds on host cell MRNA (intensity and N/C ratio). Compounds that inhibited viral
MRNA nuclear export and/or decreased viral mMRNA levels but had no significant effect on the host cell
poly(A) RNA were then selected for additional assays.

304 Compound 2
(Cluster 164)

Cluster Size
N
T

0 50 100 150 200

Cluster ID
Figure 14. Cluster analysis of confirmed hits.
The 187 compounds identified for follow up studies are the most active members of 187 clusters. Within
each active cluster, there are related analogs with lesser activity. In this figure, we show the 187 clusters
(arbitrarily numbered 1 to 187) on the x-axis and the number of related analogs for each cluster plotted on
the y-axis. Cluster size ranged from 1 to 32 members. Singleton clusters comprised 31% of the structural

clusters (chemotypes). Compound 2 is a member of cluster 164 (indicated in red), which has 5 members.
Clustering was performed with Pipeline Pilot v16 (Biovia, Inc.) using ECFP4 fingerprints.

4.2 Selective Inhibition of viral mMRNA nuclear export

For follow-up studies, we first selected compounds with the lowest ACso in dose-response curves
that showed retention of viral M mRNA in the nucleus by measuring nuclear to cytoplasmic ratios as in
Figure 13. Among the top hits is compound 2, which is a 2-((1H-benzo[d]imidazole-2-yl)thio)-N-(5-

bromopyridin-2-yl) acetamide (Fig. 15a). We re-tested this compound in SMRNA-FISH to confirm the
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intracellular distribution of viral M mRNA and also extended our analysis to other influenza virus mRNAs,
including HA and NS, as well as bulk poly(A) RNA and cellular GAPDH mRNA. Image quantification
was performed by determining the mRNA fluorescence intensity in whole cells or in the nucleus and
cytoplasm, which is expressed as N/C ratios. We found that compound 2 did not affect the total levels of
bulk cellular poly(A) RNA (Fig. 15b,c) and slightly decreased its nuclear to cytoplasmic ratio (Fig. 15b,d).
The total levels of cellular GAPDH mRNA were also slightly decreased by compound 2 (Fig. 15b, €) and
its nuclear to cytoplasmic distribution was not affected (Fig. 15b, ). Thus, compound 2 slightly promoted
cellular poly(A) RNA export. In contrast, compound 2 robustly inhibited nuclear export of viral M mRNA
(Fig. 15g-i) and HA mRNA (Fig. 15j-1). Compound 2 did not alter total M mRNA fluorescence intensity
(Fig. 159, h) but induced nuclear retention of M mRNA (Fig. 15g, i). A similar result was obtained for the
HA mRNA (Fig. 15j-1). The total levels of the NS mRNA were not altered by compound 2 (Fig. 15m, n),
but this compound induced a weak nuclear retention of NS mRNA (Fig. 15m, 0) as compared to the
effective inhibition of M and HA mRNAs (Fig. 15g-1). These results highlight differences in requirements
for nuclear export of specific influenza virus mMRNAs. To assess whether compound 2 had any effect on
M1 to M2 splicing, we quantified the relative ratio of M2 to M1 mRNAs in the absence or presence of
compound 2 by gPCR. We found no effect of compound 2 on M1 to M2 splicing as opposed to knockdown
of the splicing co-factor and nuclear speckle assembly factor SON, which was used as a positive control
(SON promotes M1 to M2 splicing at nuclear speckles [16]; See Fig. 15p). In addition, compound 2 only
slightly inhibited NS1 to NS2 splicing (Fig. 15q). Cellular ATP levels were also assessed as a surrogate for
cytotoxicity and showed no significant change in ATP levels (Fig. 15r). Thus, these findings indicate that

compound 2 robustly targets nuclear export of a subset of MRNASs at non-toxic concentrations.
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Figure 15. Compound 2 inhibits viral mRNA nuclear export.

a. Structure of compound 2. b. RNA-FISH and smRNA-FISH followed by fluorescence microscopy were
performed in cells treated with 0.1% DMSO or 2.5 uM compound 2 to detect poly(A) RNA and GAPDH
MRNA, respectively, in uninfected cells. c-f. Total fluorescence intensity or nuclear to cytoplasmic
fluorescence intensity (N/C ratio) were quantified for poly(A) RNA and GAPDH mRNA in the absence or
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presence of compound 2. For ¢ (C, n=174 cells; Compound 2, n=181), d (C, n=172 cells; Compound 2,
n=181 cells), e (C, n=166 cells; Compound 2, n=181 cells), and f (C, n=151 cells; Compound 2, n=160
cells). g. Cells were treated as in b except that SmMRNA-FISH was performed with probes to detect M mRNA
in cells infected with WSN at MOI 2 for 8 h. h,i. Total fluorescence intensity or nuclear to cytoplasmic
fluorescence intensity (N/C ratio) were quantified for M mRNA in the absence or presence of compound
2. For h (C, n=91 cells; Compound 2, n=104 cells) and i (C, n=101 cells; Compound 2, n=95 cells). j.
Cells were treated as in g except that SmMRNA-FISH was performed with probes to detect HA mRNA. k.
Total fluorescence intensity or nuclear to cytoplasmic fluorescence intensity (N/C ratio) were quantified
for HA mRNA in the absence or presence of compound 2. For k (C, n=104 cells; Compound 2, n=137
cells) and I (C, n=101 cells; Compound 2, n=126 cells). m. Cells were treated as in g except that SMRNA-
FISH was performed with probes to detect NS mRNA. n,o. Total fluorescence intensity or nuclear to
cytoplasmic fluorescence intensity (N/C ratio) were quantified for M mRNA in the absence or presence of
compound 2. For n (C, n=96 cells; Compound 2, n=135 cells), and o (C, n=106 cells; Compound 2, n=113
cells). At least three independent experiments were performed for each imaging analysis. p,q. Relative
MRNA ratios of M2 to M1 p and NS2 to NS1 g were determined by qPCR from RNA obtained from cells
infected as in g and treated with 0.1% DMSO, 1 uM, or 2.5 uM compound 2. The nuclear speckle assembly
factor SON was knocked down with siRNAs as positive control for inhibition of M1 to M2 mRNA splicing.
Three independent experiments were performed. C, control. r Cellular ATP levels were measured in cells
treated with 0.1% DMSO or 2.5 uM of compound 2 at 24 h. Four independent experiments were performed
and each contained 6 technical replicates. Graphs shows data points and mean +/- SD. *p<0.05;
***p<0.001, ****p<0.0001.

4.3 Compound 2 phenocopies down-regulation of the mRNA export factor UAP56

We then tested the effect of compound 2 on the M mRNA nuclear export pathway. We and others
have previously shown that M mRNA nuclear export is inhibited by knockdown of the mRNA export factor
UAP56 [16, 20, 92]. This effect is also shown here with increasing concentrations of siRNAs that target
UAP56 (Fig. 16a-c), emphasizing that UAP56 is critical for M mRNA nuclear export. When UAP56 mRNA
was knocked down with 25 nM siRNA, a slight reduction in total levels of bulk poly(A) RNA (Fig. 16d,e)
and partial inhibition of bulk cellular poly(A) RNA nuclear export (Fig. 16d,f) were detected. We then
analyzed the total levels and intracellular distribution of viral M, HA, and NS1 mRNAs upon depletion of
UAP56 with low concentrations of siRNA, which reduced UAP56 mRNA and protein levels in a dose-
dependent manner (Fig. 16g, h). Upon UAP56 depletion, purified RNA from total cell extracts, nuclear and
cytoplasmic fractions were subjected to gPCR (controls for cell fractionation are shown in Fig. 17).
Knockdown of UAP56 with 1 nM siRNA only slightly reduced the total levels of M and NS1 mRNAs and
did not affect the levels of HA mRNA (Fig. 16i). However, this level of UAP56 down-regulation was

sufficient to significantly block M mRNA in the nucleus while the intracellular distribution of NS1 and HA
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MRNASs were not affected (Fig. 16j). When the siRNA concentration targeting UAP56 was increased to 20
nM, total levels of M and NS1 mRNAs were reduced but HA mRNA level was not altered (Fig. 16i).
Nevertheless, M mRNA nuclear export was further blocked, HA mRNA export is also inhibited, and no
effect was observed with NS1 mRNA (Fig. 16j). This preferential blockage of M and HA mRNAs by partial
depletion of UAP56 is similar to compound 2 effect on viral mRNA export (Fig. 15g-0). A similar pattern
of preferential viral mMRNA export upon UAP56 depletion has been previously described [92], but high

levels of UAP56 siRNA have been shown to inhibit NS1 mRNA export [20].
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Figure 16. Partial depletion of the mMRNA export factor UAP56 show differential export of viral
MRNAs similar to compound 2.

a. SmMRNA-FISH followed by fluorescence microscopy was performed to detect M mRNA in A549 cells
treated with control SiRNA or with two concentrations (25 nM and 50 nM) of siRNAs that target the coding
region of UAP56 or control siRNA followed by infection with WSN at MOI 2 for 8h. b. Total fluorescence
intensity or nuclear to cytoplasmic fluorescence intensity (N/C ratio) c. were quantified for images in a in
which cells were treated with 25 nM siRNA targeting UAP56. For b (C, n=117 cells; siRNA UAP56,
n=171 cells) and c (Control, n=97 cells; siRNA UAP56, n=166 cells). Graphs show data points and mean
+/- SD. ****p<0.0001. d. A549 cells were treated with 25 nM siRNA targeting UAP56 or control siRNA
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as in a. RNA-FISH was performed to detect poly(A) RNA. Total fluorescence intensity (e) or nuclear to
cytoplasmic fluorescence intensity (f) were quantified for images in d. For e (C, n=171 cells; siRNA
UAP56, n=213 cells) and f (Control, n=172 cells; siRNA UAP56, n=208 cells). Graphs show data points
and mean +/- SD. ****p<0.0001. g-j. A549 cells were treated with 1 nM or 20 nM siRNA targeting the
3’UTR of the UAP56 mRNA or with control siRNA and then infected with WSN at MOI 2 for 8h. g.
Purified RNA from total cell lysates was subjected to gPCR to measure UAP56 mRNA levels. h. Cell
lysates were also subjected to western blot to detect UAP56 protein and -actin as control. Quantification
of protein bands normalized to their loading control is shown at the bottom of the blots. i. Purified RNA
from total cell lysates in g were subjected to gPCR to measure viral mMRNA levels. j. Purified RNA from
nuclear and cytoplasmic fractions from cells treated as in g-j were subjected to gPCR to measure viral
mMRNA levels in both fractions and determine their nuclear to cytoplasmic ratios (N/C). Control for cell
fractionation is shown in Fig. 17. n=3. Graphs are mean +/- SD. *p<0.05, **p<0.01, ****p<0.0001.
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Figure 17. Control for cell fractionation shown in Figure 16.

A549 cells were treated with 1 nM or 20 nM siRNA targeting the 3’UTR of the UAPS6 mRNA or with
control siRNA and then infected with WSN at MOI 2 for 8h. Purified RNA from total cell extract (a) or
nuclear and cytoplasmic fractions (b) was subjected to gPCR to detect MALAT1 (a long non-coding RNA
localized in the nucleus) as a nuclear marker. c. Purified RNA from a was also used to detect total levels of
18S RNA or determine its nuclear to cytoplasmic distribution (d). 18S RNA is preferentially localized in
the cytoplasm. Three independent experiments were performed. Graphs show mean +/- SD. Cyto,
cytoplasm; Nuc, nucleus.

To further corroborate these data, we tested the effect of a catalytically inactive mutant of UAP56

(E197A) [93-95] on nuclear export of viral M, HA, NS1, and poly(A) RNA. We have generated cells stably
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expressing UAP56 (E197A), as we recently reported [54]. These cells were treated with control siRNA or
with siRNA that targets the 3’UTR of UAP56 — this siRNA depletes endogenous UAP56 and not UAP56
mutant [54]. The efficiency of this siRNA is shown in Figure 16g and h. Control cells and UAP56 (E197A)
mutant cells were then subjected to RNA-FISH to label poly(A) RNA (Fig. 18a-c) or infected with WSN
followed by smRNA-FISH to detect M, HA, and NS1 mRNAs (Fig. 18d-1) followed by fluorescence
microscopy. In the UAP56 mutant cells treated with siRNA control, the total levels of these MRNAs are
not altered while nuclear export of M and HA mRNAs is preferentially blocked, poly(A) RNA export is
slightly inhibited, and NS1 mRNA export is not altered (Fig. 18). When these mutant UAP56 cells were
then treated with siRNA against endogenous UAP56, the total levels of M and HA mRNAs were reduced
(Fig. 18e,h) and the levels of poly(A) RNA and NS1 mRNA were not altered (Fig. 18b,k). On the other
hand, nuclear export of M mRNA was severely blocked, poly(A) RNA and HA mRNA export was also
inhibited, and NS1 mRNA was only slightly altered (Fig. 18c-I). Taken together, these results show that
compound 2 phenocopies partial down-regulation of UAP56 activity as shown by either depleting UAP56
with low levels of siRNA (Fig. 16g, h, j) or by expressing UAP56 mutant in the presence of endogenous
UAP56 (UAP56-E197A + siRNA control) (Fig. 18). Since UAP56 is a critical mRNA export factor for
viral M mRNA, these results further corroborate the screening strategy to identify inhibitors of the M
MRNA nuclear export such as compound 2. Additionally, the differential effect of down-regulating UAP56
activity on nuclear export of certain viral mMRNAs further emphasize the concept of preferential usage of

specific mMRNA export factors or adaptors by a subset of MRNAs.
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Figure 18. Compound 2 activity phenocopies down-regulation of the mRNA export factor UAP56.

A549 cells or A549 cells stably expressing UAP56 E179A mutant were untreated or treated with control
siRNA or with siRNA targeting the 3’UTR of UAP56 to knockdown endogenous UAP56 mRNA. Cells
were then infected with WSN at MOI 2 for 8h followed by RNA-FISH to detect poly(A) RNA (a-c) or
SMRNA-FISH to detect M (d-f), HA (g-i), and NS (j-I) mRNAs. For b-c (C, n=128 cells; UAP56-
E197A+siRNA Control, n=117 cells; UAP56-E197A siUAP56-3’UTR, n=170 cells). For e-f (C, n=121
cells; UAP56-E197A+siRNA Control, n=106 cells; UAP56-E197A_siUAP56-3’UTR, n=108 cells). For
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h-i (C, n=124 cells; UAP56-E197A+siRNA Control, n=118 cells; UAP56-E197A siUAP56-3’UTR,
n=151 cells). For k-1 (C, n=113 cells; UAP56-E197A+siRNA Control, n=119 cells; UAP56-
E197A siUAP56-3°’UTR, n=115 cells). Graphs show data points and mean +/- SD. *p<0.05, **p<0.01,
***p<0.001 ****p<0.0001.

To quantitatively assess a potential impact of compound 2 on a subset of cellular RNAs and
determine their identity, we performed RNA-sequencing (RNA-seq) analysis of purified poly(A) RNA
obtained from whole cells, nuclear fractions, and cytoplasmic fractions either treated with DMSO (control)
or with 2.5 uM of compound 2. As expected, RNAs that are known to be retained in nucleus, such as
MALAT1, are primarily nuclear, and mRNAs that are distributed in the nucleus and cytoplasm, such as
GAPDH mRNA, are shown in both compartments. A total of 19,799 unique RNAs were sequenced and the
cutoff was 1.5-fold change to be considered differentially expressed in the presence of compound 2. We
show that compound 2 altered the nuclear to cytoplasmic distribution of a small subset of cellular RNAs,
including mRNAs and non-coding RNAs (Fig. 19a). Among the non-coding RNAs were small nucleolar
RNAs (snoRNAs), miRNAs, and long non-coding RNAs. While snoRNAs are not polyadenylated, pre-
snoRNA polyadenylation has been shown to link different steps of snoRNA processing [96]. Similarly, pre-
miRNAs are polyadenylated and some long non-coding RNAs also have poly(A) tails, explaining their
presence in our poly(A) RNA selection. We found that the nuclear to cytoplasmic distribution of 194 RNAs
were altered upon compound 2 treatment (Fig. 19a). Among these RNAs, 96 were preferentially retained
in the nucleus (high nuclear/cytoplasmic ratio) (Fig. 19a, yellow) and 98 were more cytoplasmic compared
to control cells (Fig. 19a, blue). Within the RNAs blocked in the nucleus, 48 out of the 96 RNAs were not
altered at their total levels (Fig. 19a, gene name marked in red) indicating nuclear export block similar to
the viral M and HA mRNAs upon compound 2 treatment (Fig. 15g-1). In the category of preferentially
exported to the cytoplasm, 36 out of the 98 cellular RNAs were not affected at their total levels, suggesting
enhanced nuclear export (Fig. 19a, gene name marked in red). Regarding the additional RNAs that had both
altered total levels and nuclear to cytoplasmic ratios, the regulation may or may not involve nuclear

transport as other RNA processing steps could be also compromised, which is a topic for future
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investigation. This RNAseq analysis also revealed the subset of RNAs up-regulated (103 RNAs) and down-
regulated by compound 2 (829 RNASs) (Fig. 19b). Among these groups, a small number of mMRNAs (13 up-
regulated and 47 down-regulated) are also known to be regulated by the viral NS1 protein, as shown in
infections performed with WSN compared to WSNANSI1 [97]. In the category of down-regulated RNAS,
gene set enrichment analysis (GSEA) showed tyrosine metabolism altered by compound 2 (p-value =
2.23x10° and a FDR g-value = 4.98x107?). Figure 19c¢c-f show examples of selected mMRNAs whose total
levels as well as nuclear and cytoplasmic distribution were assessed by gPCR and were consistent with our
RNAseq results. Thus, these results indicate an effect of compound 2 on a subset of RNAs and not on bulk

poly(A) RNA.
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Figure 19. Compound 2 alters the levels and intracellular distribution of a subset of cellular mMRNAs.
Poly(A) RNA from total cell lysates, nuclear and cytoplasmic fractions untreated or treated with compound
2 was subjected to RNAseq analysis. Two biological duplicates were analyzed and the cut off is 1.5 fold
for all analysis. RNAs selected were hits in both samples. a. RNAs that are nuclear retained (yellow) or
preferentially exported to the cytoplasm (light blue) are shown. Marked in red are RNAs whose total levels
were not altered. b. The number of RNAs that are up-regulated or down-regulated by compound 2 are
shown. Marked in green are the number of RNAs known to be regulated by NS1 during infection. c-f.
Selected mRNAs were also analyzed by qPCR to corroborate the RNAseq analysis. Relative mMRNA levels
and nuclear to cytoplasmic ratios of SPTLC3 (c), CEACAM19 (d), VTCNL1 (e), and UQCC (f) were
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determined by gPCR from RNA obtained from total cell lysates, nuclear and cytoplasmic fractions treated
with 0.1% DMSO or 2.5 uM compound 2 for 9 h. Three independent experiments were performed. C,
control; Comp 2, Compound 2. Graphs show mean +/- SD. *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001.

4.4 Compound 2 inhibits replication of diverse influenza A viruses

Since nuclear export of key viral mRNAs is blocked by compound 2 and given that these mMRNASs encode
critical proteins for the virus life cycle, it is expected that viral protein levels and replication would be altered by this
compound. Indeed, there is a decrease in the levels of the viral M1 and M2 proteins as well as NA and HA proteins
upon 2.5 uM compound treatment (Fig. 20a). We then tested compound 2 for inhibition of virus replication and
cytotoxicity. As expected, compound 2 inhibited replication of diverse influenza A virus strains at concentrations in
which it did not significantly alter cell viability (Fig. 20b-d). Compound 2 also inhibited viral replication in primary
human bronchial epithelial cells (Fig. 21). Another compound from our chemical library, ivermectin, is shown as
positive control for cytotoxicity at the concentrations used for compound 2 (Fig. 22). In summary, compound 2
preferentially inhibited nuclear export of a subset of MRNAs and further revealed specific requirements for nuclear

export of a subset of viral and cellular mMRNAs.
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Figure 20. Compound 2 inhibits viral protein production and replication.
a. A549 cells were pre-treated with either 0.1% DMSO or 2.5uM compound 2 before infection with
A/WSN33 at MOI 2 for 8 h. Cell lysates were subjected to western blot analysis to detect viral proteins
including PB1, PB2, PA, NA, NS1, M1, M2, and HA. B-Actin was used as a loading control. This blot is a
representative of three independent experiments. b-d. Effect of compound 2 on cell viability and viral
replication of (b) A/WSN/33 (H1N1), (c) A/Vietnam/1203/04 (H5N1), and (d) A/Panama/99 (H3N2)
influenza A virus strains. Cell viability was determined by the MTT assay in cells treated for 24 h (HIN1
and H5N1) or 48 h (H3N2). Viral titer was determined by plaque assay in cells infected for 24 h (HIN1
and H5N1) or 48 h (H3N2) at MOI 0.01. Three independent experiments were performed. Error bars are

SD.
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Figure 21. Compound 2 inhibits influenza virus replication in primary human bronchial epithelial
cells at non-toxic concentrations.

a. Viral titer was determined by plaque assay in primary human bronchial epithelial cells (HBEC) infected
with A/WSN/33 for 24 h in the absence or presence of compound 2 at the depicted concentrations. b. Cell
viability was monitored at 24 h after treatment with 0.1% DMSO or compound 2 at the depicted
concentrations using CellTiter-Glo. Three independent experiments were performed. Graph shows mean
+/- SD. **p<0.01. ***p<0.001, ****p<0.0001
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Figure 22. Positive control for compound cytotoxicity.
A549 cells were incubated with ivermectin, a compound present in our chemical library, at the depicted
concentrations for 48 h. Cell viability was determined by the MTT assay. Three independent experiments
were performed. Graph shows mean +/- SD. ***p<0.001.



CHAPTER FIVE
Discussion

5.1 Influenza virus M1 mRNA trafficking pathway through nuclear speckles for splicing

The identification of the viral MRNA splicing pathway shown here indicates that M1 mRNA
trafficking to nuclear speckles is dependent on the viral NS1 protein and the cellular NS1-BP protein. These
findings support a model in which NS1 interacts with NS1-BP and directs the M1 mRNA to nuclear
speckles during infection for hnRNP K-dependent splicing into M2 mRNA. It has been previously reported
that NS1 can bind M1 mRNA and regulate M1 mRNA splicing [71]. Here, we revealed a previously
unknown function of NS1 as a mediator of M1 mRNA targeting to nuclear speckles and found that this
promotes M1 to M2 mRNA splicing (Fig. 8j). This may explain the unique M1 mRNA splicing kinetics in
which M1 production predominates early in infection when NS1 synthesis is low, and then M1 to M2
MRNA splicing is likely enhanced by the high levels of NS1 at late stages of infection [98]. M2 protein has
been shown to be cytotoxic to cells when expressed alone [99], which suggests that M2 levels need to be
tightly regulated during infection. Furthermore, M2 is critical for viral budding [100], indicating that timing
of expression is likely important for production of infectious viral particles, as premature synthesis could

lead to defective particles.

The localization of M mRNA into speckles and M1 to M2 mRNA splicing also appears to be
coupled to nuclear export. When M1 mRNA localization into intact speckles was impaired by infection
with NS1-deficient virus or by depletion of NS1-BP or SON, we observed an accumulation of unspliced
M1 mRNA in the nucleus. This effect may be related to previous reports suggesting that mRNA splicing
can enhance mRNA nuclear export [101-104]. While our findings indicate that NS1 promotes viral M1
mMRNA targeting to nuclear speckles for splicing into M2 mRNA that is efficiently exported to the
cytoplasm, NS1 is known to inhibit cellular mRNA export to prevent proper host gene expression and
antiviral response [14, 105-107], which happens later than the infection times used here. Together, these

results indicate a differential role for NS1 in the nuclear export of viral versus host mRNAs, which may

60
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occur via different RNA-protein interactions. Another possibility is that the actions of NS1 on intranuclear
trafficking of M mRNA are indirect, as NS1 is known to be a multifunctional protein involved in regulation

of gene expression at the RNA and protein levels [15].

5.2 Viral M mRNA nuclear export pathway

Regarding M mRNA nuclear export, we showed that the cellular mRNA export factors Aly/REF
and UAP56 are required for M1 and M2 mRNA export to the cytoplasm. In addition, knockdown of
Aly/REF and UAP56 support the compartmentalized M1 mRNA splicing at nuclear speckles. Depletion of
these mRNA export factors enhanced the accumulation of M1 and M2 mRNAs at nuclear speckles and
increased M1 to M2 mRNA splicing. Since M1 mRNA was blocked in the nucleus, the pool of M1 mRNA
available for splicing is high and therefore may explain the increased levels of M1 mRNA splicing. Upon
meayamycin treatment of Aly/REF depleted cells, where nuclei were highly enriched with M1 mRNA,
nuclear speckle accumulation of M1 mRNA was significantly reduced and a diffusive pattern was observed.
This suggests that initial spliceosome assembly, and specifically U2 snRNP deposition on M1 mRNA, is
required for M1 mRNA nuclear speckle accumulation and splicing as meayamycin analogues were shown
to bind the SF3b complex [88]. Importantly, enhancement of M1 mRNA splicing by Aly/REF and UAP56
knockdown was found to be dependent on entry into nuclear speckles, which was mediated by the viral
NS1 protein. This finding underscores the importance of NS1 protein as a mediator of M1 mRNA targeting
and splicing at nuclear speckles.

Active spliceosomes are present in nuclear speckles and appear to be involved in post-transcription
splicing [108]. Here we found that M VRNAs that serve as templates for the generation of M1 mRNA were
not present at nuclear speckles. This indicates that M1 mRNA is not generated at nuclear speckles but is
transcribed in the nucleoplasm before being transported to be post-transcriptionally spliced at this nuclear
body. At steady state, active spliceosomes residing at nuclear speckles represent ~9-25% of the entire active

splicesome population [108] as most cellular pre-mRNAs are spliced at transcribing genes[109, 110] and
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not inside nuclear speckles [43]. Thus, influenza virus subverts nuclear speckles to likely usurp splicing
factors present in high concentration to promote efficient splicing, and possibly inhibit host gene expression
and antiviral response. Alternatively, the virus may utilize specific factors that are active at nuclear speckles
for its M1 mRNA processing. The localization of M1 mRNA at nuclear speckles is consistent with a
previous study showing differential intranuclear fractionation and splicing of M1 mRNA into M2 mRNA
and mRNA; when the M segment was expressed using a SV40 recombinant virus as opposed to M1 mRNA
splicing during influenza virus infection [111]. Thus, transcription of M1 mRNA by the specific influenza
virus polymerase machinery and other viral factors may dictate M1 mRNA splicing at nuclear speckles.
Finally, due to the importance of regulating mRNA production, splicing, and nuclear export for viral
replication, inhibition of this specific viral mMRNA pathway through nuclear speckles may provide a strategy

for identification of antivirals that we were able to utilize.

5.3 Identification of small molecule inhibitors of viral M mRNA trafficking

Based on our knowledge of viral M mRNA trafficking through host nuclear speckles for splicing
and nuclear export [16, 51, 52, 68], we designed a high-throughput screening strategy that led to the
identification of small molecules that interfered with specific steps of this pathway. Our image-based
chemical screen, which uses single-molecule RNA-FISH, identified three classes of inhibitors that either
decreased viral M mRNA levels (class 1), or blocked it in the nucleus (class 2), or both (class 3). Our
primary HTS assay proved to be quite robust, as exemplified by an average Z’ value of 0.63 for the N/C
ratio when comparing the DMSO (vehicle) control to a positive control, DRB. To ensure that we sampled
all of the chemical space identified by the screen, we clustered the initial set of hits into chemical series for
compounds that decreased the M mRNA fluorescence intensity (552 clusters, intensity reduced > 25%) and
for compounds that decreased the N/C ratio (~1300 clusters, N/C ratio > 25%). We then selected cluster
representatives from both groups as described above (See Results.) Hit confirmation studies identified ~600

compounds that fell into the three phenotypic classes described above. These compounds were
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subsequently reviewed for chemical attractiveness (e.g. absence of problematic substructures or PAINS,
synthetic tractability, etc.). In this report, we highlight an inhibitor that preferentially prevented nuclear
export of a subset of viral MRNASs (class 2), resulting in their accumulation in the nucleoplasm. Since this
small molecule (and others like it identified by the screen) did not substantially alter bulk cellular MRNA
levels or their intracellular distribution and were not cytotoxic at active concentrations, they may serve as
leads for potential antiviral therapy. Therefore, these data revealed a window of opportunity to target a
pathway that processes a subset of viral and cellular mMRNAs [16, 52]. In addition, compound 2's differential
nuclear export inhibition of viral MRNAs and cellular mMRNAs demonstrates specific requirements within
the mRNA export machinery for nuclear export and provides a tool to distinguish these pathways in future

studies.

5.4 Compound 2 inhibits the UAP56-mediated mRNA export of M1 mRNA

The differential effect of compound 2 on viral M mRNA nuclear export, phenocopying down-
regulation of UAP56 activity, further corroborates its action on the UAP56-NXF1-mediated mRNA export
pathway. This would be predicted based on the screening strategy presented here. UAP56 is known to
recruit the mRNA export factor Aly/REF to the mRNA, which then binds the mMRNA export receptor
NXF1-NXT1. This interaction displaces UAP56 from the mRNA and NXF1+NXT1 then docks the mRNP
to the nuclear pore complex for export into the cytoplasm [112]. Prior to docking at the nuclear pore
complex, the M mRNA is spliced at nuclear speckles and then exported to the nucleoplasm for translocation
through the nuclear pore complex [16]. UAP56 is localized at nuclear speckles and in the nucleoplasm [86]
and is required for exit of M mRNA from nuclear speckles to the nucleoplasm, as we have previously shown
[16]. The localization and export function of UAP56 in the nucleoplasm and at nuclear speckles may
involve different factors/adaptors. In contrast to M mRNA [16] and a subset of cellular mRNAs [46-50]
whose splicing and/or export occur at nuclear speckles, most cellular mMRNAs are spliced in the nucleoplasm
prior to being exported from the nucleus. Compound 2 targets the viral M mRNA nuclear export without

affecting its splicing at nuclear speckles. Therefore, it is likely that this small molecule is targeting a step



64

between nuclear speckles and the nuclear pore complex, resulting in the accumulation of viral M mRNA
throughout the nucleoplasm. Since bulk cellular mRNAs were not substantially affected by the compound
at a concentration that it robustly inhibited M and HA mRNA nuclear export, it is possible that this
compound is specifically targeting a step or location that affects a subset of cellular mRNAs. In fact,
RNAseq analysis shows effect of compound 2 on nuclear export and total levels of a subset of cellular
RNAs. This is consistent with the data in which partial depletion of UAP56 or expression of a UAP56
mutant in the catalytic domain in the presence of endogenous UAP56 preferentially blocked viral M and
HA mRNA nuclear export without substantially altering NS1 mRNA or bulk cellular mRNAs. These
differential effects by partially decreasing the levels of an mRNA export factor reveal a window of
opportunity to therapeutically target the mRNA export machinery without inducing major cytotoxicity to

the host cell.

Among the subset of cellular mMRNAs whose total levels are up-regulated or down-regulated by
compound 2 without changes in intracellular distribution, are a few mRNAs known to be regulated by the
viral NS1 protein. In the category of up-regulated MRNAs are members of the type-I interferon response
system, including IFIT1 and IRF7 [113]. IFN response is known to be suppressed by the NS1 protein
therefore both IFIT1 and IRF7 mRNAs are up-regulated in cells infected with the influenza virus lacking
NS1 protein [97]. Regarding the down-regulated mMRNAS, which were enriched in mRNAs that encode
proteins involved in tyrosine metabolism, it is possible that the decrease in tyrosine metabolism inhibits
virus replication. Tyrosine is a critical amino acid for viral proteins, such as tyrosine 132 phosphorylation
of M1 protein which controls its nuclear import and virus replication [114]. Additionally, virus replication
is blocked by receptor tyrosine kinase inhibitors [115]. Furthermore, 47 mRNAs in this down-regulated
category are also regulated by NS1. Together, these data suggest that inhibition of influenza virus
replication by compound 2 may be a combinatory effect of inhibition of viral mMRNA export and induction

of antiviral response which, at least in part, involves the type-I interferon system.
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5.5 Potential anti-viral development and implications for cell biology

Compound 2 is an alkylated mercaptobenzimidazole featuring an aminopyridine amide. No
biological activities have been attributed to this compound previously. However, a structurally related series
of N-aryl mercaptobenzimidazoles have been described as inhibitors of influenza viruses and myxoviruses
[58, 116]. We show that the most potent compound of this series had no effect on M mRNA nuclear export
(Fig. 23), indicating that this series operates through a distinct mechanism(s). Accordingly, compound 2
represents an attractive starting point for additional drug discovery efforts. In addition, the screen presented
here yielded compounds with various phenotypes — inhibitors of viral M mRNA biogenesis, processing,
and/or nuclear export — thus, this strategy expands the landscape for targeting influenza virus at multiple
steps of the virus M mRNA intranuclear pathway. As robust viral therapy will likely rely on combination
of drugs, this strategy provides multiple leads for drug development. This combinatorial process also
contributes to enhance efficacy against diverse viral strains as these compounds may differentially target
influenza virus strains. These small molecules are also valuable tools for further understanding new cell
biology. They will likely uncover critical regulatory steps and novel factors involved in a yet understudied

viral MRNA processing and export pathway.
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Figure 23. Compound JMN3-003 (N-aryl mercaptobenzimidazole) does not inhibit viral mRNA
nuclear export.

a. Structure of compound JMN3-003. b. smRNA-FISH followed by fluorescence microscopy was
performed to detect M mRNA in cells treated with 0.1% DMSO or 2.5uM JMN3-003. These treatments
started 1 hour before infection with WSN at MOI 2 for 8 h. Total fluorescence intensity c. or nuclear to
cytoplasmic fluorescence intensity (N/C ratio) d. of M mRNA was quantified for images in b. For both ¢
and d (C, n=123 cells; IMN3-003, n=141 cells). Graphs show data points and mean +/- SD. ****p<0.0001.
This compound decreased total viral M mRNA levels but did not retain viral M mRNA in the nucleus as
compound 2.
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