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Abstract

An efficient strategy for viruses to take over infected cells and evade the antiviral
response is to block host gene expression, a process termed host shutoff. Influenza A
virus carries out host shutoff mainly through its endoribonuclease PA-X. As such, PA-X
expression leads to the widespread depletion of host RNAs. Yet, PA-X is not
indiscriminate, but specifically down-regulates RNAs transcribed by the host RNA
polymerase (Pol) Il but not Pol | and Ill. Moreover, viral mMRNAs are spared by PA-X.
How PA-X achieves this specificity is unclear, as little is known about its molecular
mechanism of action. | report that PA-X selects its targets through two complementary
mechanisms. First, PA-X uses the host mMRNA processing machinery to access RNAs
transcribed by Pol Il. Through transcriptomic studies, we identified a link between PA-X
and host mRNA splicing. Spliced RNAs are more down-regulated by PA-X than
intronless RNAs, and the degree of down-regulation of an RNA correlates with its
number of exons. Splicing also promotes PA-X targeting of reporter constructs. Second,
PA-X cleaves RNA at a specific sequence and structure to discriminate between host
and viral mRNAs. Transcriptome-wide identification of PA-X cut sites during influenza
infection showed that PA-X preferentially cuts RNA at GCUG tetramers located within
the loop of hairpin structures. Importantly, GCUG is one of the most abundant tetramers
in the human transcriptome, while it is of average/low abundance in the influenza
transcriptome. Moreover, the GCUGs found in the influenza transcriptome are generally
found in paired structures and not hairpin loops. Both the splicing and cut site selectivity
are conserved across PA-X from multiple influenza strains, suggesting | have uncovered
a fundamental targeting mechanism. In addition, my results suggest that PA-X acts in a
manner analogous to cellular self vs. non-self discrimination mechanisms, taking

advantage of a motif that is overrepresented in the human transcriptome but not in the
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influenza transcriptome to specifically target host MRNAs. These findings provide new
insights into how influenza A virus regulates host gene expression and antiviral
responses, and show how viral endoribonuclease cut site specificity can play a

functional role to selectively target the host.
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Chapter 1. Introduction

1.1. Influenza A virus

With hundreds of thousands of deaths every year worldwide, influenza viruses are a
major public health threat. The Center for Disease Control (CDC) estimates that
between 2010 and 2020, influenza virus has caused between 9 and 41 million illnesses,
140,000 and 710,000 hospitalizations, and 12,000 and 52,000 deaths annually in the
United States alone (CDC, 2022a). This volume of infections also puts a high economic
burden on countries. In 2007, it was estimated that the seasonal influenza epidemic cost
the Unites States $10.4 billion in direct annual medical costs and $87.1 billion when also
taking into account lost productivity from missed work days and lost lives (Molinari et al.,
2007). In addition to seasonal influenza, there is a constant threat of influenza pandemic
emergence from zoonotic infections. Previous examples include the famous so called
1918 “Spanish Influenza” that killed 2% of the world population (Johnson and Mueller,
2002), and the 2009 H1N1 pandemic that caused between 150,000 and 576,000 deaths
worldwide, depending on the estimates (Dawood et al., 2012). While seasonal vaccines
are available, immunity is short lived (Davis et al., 2020) and varies in efficiency (CDC,
2022b) so new vaccines have to be designed every year, and few vaccines are currently
approved against zoonotic strains. A few therapeutic options are also available, but
instances of drug resistance have been observed (Nguyen et al., 2012). There is thus an
urgent need to develop new and improved vaccines and therapeutic solutions to fight
this influenza threat.

An important aspect of influenza pathogenesis is that most of the morbidity and
mortality of influenza do not come from the virus per se, but from our body’s immune
reaction against the virus. Indeed, excessive inflammation in response to infection can

lead to severe lung damage, which can in turn provoke acute respiratory distress



syndrome and death from respiratory failure and/or fatal bacterial pneumonia (Herold et
al., 2015). To develop new therapeutic solutions, it is thus critical to better understand
how immune responses and inflammation are modulated during infection and how the

virus impacts these responses.

1.1.1. Classification

Influenza viruses are negative-sense, single-stranded, segmented RNA viruses from
the Orthomyxoviridae family (Wright P, Neumann G, Kawaoka Y., 2013). This family is
unusual amongst RNA viruses as they replicate their genome in the nucleus. Influenza
viruses are enveloped viruses that are pleomorphic. They form spherical virions of 100
nm diameter in tissue culture but are usually found as filamentous elongated structures
of over 300 nm in fresh clinical isolates (Dadonaite et al., 2016; Wright P, Neumann G,
Kawaoka Y., 2013). There are four types of influenza viruses: A, B, C and D. Influenza C
viruses can infect humans, dogs and pigs but usually only cause mild disease in young
children (Sederdahl and Williams, 2020), while influenza D viruses primarily infect cattle
with some spillover notably in swine, but overall remain a low threat to humans (Liu et
al., 2020). In contrast, influenza A and B viruses can cause seasonal epidemics in
humans, and thus constitute the biggest threats to humans. In addition, while influenza B
viruses primarily replicate in humans, influenza A viruses constantly circulate in many
animal hosts such as humans, birds, pigs, horses, seals and bats, and their main
reservoirs are waterfowls (Medina and Garcia-Sastre, 2011). This widespread circulation
brings the additional worry that influenza A viruses can evolve rapidly outside of the
human population, so they have the potential to cause severe disease from zoonotic
infections, as well as pandemics. For this reason, my thesis work has focused on

influenza A virus (IAV).



IAVs are further divided into subtypes, based on two glycoproteins in the virion
envelope: hemagglutinin (HA) and neuraminidase (NA) (Wright P, Neumann G,
Kawaoka Y., 2013). There are 18 HA subtypes (H1 through H18) and 11 NA subtypes
(N1 through N11). While all the different combinations of HA and NA are technically
possible, about 130 have been observed in nature, and only the two subtypes, H1N1
and H3N2, currently circulate in humans. Additionally, subtypes H17N10 and H18N11
differ from the other subtypes, as H17 and H18 do not use sialic acid as a receptor
unlike all other HAs, and are only found in certain bat species (Ciminski and

Schwemmle, 2021).

1.1.2. Influenza A virus proteins and life cycle

The IAV genome is comprised of 8 RNA segments, which encode for 10 core
proteins summarized in Table 1.1 (Wright P, Neumann G, Kawaoka Y., 2013). In
addition, 1AVs also encode 1-8 accessory proteins, depending on the strain, that are
produced through alternative splicing or non-canonical mechanisms (Vasin et al., 2014;
Yamayoshi et al., 2015) (Table 1.2).

Table 1.1: Summary of IAV core proteins.

Segment | Protein Symbol | Function
1 Polymerase basic 2 PB2 Subunit of RdRp, cap recognition
2 Polymerase basic 1 PB1 Subunit of RdRp, elongation
3 Polymerase acidic PA Subunit of RdRp, cap snatching
4 Hemagglutinin HA Viral entry
5 Nucleocapsid protein | NP Viral RNA coating
6 Neuraminidase NA Virion release
Matrix protein M1 Viral egress, coat beneath
7 membrane
Membrane ion M2 Genome unpacking (alternative
channel splicing of M mRNA)
Non-structural NS1 Immunomodulation, host shutoff
8 protein 1
Nuclear export NEP Nuclear export of VRNPs (alternative
protein splicing of NS mRNA)




Table 1.2: Summary of IAV accessory proteins.

Segment | Protein | Mechanism Function
1 PB2-S1 Alternative Immunomodulation, interferes with
splicing RdRp
2 PB1-F2 Leaky scanning Immunomodaulation, pro-apoptotic
PB1 N40 | Leaky scanning Maintains PB1/PB1-F2 balance
PA-X +1 frameshift Host shutoff, immunomodulation
3 PA-N155 | Leaky scanning Unknown
PA-N182 | Leaky scanning Unknown
7 M42 Alternative Similar function as M2, help with
splicing segment evolution
8 NS3 Alternative Potential adaptation to mouse host
splicing

Influenza A virus entry into cells is mediated by the viral glycoprotein HA. HA trimers
bind to sialic acids on the host cell surface, triggering endocytosis of the virus. The drop
in pH as part of the normal endosome maturation then leads to a change in HA structural
conformation, which allows for fusion of the viral membrane with the endosomal
membrane, and subsequent release of the viral genome into the host cell cytoplasm
(Sempere Borau and Stertz, 2021; Skehel and Wiley, 2000). Only HA proteins that have
previously been cleaved by cellular proteases such as transmembrane protease serine
S1 member 2 (TMPRSS2) can undergo conformational change and fusion (Bestle et al.,
2021; Skehel and Wiley, 2000). NA also participates in viral entry by cleaving sialic acid
on mucins, allowing the virion to escape non-productive binding (Cohen et al., 2013;
Yang et al., 2014). Inside the virions, the viral genome segments are encapsidated by
the nucleocapsid protein (NP) and capped by a trimer formed by the polymerase basic 1
(PB1), PB2 and polymerase acidic (PA) proteins, forming the viral ribonucleoproteins
(VRNPs). NP protects the viral genome from damage and prevents its recognition by the
host cell, and remains associated with the segments throughout the viral replication
cycle. The PB1, PB2 and PA trimer forms the viral RNA-dependent RNA polymerase
(RdRp), which carries out both replication of the viral RNAs and viral messenger RNA

(mRNA) transcription (Wright P, Neumann G, Kawaoka Y., 2013). The vRNPs are



connected to the envelope by the matrix protein M1. To be released into the host
cytoplasm, the vRNPs need to detach from M1 and the viral envelope, a step called
uncoating. Low pH in the late endosome activates the ion channel M2, leading to an
accumulation of H* and K" ions inside the virion and to the release of the vVRNPs
(Sempere Borau and Stertz, 2021).

Once uncoated, VRNPs are trafficked to the nucleus, where replication and
transcription occur. Transcription of viral mMRNAs is initiated by cap snatching, i.e.
stealing of the host MRNA 5’ cap by the RdRp. This process entails binding of the RdRp
to the host RNA polymerase Il carboxy-terminal domain, binding of PB2 to the 5’ cap of
nascent host RNAs, and cleavage of these RNAs 10-14 bases downstream of the 5’ cap
by PA (Fodor and Velthuis, 2020). The resulting capped RNA fragment is then used as a
primer by the RdRp to initiate transcription of viral mMRNAs. Transcription eventually ends
by stuttering of the RdRp on a small stretch of uridine residues near the end of the vVRNA
template, leading to the addition of a poly(A) tail (Poon et al., 1999; Robertson et al.,
1981). IAV segments 7 (encoding M1 and M2), 8 (encoding NS1 and NEP) and in some
strains segment 1 (encoding PB2 and in some cases PB2-S1) are spliced by the host
splicing machinery, with the help of additional host proteins such as NS1-binding protein
(NS1-BP) and heterogeneous nuclear ribonucleoprotein K (hnRNPK) (Tsai et al., 2013).
Since they are capped and possess a poly(A) tail, viral MRNAs are disguised as host
mRNAs and can be exported to the cytoplasm and translated by the host machinery.

Once enough viral proteins have been synthesized, the RdRp is thought to switch to
replicase activity. Replication of the viral genome occurs in two steps, and unlike
transcription, is primer independent. In the first step, the RdRp copies viral RNAs into
positive sense complementary RNAs (cCRNASs) replicative intermediates that are
immediately coated with NP and bound by a newly synthesized RdRp (Fodor and

Velthuis, 2020). This cRNA encapsidation requires the new RdRp to dimerize with the



replicating RdRp. The host protein acidic nuclear phosphoprotein 32 (ANP32) is also
required to stabilize the RdRp dimer and to promote NP coating (Carrique et al., 2020;
Wang et al., 2022). In the second step, the RdRp dimer uses these cRNP intermediates
as templates to produce negative sense viral RNAs, which are also immediately coated
with NP and a new RdRp (Fodor and Velthuis, 2020).

The last step of the life cycle is viral assembly and budding, which primarily occurs at
the apical plasma membrane. HA, NA and M2 are trafficked from the ER to the cell
surface and incorporated into the plasma membrane (Nayak et al., 2004). Following
replication, newly synthesized vRNPs are exported to the cytoplasm via a multiprotein
complex that includes the host protein cellular chromosome region maintenance 1
(CRM1) and the viral proteins NEP and M1, and are trafficked to the plasma membrane
for budding of the new virion (Giese et al., 2016). As M1 lies just beneath the lipid
envelope and interacts with both vVRNPs and HA/NA/M2, it is thought to serve as a
bridge between the vVRNPs and the cytoplasmic tails of the envelope glycoproteins
(Nayak et al., 2009). Packaging of all 8 viral RNA segments is promoted by packaging
signals within each segment sequence, as well as RNA-RNA interactions between
segments (Giese et al., 2016). Packaging of fewer or wrong segments that contain
polymerase replication errors can form defective interfering (DI) particles that compete
with wild type (WT) viruses (Alnaji and Brooke, 2020). After completion of budding, NA
removes the sialic acid at the cell surface that would otherwise be bound to HA, allowing

for the release of the viral particle (Basak et al., 1985; Palese et al., 1974).

1.1.3. Infection and disease
Human IAV epidemics are usually seasonal, occurring predominantly during the
colder months, although influenza activity can be detected all year round (Azziz

Baumgartner et al., 2012). Human IAVs cause acute infections in non-



immunocompromised individuals (Wright P, Neumann G, Kawaoka Y., 2013) and
primarily infect the respiratory tract. This tissue tropism in part comes from the fact that
the cellular proteases that can cleave HA are mostly expressed in the respiratory tract,
allowing for infection to occur there. In contrast, some highly pathogenic avian influenza
strains can cause systemic infections in chickens because their HA can be cleaved more
promiscuously by ubiquitous cellular proteases (Wright P, Neumann G, Kawaoka Y.,
2013). Epithelial cells in the human respiratory tract predominantly possess sialic acids
with a2,6-linkages on their surface, including in the nasal mucosa, paranasal sinuses,
pharynx, trachea, and bronchi, whereas a2,3-linkages are found deeper within the lungs
in some bronchiolar and alveolar cells (Shinya et al., 2006). For this reason, humans are
predominantly infected by IAVs with a2,6 specificity (i.e. human virus isolates) and not
a2,3 specificity (i.e. avian virus isolates), but can still in some cases be infected by avian
IAVs (Couceiro et al., 1993). In addition, lung epithelial cells are polarized. IAVs use this
characteristic to bud and release virions from the apical side of the cell, which leads to
an accumulation of virions in the lumen of the respiratory tract and promotes
transmission (Wright P, Neumann G, Kawaoka Y., 2013). Transmission occurs the most
effectively through aerosols from the cough or sneeze of an infected individual, leading
to direct person-to-person spread from breathing these aerosols (Uyeki et al., 2022).
Infection with human seasonal I1AVs cause mild to severe respiratory symptoms that
can be fatal, especially in the very young and old populations. In a healthy individual,
viral replication usually peaks about 2 days after inoculation, and slowly declines the
following days up to little shedding after 6 to 8 days (Wright P, Neumann G, Kawaoka Y.,
2013). This is associated with a balanced activation of the innate immune response,
which leads to lung inflammation, triggering of the adaptive immune response and tissue
repair for efficient recovery. However, failure or dysregulation of the immune response in

response to infection can lead to the over activation of pro-inflammatory cytokines and



chemokines, leading to acute lung injury, respiratory distress syndrome, sepsis and
multiorgan failure (Uyeki et al., 2022). Aberrant coagulation and secondary bacterial
infections are common complications that further contribute to viral replication and
immune pathogenesis (Morris et al., 2017; Yang and Tang, 2016). In addition, increased
disease severity is often associated with infection of the lower respiratory tract (Uyeki et
al., 2022).

Some antiviral therapeutics are available and effective if taken early (i.e. during the
viral replication phase). They include the NA inhibitors oseltamivir, zanamivir,
laninamivir, and peramivir, and the cap snatching inhibitor baloxavir (Uyeki et al., 2022).
Antivirals against the M2 channel also exist (amantadine and rimantadine), but they are
of low efficiency since many circulating IAVs have already acquired resistance to them
(Uyeki et al., 2022). Yearly vaccines also lower the risk of severe disease and death,
although their effectiveness can vary (Flannery et al., 2020, 2019; Rolfes et al., 2019;
Tenforde et al., 2021). The development of drug resistance and the need for yearly
vaccines are due to antigenic drift, i.e. the gradual evolution of IAV over time from
accumulation of mutations by the error prone RdRp. Unlike most other viruses, the
segmented nature of IAVs also allows them to undergo antigenic shift, i.e. viral segment
reassortment between two |AVs during a co-infection, leading to the introduction of a
new or antigenically distinct HA or NA that was not previously circulating in humans
(Wright P, Neumann G, Kawaoka Y., 2013). While antigenic drift causes seasonal
epidemics, antigenic shift can lead to high infection rates and pandemics because of no
prior immunity in the population.

In view of the major role that inflammation plays in IAV morbidity and mortality, it is
critical to understand how inflammation and the immune response in general is
modulated during infection. Importantly, IAV itself is able to regulate host gene

expression during infection, and with it, the innate immune response that starts off this



immune cascade. The next section will look into more details at the mechanisms by

which IAV can modulate host gene expression.

1.2. Modulation of host gene expression by influenza A virus

Any virus needs components of the cellular machinery to be able to replicate its
genome and make progeny virions. It thus competes against the cell for its resources. It
also has to protect itself from any attacks by the cell. To do this, many viruses have
evolved strategies to limit host gene expression to a bare minimum, in a process called
host shutoff. By globally decreasing host gene expression, cellular resources and
ribosomes are now free to be used for viral replication and to make viral proteins.
Moreover, the cell is no longer able to make cytokines and other antiviral RNAs and/or
proteins to defend itself. To understand the different strategies used by IAV to modulate
host gene expression and induce host shutoff, we first need to review the mechanism of

host gene expression in human cells.

1.2.1. Normal life cycle of cellular mRNAs

Human cells possess three different RNA polymerases (RNAP or Pol |, Il and IIl) with
which they transcribe RNAs. All protein-coding mRNAs are synthesized by Pol Il,
although Pol Il also transcribes some noncoding RNAs. Pol Il transcription occurs in the
nucleus (Figure 1.1), and begins with assembly of the Pol Il subunits on a gene
promoter, along with transcription factors that regulate escape from the promoter and
productive elongation (Sainsbury et al., 2015). Elongation and termination are then
regulated by a series of phosphorylation events and other post-translational
modifications on the heptad repeats (consensus Tyr1-Ser2—Pro3—-Thr4—Ser5—Pro6—
Ser7) of the Pol Il C-terminal domain (CTD) (Hsin and Manley, 2012). While the actual

pattern of phosphorylation is complex, a general observation is that phosphorylation of
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Figure 1.1: Life cycle of cellular mRNAs.

Of the three cellular RNA polymerases, Pol I, Il and Ill, only Pol Il transcribes mRNAs.
mRNA processing occurs co-transcriptionally, and consists of the addition of a 5’
methylguanosine cap, the splicing of introns (for most mRNAs), and cleavage and
polyadenylation. These events are coordinated by the Pol Il C-terminal domain (CTD),
which binds to various splicing factors and polyadenylation factors over time. In turn,
phosphorylation (P) of specific amino acids on the CTD regulates the progression of
transcription. Cleavage and polyadenylation complexes recognize the poly(A) signal
(PAS), leading to cleavage of the nascent RNA and addition of hundreds of adenosines
that bind Poly(A) binding proteins (PABP). Finally, mRNAs are exported to the cytoplasm
by the Transcription/Export (TREX) complex, or through other less common
mechanisms. Once in the cytoplasm, mRNAs can be translated into proteins thanks to
ribosomes.
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Ser5 is more abundant during transcription initiation, while a shift to Ser2
phosphorylation occurs during elongation (Hsin and Manley, 2012). Multiple RNA
processing steps are associated with Pol Il elongation and termination and are
coordinated by the Pol Il CTD. First, a 5’ methylguanosine cap is added on the nascent
RNA after synthesis of the first 20-30 nucleotides (nt) (Proudfoot et al., 2002). Second,
most human nascent transcripts possess non-coding regions called introns (as opposed
to coding regions that are called exons) that are removed in the mature mRNA, in a
process termed splicing. Intron boundaries are defined by specific sequences, most
notably the canonical GU and AG dinucleotides that mark the splice sites at the 5’ and 3’
ends of introns, respectively, and the branchpoint adenosine sequence 18—40 nt
upstream of the 3' splice site (Matera and Wang, 2014). These sequences are
recognized by small nuclear ribonucleoproteins (snRNPs) that form the spliceosome and
in a coordinated event lead to removal of the intron and ligation of the two exons (Matera
and Wang, 2014). The Pol Il CTD coordinates this process by inducing Pol Il pausing
and helping to recruit splicing factors for the nascent RNA to be spliced (Herzel et al.,
2017; Hsin and Manley, 2012). Finally, the Pol Il CTD also recruits and/or stabilizes
termination and polyadenylation factors to the nascent RNA. Polyadenylation consists of
endonucleolytic cleavage of the nascent RNA, followed by the addition of hundreds of
non-templated adenosines that form the poly(A)tail. Four protein complexes largely
direct these events: components of the cleavage and polyadenylation specificity factor
(CPSF) bind a poly(A) signal (usually AAUAAA) and cleave the RNA, the cleavage
stimulatory factor (CstF) recognizes and binds a U- or GU- rich motif downstream of the
poly(A) signal, and the cleavage factor | and Il (CFIm and CFlIm) complexes promote
the selection of distal and proximal polyadenylation sites respectively through
recognition of additional regulatory sequences (Dharmalingam et al., 2022). Nuclear

poly(A) binding proteins (PABPs) bind the emerging poly(A) tail, and in turn stimulate the
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polyadenylation process and define the poly(A) tail length in humans (Kuhn et al., 2017).
Once the mRNA is fully processed, it is exported through nuclear pore complexes to the
cytoplasm to be translated into proteins by the ribosome. Most spliced mRNAs are
transported by the splicing-dependent Transcription/Export (TREX) complex, although a
subset of MRNAs use a pathway dependent on eukaryotic translation initiation factor 4E
(elF4E) instead. Intronless MRNAs also use a similar TREX pathway, through
interactions with specific sequence motifs found on intronless mRNAs (Khan et al.,
2022). Noncoding RNAs transcribed by Pol Il are processed similarly to mRNAs, i.e.
they are capped, tailed, and spliced if they contain introns. However, they do not
associate with the translation machinery and in some cases stay in the nucleus. In
contrast, noncoding RNAs transcribed by Pol | and Il are processed by different
machinery and in different ways, as the protein complexes responsible for capping,
splicing and polyadenylation do not associate with Pol | and llI.

Throughout the mRNA life cycle, constant surveillance is at work to ensure that every
step of biogenesis is correctly carried out. Non-adenylated mRNAs, 3’ unprocessed
mMRNAs and mRNAs with improper RNA binding protein loading are degraded in the
nucleus by the ribosomal RNA-processing protein-6 (Rrp6p)-containing nuclear
exosome (Houseley et al., 2006). Once in the cytoplasm, specific quality control
pathways are triggered based on the type of defect. The nonsense-mediated decay
pathway degrades mRNAs that contain premature termination codons (Lykke-Andersen
and Jensen, 2015), while the non-stop decay pathway degrades mRNAs that lack
termination codons (Frischmeyer et al., 2002; van Hoof et al., 2002), and the no-go
decay pathway degrades mRNAs on which ribosomes have stalled (Doma and Parker,
2006). On top of these pathways, basal mRNA decay regulates the general level of
mRNA in the cell. It begins with deadenylation of the mRNA by the major deadenylases

Pan2-Pan3 and Ccr4-Not (Mugridge et al., 2018). PABPs are released as the poly(A) tail
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is shortened, which destabilizes the mRNA (Yi et al., 2018). The deadenylation
machinery also interacts with the core decapping complex, composed of the decapping
enzyme Dcp2, the decapping activator Dcp1 and the scaffold protein Edc4, leading to
the removal of the mRNA 5’ cap (Mugridge et al., 2018). This removal in turn triggers
degradation of the mRNA mostly by the 5’-3’ exonuclease Xrn1, with some participation
of the 3’-5’ exonuclease Dis3L2 and the exosome (Labno et al., 2016; Lubas et al.,
2013). mRNA decay can also be further stimulated by the addition of uridines, or
uridylation, at the 3’ end of deadenylated transcripts by terminal uridylyl transferases
(kabno et al., 2016; Lim et al., 2014). Finally, certain sequences on the RNA can
regulate the half-life of RNAs. The most well studied are AU-rich sequence elements
(AREs), which can be bound by multiple RNA-binding proteins to either promote or block

RNA degradation (Otsuka et al., 2019).

1.2.2. RdRp/NS1

Since all mRNAs are transcribed by Pol II, host shutoff mechanisms usually target
Pol Il transcribed RNAs, as degrading these RNAs also prevents protein expression
(Gaucherand and Gaglia, 2022). To do so, host shutoff proteins highjack specific parts of
the RNA processing and/or translation pathways. IAV carries out host shutoff through at
least three proteins or protein complexes: PA-X, which is the focus of my thesis and | will
review in the next section, NS1 and the RdRp complex (i.e. PB1, PB2 and PA).

Widespread degradation of host mRNAs is a classical way to induce host shutoff,
and was reported to happen during IAV infection as early as 1982 (Inglis, 1982). Prior to
the discovery of PA-X, host RNA degradation was thought to be a by-product of cap
snatching by the RdRp. Indeed, host RNAs that have been cap snatched become
susceptible to 5-3’ degradation by host exonucleases such as Xrn1 or Xrn2. While we

now know that PA-X is the main driver of host mMRNA degradation in IAV infected cells
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(Desmet et al., 2013; Hayashi et al., 2016; Jagger et al., 2012), cap snatching still
partially contributes to host shutoff by altering host RNA transcription. This is because
the RdRp needs to bind to the Pol Il CTD to carry out cap snatching of nascent RNAs
(Engelhardt et al., 2005), and this association prevents Pol |l elongation and likely
decreases host transcription (Bauer et al., 2018; Chan et al., 2006). Specifically, the
RdRp binds to the initiating Ser5 phosphorylated form of Pol Il but not the elongating
Ser2 phosphorylated form (Engelhardt et al., 2005; Martinez-Alonso et al., 2016). This
finding suggests that cap snatching occurs early during transcription, which is in
agreement with chromatin immunoprecipitation (ChlIP) data showing that the RdRp is
mainly associated with gene promoter regions (Chan et al., 2006). In addition to binding
the CTD, IAV RdRp also interacts with multiple Pol Il associated factors (Bradel-
Tretheway et al., 2011; Naito et al., 2007; Zhang et al., 2010), as well as the nuclear
exosome, which may promote the recruitment of the RdRp to gene promoter regions
(Rialdi et al., 2017). As a result, Pol Il is depleted from gene bodies (Bauer et al., 2018;
Chan et al., 2006). A defect in transcription termination has also been noted, which is
partially due to NS1 inhibiting host MRNA 3’ end processing but also through an NS1-
independent mechanism, probably from the RdRp (Bauer et al., 2018; Zhao et al., 2018).
Finally, the RdRp of some virulent strains has also been involved in mediating Pol Il
degradation, although reports differ on whether the ubiquitin pathway is involved
(Rodriguez et al., 2007; Vreede et al., 2010). One study also identified residues 504 of
PB2 and 550 of PA as critical for Pol Il degradation (Llompart et al., 2014).

In addition to the RdRp and PA-X, the NS1 protein has also been involved in host
shutoff. NS1 is well-known to block the antiviral interferon (IFN) pathway, as IAVs with
deleted NS1 only replicate in IFN-defective cells (Garcia-Sastre et al., 1998; Krug,
2015). Multiple mechanisms have been described for how NS1 achieves this, although

these mechanisms do not occur in all IAVs (Hale et al., 2008; Krug, 2015). Although NS1
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can directly bind and regulate proteins in the IFN pathway, NS1 host shutoff through
inhibition of host MRNA 3’ end processing has also been implicated in the IFN evasion
(Bauer et al., 2018; Heinz et al., 2018; Nacken et al., 2021; Zhao et al., 2018). NS1
proteins from multiple, but not all, IAV strains interact with CPSF30, a component of the
CPSF complex, and in doing so prevent cleavage and polyadenylation of the nascent
RNA and thus protein expression (Nemeroff et al., 1998). While there are exceptions, in
general, residues at position 103 and 106 determine whether NS1 from a specific IAV
strain binds efficiently to CPSF30 or not (Hale et al., 2008; Krug, 2015). Notably, the
NS1 protein from the commonly used lab adapted influenza A/PuertoRico/8/1934
(H1N1) virus (PR8) strain and the original 2009 pandemic H1N1 strain that jumped to
humans from swine are not thought to have this CPSF30 binding function (Hale et al.,
2010; Hayman et al., 2006; Kochs et al., 2007). This host shutoff activity of NS1
nonetheless appears to be less global than PA-X host shutoff activity and more targeted
towards IFN and the host immune response (Chaimayo et al., 2018; Noah et al., 2003).
It is also difficult to detangle whether this host shutoff is specifically due to NS1
interacting with CPSF30 or another mechanism, especially since some mechanisms are
strain specific. Indeed, other less characterized mechanisms of NS1 interference with
host gene expression have been observed, such as interaction with nuclear PABP to
reduce the elongation of the poly(A) tail (Chen et al., 1999), and interactions with the
mMRNA export receptor complex, nuclear RNA export factor 1-nuclear transport factor 2-
related export protein 1 (NXF1-NXT1), to prevent export of host mMRNAs to the
cytoplasm (Satterly et al., 2007; Zhang et al., 2019). NS1 can also directly bind pre-
mMRNA intronic sequences, including the pre-mRNA of retinoic acid-inducible gene-I
(RIG-I), the main cytoplasmic antiviral sensor of influenza virus infection, which slows
down mRNA processing and host gene expression (Zhang et al., 2018). Finally, NS1

has been implicated in modulating host gene expression by promoting viral mMRNA
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translation (Hale et al., 2008). This modulation could be mediated by direct interaction
with the ribosome, eukaryotic initiation factor 4 gamma 1 (elF4G1) and PABP (Aragoén et
al., 2000; Arias-Mireles et al., 2018; Burgui et al., 2003; Cruz and Joseph, 2022; Panthu
et al., 2017). However, this effect may be strain specific, as a transcriptomic study found
no translational advantage of viral MRNAs over host mMRNAs in the PR8 strain

(Bercovich-Kinori et al., 2016).

1.2.3. PA-X

As previously stated, the main protein responsible for RNA degradation-dependent
host shutoff in IAV is the endoribonuclease PA-X. PA-X was only discovered ten years
ago, as it is non-canonically produced from +1 ribosomal frameshifting of segment 3
mRNA (Jagger et al., 2012) (Figure 1.2). Indeed, during translation, the ribosome stalls
at a specific U-rich stretch followed by a rare codon (UCC UUU CGU C), a sequence
that is fully conserved in 98% of IAV strains (Firth et al., 2012; Jagger et al., 2012). In a
small fraction of translation runs, the ribosome resolves this stall through a +1 shift in the
codon reading frame, generating PA-X’s unique C-terminal region termed the X-ORF
(Firth et al., 2012; Jagger et al., 2012) (Figure 1.2). Despite this non-canonical
production mechanism, PA-X is encoded by all IAVs, attesting to its importance for the
virus (Shi et al., 2012). Since the frameshifting event occurs after translation of amino
acids (aa) 1-191 of PA, PA-X and PA share the same N-terminal RNase domain. This
RNase domain, which is used for cap-snatching in PA (Decroly et al., 2012), belongs to
the PD-D/E-X-K superfamily (Dias et al., 2009; Yuan et al., 2009). Cleavage by this
family of nucleases leaves an RNA fragment with a free 5’ phosphate that is then

degraded by the host exoribonuclease Xrn1 (Khaperskyy et al., 2016).
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PA RNase | PA C terminal domain |
PA-X ORF
UGG GAU UCCJUUU CGU CAG UCC GAG ..ATT G

UGG GAU UCCH UUC GUC AGU CCGAGA ..ITTG
+1 frameshift Leu201

Figure 1.2: Diagram of the mechanism of PA-X production.
In a small fraction of translation runs of the PA mRNA, +1 ribosomal frameshifting
occurs, leading to the production of the PA-X protein. PA-X thus has the same N-
terminal ribonuclease (RNase) domain as PA but a unique C-terminal domain termed
the X-ORF. Figure adapted with permission from Gaucherand L, Porter BK, Levene RE,
Price EL, Schmaling SK, Rycroft CH, Kevorkian Y, McCormick C, Khaperskyy DA,
Gaglia MM. 2019. Cell Reports 27:776-792.e7 and Gaucherand L, Gaglia MM. 2022.
The Role of Viral RNA Degrading Factors in Shutoff of Host Gene Expression. Annual
Review of Virology 9:213-238. Changes include change of X-ORF color and label.
Expression of PA-X leads to a global decrease in host gene expression, as observed
by RT-gPCR analyses and metabolic labeling experiments (Jagger et al., 2012;
Khaperskyy et al., 2016). Yet, more in depth analysis of down-regulated RNAs revealed
some specificities for PA-X activity. Indeed, PA-X only down-regulates RNAs transcribed
by Pol Il, and not Pol | or Il (Khaperskyy et al., 2016). Interestingly, this trait is shared by
other viral RNases, as we will discuss in the next section [reviewed in (Gaucherand and
Gaglia, 2022)]. Consistent with this finding, PA-X does not impact the levels of genomic
viral RNA and viral mMRNA, which are produced by the RdRp (Khaperskyy et al., 2016).
Of note, some non-coding RNAs that are transcribed by Pol Il are down-regulated by
PA-X, suggesting that PA-X activity is linked to transcription and not translation
(Khaperskyy et al., 2016). Conversely, PA-X does not down-regulate an mRNA that is
translatable but has not gone through canonical 3’ end processing (Khaperskyy et al.,
2016). Consistent with this link to RNA biogenesis rather than translation, PA-X can be
found in the nucleus, and various PA-X mutants that are fully cytoplasmic are not active
(Hayashi et al., 2016; Khaperskyy et al., 2016). PA-X is thus thought to be active in the

nucleus, although different studies disagree on whether PA-X is also able to degrade

transfected mRNAs or T7 polymerase-synthesized RNAs that are restricted to the

17



cytoplasm (Hayashi et al., 2016; Khaperskyy et al., 2016). PA-X nuclear localization is
mediated by the X-ORF, as the RNase domain alone is more cytoplasmic (Hayashi et
al., 2016; Khaperskyy et al., 2016) and a chimeric GFP protein fused to the X-ORF is
primarily found within the nucleus (Khaperskyy et al., 2016). In addition, point mutations
in six basic amino acid residues (arginine or lysine) within the first 15 aa of the X-ORF
lead to a primarily cytoplasmic localization of PA-X (Hayashi et al., 2016; Khaperskyy et
al., 2016).

While the RNase domain alone (which | will refer to as “PA-N") is still active in vitro
(Bavagnoli et al., 2015; Datta et al., 2013; Dias et al., 2009; Yuan et al., 2009), the X-
OREF is required for PA-X activity in cells, and mutations within it can abolish activity
(Hayashi et al., 2016; Khaperskyy et al., 2016; Oishi et al., 2015, 2018a, 2019). Of note,
fusing PA-N to a classical SV40 nuclear localization signal does not fully restore the host
shutoff activity of PA-X, suggesting that the role of the X-ORF in PA-X activity goes
beyond nuclear localization (Hayashi et al., 2016). Interestingly, the first 15 aa of the X-
OREF are sufficient for host shutoff activity in transfected cells (Hayashi et al., 2016; Oishi
et al., 2015). Yet, the sequence analysis of many IAV lineages suggests that there is
evolutionary pressure to keep an X-ORF of 41 or 61 aa (depending on the IAV strain).
Indeed, the sequence of PA/PA-X would allow for stop codons in the PA-X reading
frame that are silent in the PA frame earlier in the X-ORF, but these have not been found
in existing viral isolates (Shi et al., 2012). This discrepancy suggests that the rest of the
X-ORF has an additional function, perhaps in regulation of PA-X activity. This would be
in agreement with the recently identified ability of the X-ORF to regulate the stability of
the PA-X protein, as PA-X is short lived and kept at low levels within the cell (Levene et
al., 2021). Indeed, the half-life of PA-X ranges from 30 minutes to 3.5 hours depending
on the IAV strain (Levene et al., 2021), compared to 9 hours for an average human

protein (Chen et al., 2016). In particular, PA-X aa 220 appears important for PA-X
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turnover in certain IAV strains (Levene et al., 2021). The X-ORF may also contribute to
IAV host adaptation, as the different lengths of the X-ORF are found within distinct IAV
lineages. Indeed, the shorter 41 aa X-ORF is only found in lineages that primarily infect
dogs and pigs and in the 2009 pandemic H1N1 strain that jumped to humans from swine
(Shi et al., 2012). A study of IAV swine isolates also analyzed the X-ORF truncation over
time and found that having a 41 aa X-ORF increases viral replication and transmission in
pigs (Xu et al., 2016). These extra 20 aa also lead to differences in activity in various cell
types and in vitro, which could allow the X-ORF to modulate replication and
pathogenicity (Bavagnoli et al., 2015; Feng et al., 2016; Gao et al., 2015a; Wang et al.,
2020).

In addition to its regulation through the X-ORF, PA-X is also regulated through N-
terminal acetylation, a co-translational modification that can influence protein subcellular
localization, stability, and protein-protein interactions (Nguyen et al., 2018). The N-
terminal acetylase (Nat) complex NatB is responsible for modifying PA-X, and
modification by NatB only is required for proper activity of PA-X (Qishi et al., 2018b).
There is also some evidence for a functional and regulatory interplay between PA-X and
NS1, as both proteins seem to have coevolved in several IAV strains to limit their host
shutoff activity in tandem and regulate pathogenicity and viral fitness in vivo (Chaimayo
et al., 2018; Nogales et al., 2021, 2018, 2017).

Apart from its targeting specificity to RNAs transcribed by Pol Il and its requirement
for nuclear localization, nothing is really known about the mechanism of action of PA-X
at the molecular level. It is also unknown how PA-X achieves the Pol Il specificity. One
hypothesis is that PA-X needs to interact with a host protein involved in some way in Pol
Il RNA transcription or processing to reach its target RNAs. While some studies have
investigated the interactome of PA-X in cells, no follow up analysis was carried out to

confirm and investigate the consequences of these interactions, except for the interactor
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ankyrin repeat domain 17 (Ankrd17) that PA-X uses to dampen the immune response (Li
et al., 2021, 2016). In addition, northern blot analyses suggested that cleavage of the
RNA by PA-X occurs nonspecifically throughout the RNA, although this has not been
investigated thoroughly (Khaperskyy et al., 2016). Therefore, more work is clearly

needed to uncover the full molecular mechanism of action of PA-X.

1.2.4. Secondary consequences of PA-X activity

Direct degradation of RNAs by PA-X triggers secondary changes in the cell that can
further intensify host shutoff (Figure 1.3). Widespread RNA degradation in cells leads to
the redistribution of RNA-binding proteins. In particular, the previously mentioned PABP,
which binds RNA poly(A) tails to stabilize RNAs and enhance translation, falls off RNAs
during their degradation. Release from the RNA unmasks PABP’s NLS, leading to the
relocalization of PABP to the nucleus through interaction with the nuclear import
machinery (Kumar et al., 2011). This in turn leads to mRNA hyperadenylation in the
nucleus and subsequent inhibition of MRNA export to the cytoplasm. Host RNAs are
thus trapped in the nucleus and host shutoff is enhanced (Khaperskyy et al., 2014;
Kumar and Glaunsinger, 2010; Lee and Glaunsinger, 2009). PABP nuclear localization
has been observed under many conditions linked to reduced RNA levels, including
cellular stress such as heat shock, oxidative stress, transcriptional block or expression of
viral host shutoff proteins (Kumar and Glaunsinger, 2010; Lee and Glaunsinger, 2009;
Ma et al., 2009; Salaun et al., 2010). It is also a striking consequence of PA-X activity
that can be directly observed by microscopy (Khaperskyy et al., 2016, 2014).

Virus-induced RNA decay also inhibits stress granule (SG) formation. SGs are
cytoplasmic aggregates of mMRNAs, translation machinery and mRNA-binding proteins
that form upon stress-induced activation of kinases such as the double-stranded RNA-

activated protein kinase R (PKR) (Anderson and Kedersha, 2008). In response to stress,
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Figure 1.3: Secondary consequences of PA-X activity.

Poly(A)-binding protein (PABPC) usually binds the poly(A) tail of RNAs in the cytoplasm.
However, upon cleavage of RNAs by PA-X or other endoribonucleases (endoRNases)
(#1) followed by RNA fragment degradation by Xrn1 and other host exoribonucleases
(exoRNases) (#2), PABPC falls off the RNA, which exposes its nuclear localization
signal (NLS). PABPC and other RNA-binding proteins (RBPs) that are no longer RNA
bound can now interact with nuclear import proteins and shuttle to the nucleus (#3). This
leads to the inhibition of host transcription (#4). PABPC accumulation in the nucleus also
leads to hyperadenylation (#6) and nuclear retention of mMRNAs (#6). In parallel, PA-X
activity prevents the formation of stress granules (SGs) (#7), allowing for the translation
of viral mRNAs and the host mRNAs that are able to escape host shutoff (#8). Figure
and legend adapted with permission from Gaucherand L, Gaglia MM. 2022. The Role of
Viral RNA Degrading Factors in Shutoff of Host Gene Expression. Annual Review of
Virology 9:213-238. Changes include removing elements not relevant for PA-X (viral
replication in protective compartment and nsp 1-specific mechanisms of nuclear
retention) and modifying the numbering accordingly.

PKR phosphorylates the translation initiation factor elF2a, which in turn inhibits
translation (Anderson and Kedersha, 2008). SGs thus form during this stress response
to protect host MRNAs and allow their translation to resume once stress is relieved

(Anderson and Kedersha, 2008). In the context of a viral infection, SGs also serve an

antiviral function by trapping viral mMRNAs to prevent their translation (McCormick and
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Khaperskyy, 2017). IAV actively prevents SG formation through PA-X RNase activity
(Khaperskyy et al., 2014). Inhibition of SG formation is also a consequence of the activity
of other viral RNases (Burgess and Mohr, 2018; Finnen et al., 2016). For example, the
RNA degradation activity of the herpes simplex virus (HSV) virion host shutoff (vhs)
protein limits activation of PKR by double-stranded RNA, which in turn prevents SG
formation (Burgess and Mohr, 2018; Dauber et al., 2016). While the exact mechanism by
which PA-X inhibits SG formation is unknown, it appears to be independent of elF2a
phosphorylation (Khaperskyy et al., 2014). It may thus just be due to the lack of
cytoplasmic mRNAs from host shutoff to nucleate SGs.

Evidence recently emerged that global depletion of MRNAs in the cytoplasm can be
sensed by the cell, triggering a feedback loop to inhibit host transcription (Abernathy et
al., 2015). This has been described as a consequence of MRNA decay triggered by viral
RNases and apoptosis, leading to a decrease in Pol Il recruitment to promoters and in
MRNA synthesis (Abernathy et al., 2015; Duncan-Lewis et al., 2021; Friedel et al., 2021;
Hartenian et al., 2020). The exact mechanism is still unclear but seems to involve
cellular mRNA decay factors such as Xrn1 and a change in the nuclear/cytoplasmic
distribution of RNA-binding proteins that ultimately inhibits transcription (Duncan-Lewis
et al., 2021; Gilbertson et al., 2018; Hartenian et al., 2020; Hartenian and Glaunsinger,
2019). It is thus likely that PA-X also plays a part in the host transcription inhibition
following IAV infection discussed in section 1.2.2, although it has not yet been
investigated.

Ultimately, PA-X-mediated RNA decay and secondary consequences of this decay
define which mRNAs are translated during infection, referred to as the translatome. A
few hours following IAV infection, the overwhelming majority of translated mRNAs
becomes viral MRNAs (Bercovich-Kinori et al., 2016). This shift is likely a consequence

of PA-X depleting host mRNAs but not targeting viral mRNAs (Khaperskyy et al., 2016),
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as at least in the particular IAV strain used in this study, PR8, viral mMRNAs are not
translated more efficiently than host MRNAs (Bercovich-Kinori et al., 2016). Viral mMRNAs
also compose the majority of the translatome during infection with other viruses that
deplete host MRNAs, such as HSV, Vaccinia virus (VacV) and severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) (Dai et al., 2017; Rutkowski et al., 2015; Finkel
et al., 2021). Conversely, some host RNAs can escape host shutoff and are still
translated. These generally belong to categories of genes that are critical for the cell to
function, and thus for viruses to replicate, such as genes involved in translation and
oxidative phosphorylation (Bercovich-Kinori et al., 2016; Dai et al., 2017; Rao et al.,
2021). Looking more specifically at PA-X activity, some RNAs that escape down-
regulation by PA-X also escape down-regulation by the other viral RNases vhs and the
Kaposi’'s sarcoma-associated herpes virus (KSHV) RNase SOX, but not by cellular
RNases such as SMG6 (Muller et al., 2015; Muller and Glaunsinger, 2017; Rodriguez et
al., 2019). This interesting finding suggests a potential common mechanism for
protection from viral RNase activity. While the mechanism of protection has not been
investigated for PA-X and vhs, specific mRNAs protected from SOX contain SOX
resistance elements in their 3’ UTRs that recruit RNA-binding proteins like AUF1, HuUR,
and nucleolin, forming a protective protein complex (Glaunsinger and Ganem, 2004a;
Hutin et al., 2013; Muller et al., 2015; Muller and Glaunsinger, 2017; Rodriguez et al.,
2019). N6-adenosine methylation in the SOX resistance element is also required for
protection from degradation of at least some of these mMRNAs (Macveigh-Fierro et al.,

2022).

1.3. Inmunomodulatory role of PA-X
The first study that identified PA-X also reported a striking phenotype in vivo:

infection of a mouse model with an IAV strain that was engineered to lack PA-X caused
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increased immune and inflammatory gene expression in the lungs of the animals
compared to infection with the WT virus, even though both viruses replicated to the
same extent (Jagger et al., 2012). Importantly, this heightened immune and
inflammatory response was not protective, and instead lead to increased morbidity and
mortality in this mouse model (Jagger et al., 2012). Since then, a similar phenotype has
been observed across multiple AV strains and animal models. These include mice,
chickens, ducks and pigs infected with H1N1 AV strains from the 1918 and 2009
pandemics, highly pathogenic avian H5N1 |AV strains and classical swine H1N1 and
H5N1 IAV strains (Gao et al., 2015b; Gong et al., 2017; Hayashi et al., 2015; Hu et al.,
2016, 2015; Jagger et al., 2012). Of note, decreased embryonic lethality was observed
in chicken eggs infected with PA-X deficient avian H5N1, H7N1 and HIN2 |AV strains
(Clements et al., 2021; Hussain et al., 2019), while similar or decreased virulence was
observed in mice infected with PA-X deficient HON2 and H7N9 avian |AV strains and
PR8 . While these data show that lack of PA-X can have a different phenotype
depending on the strain, it still generally implicates PA-X in the modulation of the host
immune response.

Antiviral immune responses are initiated when infected cells sense the presence of
the virus. All human cells express proteins termed pattern recognition receptors (PRRs)
that can detect the presence of pathogen-associated molecular patterns (PAMPs) such
as viral nucleic acids (Wu and Chen, 2014). Activation of PRRs triggers a signaling
cascade that ultimately result in transcription of antiviral genes to fight the infection and
of cytokines to alert neighboring cells of the infection (Wu and Chen, 2014). The major
and best studied innate response pathway against viruses is the type | and Ill IFN
pathway. Sensing of viral RNA through RNA sensors such as Toll-like receptor (TLR) 3,
RIG-I or melanoma differentiation-associated gene 5 (MDAS), or of viral DNA by sensors

like TLR9 or cyclic GMP-AMP synthase (cGAS), leads to phosphorylation and nuclear
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import of the transcription factors interferon regulatory factor (IRF) 3 and 7 and nuclear
factor-kappa B (NF-kB) (Lazear et al., 2019; Santoro et al., 2003). These transcription
factors induce the transcription and secretion of the type I/1ll IFNs and other pro-
inflammatory cytokines. Secreted IFNs in turn signal in an autocrine and paracrine
fashion to activate kinases that phosphorylate and activate the transcription factors
signal transducer and activator of transcription (STAT) 1 and 2. Finally, STAT1 and
STAT2 induce expression of the IFN-stimulated genes (ISGs), which directly and
indirectly fight the virus, setting up a potent antiviral state (Lazear et al., 2019).

By inducing host shutoff, PA-X modulates the expression of IFNs and other proteins
involved in this pathway. Multiple studies have shown down-regulation of mMRNAs for
type | IFNs, pro-inflammatory cytokines, ISGs and other antiviral genes by PA-X from
multiple human and avian IAV strains (Chaimayo et al., 2018; Galvin and Husain, 2019;
Hayashi et al., 2015; Hu et al., 2015; Jagger et al., 2012; Narkpuk et al., 2018; Rigby et
al., 2019). PA-X also restricts NF-kB p65 nuclear translocation and activity, leading to
changes in NF-kB target gene expression, although the exact mechanism was not
investigated (Hu et al., 2020). Interestingly, PA-X can also dampen the activation of type
I IFN independently of its RNA degradation activity. PA-X achieves this
immunomodulation by interacting with Ankrd17, a protein that activates RIG-I to induce
IFN-B expression (Li et al., 2021; Wang et al., 2012). This overall dampening of the
immune response at the molecular level likely explains the phenotypes observed in vivo.
Few studies have investigated the direct link between the two, although many have
observed increased secretion of pro-inflammatory cytokines and chemokines in the
lungs of animal models infected with PA-X deficient IAV strains compared to WT
(Dunagan et al., 2021; Gao et al., 2015b; Hayashi et al., 2015; Hu et al., 2016, 2015; Qin
et al., 2022a, 2022b). One study showed that mice infected with a PA-X deficient 2009

pandemic H1N1 IAV strain have increased recruitment of neutrophils and lymphocytes
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to the lungs compared to WT (Dunagan et al., 2021), while another found that PA-X from
a low pathogenicity avian HIN2 |AV strain limits the recruitment of mucosal dendritic
cells to the nasal submucosa of mice by reducing chemokine levels (Qin et al., 2022a). A
third recent study similarly showed that PR8 PA-X limits the recruitment of dendritic cells
but also reduces the ability of PR8 IAV to infect dendritic cells in the nasal mucosa of

mice, limiting their migration and maturation (Qin et al., 2022b).

1.4. Other viral proteins that induce host shutoff through widespread RNA

degradation

Aside from IAV, a few other virus families also induce host shutoff through RNA
degradation. Some a-herpesviruses and y-herpesviruses encode host shutoff RNases,
while B-coronaviruses induce an unknown host RNase to trigger host shutoff, and some
poxviruses and other large DNA viruses encode host shutoff decapping enzymes
(Gaucherand and Gaglia, 2022). Although the viruses from these families are very
different, they have all evolved to use RNA decay to shut down host gene expression.
This convergent evolution is a testament to the efficacy of RNA degradation as a means
to take over the host cell. In addition, there are common themes in the host shutoff
mechanism of these divergent factors. First, they all specifically target RNAs transcribed
by Pol Il but not Pol | or Ill (Gaglia et al., 2012; Khaperskyy et al., 2016; Parrish et al.,
2009, 2007; Parrish and Moss, 2007). Which subset of Pol || RNAs are targeted, as well
as whether viral MRNAs are targeted, depend on the exact molecular mechanism of
action of each of the viral RNA degradation factors. Second, as a result of
endoribonucleolytic cleavage or decapping, an RNA with a 5’ monophosphate is
generated, which is then fully degraded by the cellular exoribonuclease Xrn1 in the 5’-3’

direction (Covarrubias et al., 2011; Gaglia et al., 2012; Kamitani et al., 2009; Parrish et
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al., 2009, 2007; Parrish and Moss, 2007). Understanding the mechanism of action of
these other viral RNA degradation factors at the molecular level could thus help us draw

hypotheses about the molecular mechanism of action of PA-X.

1.4.1. a-herpesviruses and vhs

Herpesviruses are large enveloped double-stranded DNA viruses that can infect an
extremely wide range of animals, and include 8 different viruses that can infect humans.
They can be classified into three subfamilies, a, B and y. The a-herpesvirus subfamily
includes the human viruses Herpes Simplex viruses (HSV) 1 and 2, which cause oral
and genital herpes, and varicella zoster virus (VZV), which causes chickenpox and
shingles. The HSV UL41 gene encodes the virion host shutoff (vhs) protein, which is the
most studied viral host shutoff RNase to date. vhs is an endoribonuclease of the FEN1
nuclease family (Doherty et al., 1996; Elgadi et al., 1999; Everly et al., 2002). Homologs
of vhs in a few other a-herpesviruses can also induce host shutoff, although they have
not been as extensively studied. This is the case for the swine pathogen pseudorabies
virus (PrV) (Elgadi et al., 1999; Lin et al., 2010), the cattle pathogen bovine herpesvirus
1 (BHV) (Hinkley et al., 2000), the avian pathogen duck plague virus (DPV) (He et al.,
2021), and the macaque pathogen monkey B virus (Black et al., 2014). While VZV also
encodes a UL41 homolog, this protein does not induce host shutoff (Desloges et al.,
2005). Of note, the other herpesvirus subfamilies 8 and y do not encode UL41
homologs.

To reach its main target RNAs, HSV vhs binds to the eukaryotic translation initiation
factors (elFs) elF4H, elF4All, and the cap-binding complex elF4F (Feng et al., 2005;
Page and Read, 2010) (Figure 1.4). Specifically, binding to elF4H is necessary for vhs

to degrade RNAs (Feng et al., 2001) and knock down of elF4H abolishes vhs activity
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Figure 1.4: Current model of the molecular mechanism of action of the a-
Herpesvirus vhs protein.

To access its target RNAs, vhs binds translation initiation factors in the cytoplasm, then
cleaves capped RNAs or RNAs containing IRES at least at a position close to the
translation start site (#1). The viral protein pUL47 also shuttles vhs to the nucleus (#2),
where it binds the host protein TTP to cleave short-lived AREs containing mRNAs (#3).
Later in infection, vhs activity is inhibited through interactions with the viral proteins
VP16, VP22, pUL47 and ICP27 to allow translation of late proteins (#4). Figure and
legend adapted with permission from Gaucherand L, Gaglia MM. 2022. The Role of Viral
RNA Degrading Factors in Shutoff of Host Gene Expression. Annual Review of Virology
9:213-238. Changes include cropping out elements of the figure that do not focus on
vhs.

(Sarma et al., 2008). Because these translation initiation factors bind capped mRNAs, or
mRNAs containing internal ribosome entry sites (IRESs), vhs binds to the 5’ end of host
mRNAs right before they are translated. As a result, vhs specifically targets mature
mRNAs in the cytoplasm, including viral mMRNAs (Kwong and Frenkel, 1987; Oroskar
and Read, 1989, 1987). In contrast, pre-mRNAs in the nucleus or uncapped noncoding
RNAs transcribed by Pol | and Il are not targeted (Gaglia et al., 2012). This specificity to
fully processed mRNAs was also shown for its homolog pUL41 in DPV, as a transfected

GFP reporter was only targeted by pUL41 when expressed from a Pol Il promoter but
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not a Pol | or Ill promoter (He et al., 2021). On top of targeting mature mRNAs in the
cytoplasm, HSV vhs also targets specific mMRNAs in the nucleus, presumably before they
are exported to the cytoplasm (Shu et al., 2015, 2013). These mRNAs contain AU-rich
elements (ARESs) in their 3’ untranslated region (UTR). As such, they are short-lived
mRNAs that are induced by sensors of innate immunity. To target these mRNAs, vhs
shuttles to the nucleus by interacting with the viral protein pUL47 (also known as
VP13/14) (Shu et al., 2013). Once in the nucleus, vhs binds the host protein
tristetraprolin (TTP), which recruits vhs to ARE-containing mRNAs (Shu et al., 2015)
(Figure 1.4).

Because of its recruitment at the 5" end of transcripts by translation factors, HSV vhs
is thought to cleave RNAs within their 5 UTR. This has been confirmed using cell
lysates containing in vitro-translated vhs, where vhs cleaves RNA preferentially near the
translation initiation site (Shiflett and Read, 2013). Moreover, the same study showed
that these RNAs were preferentially cut if a 5’ cap or an IRES were present, and
mutations that altered the proximal AUG site abolished cleavage at nearby sites (Shiflett
and Read, 2013). Similar results were obtained in an in vitro study of PrV vhs where
RNAs were cut right downstream of an IRES, albeit a slightly different RNA degradation
profile than HSV vhs (Liu et al., 2016). Unlike HSV vhs, PrV vhs was additionally able to
target ribosomal RNA (rRNA) in vitro (Liu et al., 2015). These results suggest that vhs
cleavage is tightly coupled to translation, potentially through the recognition of a specific
RNA structure at the translation initiation site. However, northern blot analysis of cells
co-transfected with HSV-1 vhs and green fluorescent protein (GFP) and DsRed showed
a different degradation pattern, with multiple GFP and DsRed mRNA degradation
fragments observed instead of just one cleavage site near the cap or IRES (Gaglia et al.,
2012). vhs may thus also cut mRNAs at internal locations in cells compared to in vitro.

Moreover, the RNA fragments were only observed in Xrn1 knock down cells, suggesting
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that they are normally degraded by Xrn1 in cells after cleavage by vhs (Gaglia et al.,
2012). In the case of stress response mMRNAs, vhs cleaves these RNAs in the 3° UTR
near their AREs (Esclatine et al., 2004b).

vhs is packaged in the a-herpesvirus virion tegument, i.e. the collection of proteins
found between the viral capsid and the viral envelope. As a result, vhs is delivered into
the cell and is active early in infection (Fenwick and McMenamin, 1984; Kwong and
Frenkel, 1987). However, as infection progresses, HSV needs to regulate the activity of
vhs to prevent any detrimental effect on viral replication. To do so, the viral proteins
virion protein (VP) 16 (UL48), VP22 (UL49), UL47, and infected cell protein ICP27 bind
to vhs and block its activity (Lam et al., 1996; Shu et al., 2013; Taddeo et al., 2010,
2007). This late inhibition of vhs activity allows HSV to switch from early to late viral
gene expression, as vhs thus primarily degrades early viral but not late mRNAs, allowing
to free the translation machinery for the translation of late viral mMRNA (Dauber et al.,

2014; Kwong and Frenkel, 1987; Oroskar and Read, 1989).

1.4.2. KSHV/MHV68/EBV and SOX/muSOX/BGLF5
y-herpesviruses are well known to induce cancers in immunocompromised individuals.
This subfamily includes the two human viruses Kaposi’s sarcoma-associated
herpesvirus (KSHV) and Epstein-Barr virus (EBV), as well as several animal viruses.
The y-herpesvirus murine herpesvirus 68 (MHV68) is commonly used to model infection
in small animal models. As mentioned in the previous section, y-herpesviruses do not
encode a UL41/vhs homolog. Instead, the y-herpesvirus homolog of the herpesviral
alkaline exonuclease is responsible for widespread RNA degradation and host shutoff
(Covarrubias et al., 2009; Glaunsinger and Ganem, 2004b; Rowe et al., 2007). This
protein is encoded by ORF37 and termed shutoff and exonuclease (SOX) in KSHV,

muSOX in MHV68 or BGLF5 in EBV. Like PA-X; it belongs to the PD-D/E-X-K
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superfamily of nucleases (Buisson et al., 2009; Dahlroth et al., 2009). The name alkaline
exonuclease comes from a second function of the protein as a deoxyribonuclease
(DNase) during genome replication. This protein is shared by all herpesviruses, encoded
by the UL12 gene in HSV and UL98 in the b-herpesvirus human cytomegalovirus. Only
in y-herpesviruses has this protein evolved the additional function of endoribonuclease
and host shutoff factor (Glaunsinger and Ganem, 2004b). This additional function could
be due to the nuclear and cytoplasmic localization of SOX/muSOX/BGLF5, whereas
their a- and B-herpesvirus homologs are only nuclear (Covarrubias et al., 2009). The
mechanism of action of the y-herpesvirus RNases SOX, muSOX and BGLF5 is still not
well characterized at the molecular level (Figure 1.5). Like vhs, these RNases
preferentially target mature mRNAs transcribed by Pol |l that are capped, tailed and
ready to be translated in the cytoplasm, but do not target Pol | and Il transcripts
(Covarrubias et al., 2011; Gaglia et al., 2012). Consistent with this finding, SOX co-
sediments with the 40S ribosomal subunit in ribosomal profiling experiments
(Covarrubias et al., 2011). Yet, active translation per se in not necessary for targeting, as
the RNases still down-regulate translation-competent mRNAs bearing a 5" hairpin that
prevents ribosome scanning after cap binding (Gaglia et al., 2012). Other than these
findings, how the SOX/muSOX/BGLF5 proteins are able to target Pol Il transcripts and
whether they need to interact with a specific cellular factor to do so is still unknown. The
RNases are also thought to target viral mMRNAs for degradation, as in the absence of
host shutoff, some viral proteins accumulate to higher levels, which alters the protein
composition of the virion (Abernathy et al., 2014; Feederle et al., 2009).

While it is still unclear for vhs, SOX clearly cleaves mRNAs at a specific sequence
and structure (Gaglia et al., 2015; Mendez et al., 2018) (Figure 1.5). This specificity has
been observed both transcriptome-wide in cells overexpressing SOX and using in vitro

assays (Gaglia et al., 2015; Mendez et al., 2018). However, the recognition and
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Figure 1.5: Current model of the molecular mechanism of action of the y-
Herpesvirus SOX protein and the large DNA viruses decapping proteins.

SOX recognizes and cleaves a specific sequence and structure within cytoplasmic
mRNAs associated with translation complexes (#1). The viral decapping proteins ASFV-
DP and L357 bind RNA to locate its 5' cap, while D9 and D10 bind to both the RNA and
the &' cap to locate the cap and cleave it (#2). Figure and legend adapted with
permission from Gaucherand L, Gaglia MM. 2022. The Role of Viral RNA Degrading
Factors in Shutoff of Host Gene Expression. Annual Review of Virology 9:213-238.
Changes include cropping out elements of the figure that do not focus on SOX or
decapping enzymes, and changing the numbering accordingly.

cleavage motif itself is complex and degenerate. Recognition of the target sequence
requires a hairpin structure with a stretch of three adenosine in the loop (Gaglia et al.,
2015; Mendez et al., 2018). SOX binds directly to the adenosine stretch and cleaves a
few nt downstream of this location (Gaglia et al., 2015; Mendez et al., 2018). Northern
blot analysis of cleaved transcripts in cells overexpressing EBV BGLF5 suggests this
RNase may also cut RNAs in a sequence-specific manner, although this has not been
thoroughly investigated (Gaglia et al., 2012). Finally, just like other viral RNA
degradation factors, the host RNase Xrn1 degrades fragments generated by

SOX/muSOX/BGLF5 (Gaglia et al., 2012).
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1.4.3. Large DNA viruses and viral decapping enzymes

Aside from encoding viral RNases, another way to induce RNA degradation-
mediated host shutoff is to use decapping enzymes. This is the case of a few large DNA
viruses, the best characterized being vaccinia virus (VacV). VacV is a linear double
stranded DNA virus of the poxviridae family that replicates in the cytoplasm. VacV is
famous for being used as a vaccine to eradicate variola virus, the poxvirus responsible
for the deadly disease smallpox (Fenner, 1980). Since then, VacV-based vectors have
been used to design a wide range of vaccines against other viruses, such as human
immunodeficiency virus, Rabies virus and Zika virus (Kieny et al., 1984; Pérez et al.,
2018; Rerks-Ngarm et al., 2009; Zhang et al., 2021). VacV is also still extensively used
as a model to study poxviruses. VacV actually encodes two decapping enzymes, called
D9 and D10 (Parrish et al., 2007; Parrish and Moss, 2007). These enzymes remove the
5’ cap from mRNAs, which triggers broad degradation of host MRNAs by Xrn1 in the
cytoplasm, and with it host shutoff (Burgess and Mohr, 2015; Dai et al., 2017). It is still
unclear why VacV encodes two proteins with similar functions, although several findings
suggest they each play distinct roles for viral replication. First, these enzymes are
expressed at different times during viral replication: whereas D9 is expressed early in
infection, D10 is only expressed after DNA replication has occurred (Lee-Chen and
Niles, 1988; Parrish and Moss, 2006). Second, mutant viruses that do not express D10
are more defective than viruses lacking D9 (Parrish and Moss, 2006). Third, D9 and D10
have different biochemical characteristics, as they bind RNAs and 5’ caps with different
affinities in vitro (Parrish and Moss, 2007). Consistent with these differences, D9 and
D10 do not target exactly the same host mRNAs in cells, although D10 down-regulates
most host transcripts (Ly et al., 2022).

Although less well-characterized, two other large DNA viruses, African swine fever

virus (ASFV) and mimivirus, also encode decapping enzymes. ASFV is part of the
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Asfaviridiae family and can infect different species of swine, including domestic pigs and
wild boar (Costard et al., 2013). This virus encodes the decapping enzyme ASFV-DP,
denoted as the g5R protein for the Malawi strain and D250R for the Ba71V strain
(Cartwright et al., 2002; Parrish et al., 2009). Mimivirus is a giant virus from the
Mimiviridae family that infects Acanthamoeba species (Raoult et al., 2004). It encodes
the decapping enzyme L375 (Kago and Parrish, 2021). Interestingly, despite mimivirus
and ASFV being very different viruses, their decapping enzymes share 21% amino acid
identity (Kago and Parrish, 2021). While it has not been investigated for L375, ASFV-DP
is expressed early and accumulates in the endoplasmic reticulum throughout infection
(Quintas et al., 2017).

Similar to cellular decapping enzymes and the yeast decapping enzyme Dcp2, large
DNA virus-encoded decapping enzymes contain a Nudix hydrolase domain (Cartwright
et al., 2002; Kago and Parrish, 2021; Shors et al., 1999), with the highly conserved
Nudix sequence signature motif (previously called mutT motif)
GX5EX5[UAIXREX2EEXGU, where U is a hydrophobic amino acid and X can be any
amino acid (Bessman et al., 1996; Koonin, 1993). This domain gives them intrinsic
decapping activity to convert m’GpppNm-capped RNAs into an uncapped 5 mono-
phopsphorylated RNA product with the release of m’GDP (Kago and Parrish, 2021;
Parrish et al., 2009, 2007; Parrish and Moss, 2007).

To locate and cleave the 5’ cap of their target RNAs, large DNA virus-encoded
decapping enzymes first need to bind the RNA backbone (Figure 1.5). The requirement
for this interaction was inferred from the finding that the addition of uncapped RNAs
inhibits decapping activity in vitro (Kago and Parrish, 2021; Parrish et al., 2009, 2007;
Parrish and Moss, 2007). The viral decapping proteins are also unable to cleave free
methylated cap analogues in vitro that are not attached to an RNA moiety (Kago and

Parrish, 2021; Parrish et al., 2009, 2007; Parrish and Moss, 2007). In addition, the
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decapping activity of D9 and D10 is inhibited in vitro by the addition of free methylated
cap derivatives, suggesting that these proteins also interact with the 5’ cap structure
(Parrish et al., 2007; Parrish and Moss, 2007). This was not the case for ASFV-DP,
suggesting this protein does not bind the 5’ cap (Parrish et al., 2009). Overall, it is still
unclear whether these viral decapping enzymes also need to interact with host proteins
to reach their target RNAs in cells. It is also unclear whether and how the decapping
activity is limited to mRNAs, as even noncoding RNAs transcribed by Pol Il are capped.
While ASFV-DP was found to interact with the ribosomal protein RPL23a, the specific
role of this interaction has not been investigated (Quintas et al., 2017). Similarly, a
transcriptomic study found that spliced RNAs are more down-regulated by D10 than
intronless RNAs (Ly et al., 2022). This finding suggests that D10 may interact with host
proteins involved in mRNA processing, but this has not been directly examined. Finally,
these viral decapping enzymes do not seem to discriminate between host and viral
MRNAs. Indeed, the N-terminal domain of ASFV-DP interacts with both host and viral
mMRNAs in cells and during infection, and overexpression of ASFV-DP down-regulates
both host and viral mMRNA levels, suggesting this enzyme is also active on viral mRNAs
(Quintas et al., 2017). Viral mRNAs also appear slightly targeted by D10 (Liu et al.,
2014), although RNA sequencing data point to a weaker effect on viral than host

mRNAs, in particular for late viral transcripts (Ly et al., 2022).

1.4.4. Coronaviruses and nsp1

Unlike the previously mentioned viruses, coronaviruses do not encode a host shutoff
RNase or decapping enzyme. Instead, they are thought to induce widespread RNA
degradation and host shutoff by activating a yet to be identified host RNase.
Coronaviruses are large enveloped single-stranded positive-sense RNA viruses. They

can cause respiratory or enteric infections in a wide variety of avian and mammalian
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hosts. There are four genera of coronaviruses: a, B, y and 8. Human coronaviruses
include the common cold a-coronaviruses 229E and NL63 and (-coronaviruses HKU1
and OC43, as well as three B-coronaviruses that can cause more severe respiratory
infections and pandemics, Middle East Respiratory Syndrome Coronavirus (MERS-
CoV), and the two Severe Acute Respiratory Syndrome Coronaviruses (SARS-CoV and
SARS-CoV-2). a- and B-coronaviruses, which encompass all coronaviruses known to
infect humans, encode the host shutoff protein non-structural protein 1 (nsp1). While a-
and B-coronavirus nsp1 lack sequence similarities, they retain similar biological
functions, highlighting the importance of nsp1 for infection of mammalian hosts (Connor
and Roper, 2007). Indeed, nsp1 proteins from human coronaviruses 229E, NL63,
MERS-CoV, SARS-CoV and SARS-CoV-2, and from the swine transmissible
gastroenteritis virus (TGEV) inhibit host translation, albeit with some mechanistic
differences (Narayanan et al., 2015; Yuan et al., 2021). Importantly, in addition to
inhibiting translation, all but TGEV nsp1 also induce degradation of host mMRNAs (Burke
et al., 2021; Huang et al., 2011a, 2011b; Kamitani et al., 2009, 2006; Lokugamage et al.,
2015; Narayanan et al., 2008; Terada et al., 2017; Wang et al., 2010). However, nsp1
shares no sequence or structure similarities with known RNases, and requires the
presence of translation extracts to cleave RNA in vitro, suggesting that nsp1 does not
have intrinsic RNase activity (Almeida et al., 2007; Mendez et al., 2021). It is thus
thought that nsp1 activates a host RNase instead to trigger mRNA degradation.
SARS-CoV and SARS-CoV-2 nsp1 bind to the ribosome to access their target
mRNAs and induce their degradation (Huang et al., 2011a; Kamitani et al., 2009;
Mendez et al., 2021; Narayanan et al., 2008) (Figure 1.6). As a result, nsp1 specifically
targets capped translating mRNAs that are transcribed by RNAPII (Gaglia et al., 2012;

Lokugamage et al., 2015). nsp1 can also target translating mRNAs containing
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Figure 1.6: Current model of the molecular mechanism of action of the
coronavirus nsp1 protein.

SARS-CoV-1 and 2 nsp1 bind to the 40S ribosome subunit to target capped or IRES-
containing mRNASs that are actively translated (#1), inducing RNA degradation by an
unknown host RNase in the cytoplasm. MERS-CoV nsp1 also induces RNA degradation,
but within the nucleus and without binding to the ribosome (#2). SARS and MERS-CoV
nsp1 bind to the SL1 structure within the 5' untranslated region of viral mRNAs to protect
them from degradation (#3). Figure and legend adapted with permission from
Gaucherand L, Gaglia MM. 2022. The Role of Viral RNA Degrading Factors in Shutoff of
Host Gene Expression. Annual Review of Virology 9:213-238. Changes include
cropping out elements of the figure that do not focus on nsp1, and changing the
numbering accordingly.

picornavirus type | and Il IRES elements (Huang et al., 2011a; Kamitani et al., 2009;
Lokugamage et al., 2015). Because nsp1 needs to bind the ribosome to induce RNA
degradation, one model is that nsp1 activates a host RNase part of an RNA quality
control pathway linked to translation to trigger mMRNA degradation. While the identity of
this RNase is still unknown, it is not RNase L (Burke et al., 2021). As suggested in a
recent review, the human homolog of the newly identified yeast endonuclease Cue2 may

be a good candidate, as it cleaves mRNAs after translation stalls (Rodriguez et al.,

2021). In vitro assays using cellular extracts show that SARS-CoV nsp1 induces
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endonucleolytic RNA cleavage within 30 nt of the ribosome loading region, whether this
occurs via 5’ cap or IRES element (Huang et al., 2011a). Similar results were obtained in
cells overexpressing SARS-CoV nsp1, followed by degradation of the RNA fragment by
Xrn1 (Gaglia et al., 2012). The in vitro study did not identify any clear sequence
preference for cleavage, although this has not been investigated in cells (Huang et al.,
2011a). On top of inducing mRNA cleavage, binding of nsp1 to the ribosome also
inhibits host mRNA translation, by altering ribosome function and complex formation
(Setaro and Gaglia, 2021). Different mechanism of translation inhibition have been
described, including the insertion of the C-terminal domain of SARS-CoV-2 nsp1 inside
the ribosomal MRNA channel to interfere with host mMRNA binding (Schubert et al., 2020;
Yuan et al., 2020). Interestingly, the two functions of nsp1 are separable, as a SARS-
CoV nsp1 R124A/K125A mutant was isolated that still blocks translation but does not
induce RNA decay (Lokugamage et al., 2012). Consistent with this idea, SARS-CoV
nsp1 inhibits translation but does not induce degradation of mMRNAs containing type I
and IV IRES elements (Kamitani et al., 2009).

Importantly, viral mMRNAs are able to evade SARS-CoV and SARS-CoV-2 nsp1-
induced RNA cleavage due to the presence of a stem loop (termed SL1) structure inside
their 5’ UTR (Banerjee et al., 2020; Huang et al., 2011a; Mendez et al., 2021; Rao et al.,
2021; Schubert et al., 2020; Tidu et al., 2021). This SL1 protective structure is part of the
leader sequence, which all genomic and subgenomic viral mMRNAs have (Kim et al.,
2020; Sola et al., 2015). Interestingly, nsp1 itself may confer the protection by binding to
SL1 (Tanaka et al., 2012; Vankadari et al., 2020) (Figure 1.6). The mechanism of
protection is still unclear, as different mechanisms have been proposed. One study
suggested that binding of nsp1 to viral MRNA triggers remodeling of the ribosome
complex to enable translation (Mendez et al., 2021). Another study has proposed

instead that the viral leader protective sequence can remodel the structure of nsp1,
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triggering its dissociation from the 40S ribosome subunit to allow for viral MRNA
translation (Banerjee et al., 2020). However, a third study found that SARS-CoV-2 nsp1
remains bound to the ribosome during viral mRNA translation (Tidu et al., 2021).

Like the SARS-CoVs nsp1, MERS-CoV nsp1 also inhibits host translation and
induces degradation of host mRNA transcribed by Pol Il, and these functions can be
separated by the analogous R146A/K147A mutations (Lokugamage et al., 2015).
Moreover, MERS-CoV nsp1 also binds to SL1 to protect and promote translation of its
viral mMRNAs (Terada et al., 2017). However, it does not bind the 40S ribosome stably
(Lokugamage et al., 2015). In addition, SARS-CoV nsp1 is exclusively found in the
cytoplasm, whereas MERS-CoV nsp1 is located in both nucleus and cytoplasm
(Lokugamage et al., 2015). As a result, MERS-CoV nsp1 induces selective degradation
of MRNAs that are transcribed in the nucleus and exported to the cytoplasm, but not of
cytoplasmic-restricted mRNAs that are introduced exogenously in the cytoplasm or
virus-like mRNAs synthesized in the cytoplasm using the Rift Valley fever virus
cytoplasmic transcription machinery (Lokugamage et al., 2015). Overall, these
observations suggest MERS-CoV nsp1 uses a different mechanism to reach its target

RNAs, which has not been identified yet (Figure 1.6).

1.4.5. Implications for the molecular mechanism of action of PA-X

As previously mentioned, the mechanism of action of PA-X is still largely unknown at
the molecular level. However, the diverse mechanisms of action of other viral RNA
degradation factors can give us a solid base to infer some hypotheses as to the general
mechanism of PA-X activity (Figure 1.7). The first step likely involves hijacking a cellular
process to locate Pol ll-transcribed RNAs. For example, HSV vhs binds translation
initiation factors to reach Pol Il transcribed mMRNAs ready to be translated, while VacV

D9 and D10 bind an RNA and its 5’ cap to ensure targeting of Pol |l transcribed RNAs
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Figure 1.7: Working model of the general steps of the mechanism of action of PA-
X to investigate.

Based on the molecular mechanism of action of other viral RNA degradation host shutoff
factors, | hypothesize that PA-X specificity and activity involves 1. its recruitment to Pol I
transcribed RNAs through interactions with specific RNA-binding proteins, 2. the
recognition of a specific sequence and structure to cleave the RNA, 3. a specific intrinsic
mechanism to protect viral mRNAs from degradation, and 4. the overall down-regulation
of the host innate immune response and inflammation.

(Feng et al., 2005; Page and Read, 2010; Parrish et al., 2007; Parrish and Moss, 2007).
Second, KSHV SOX, which is part of the PD-D/E-X-K nuclease superfamily (Buisson et
al., 2009; Dahlroth et al., 2009), cuts mRNAs at a specific sequence and structure
(Gaglia et al., 2015). Since PA-X also holds a PD-D/E-X-K nuclease family fold (Dias et
al., 2009; Yuan et al., 2009), its cleavage may be sequence and structure specific as
well. Third, unlike the herpesvirus RNases, PA-X does not seem to impact viral
replication (Khaperskyy et al., 2016). Since coronavirus nsp1 protects its own viral
mRNAs from degradation (Tanaka et al., 2012; Terada et al., 2017; Vankadari et al.,
2020), PA-X may also have an intrinsic mechanism to avoid the targeting of viral

mRNAs. Finally, infection with a PA-X deficient virus often leads to striking pro-
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inflammatory phenotypes in vivo (Gao et al., 2015b; Gong et al., 2017; Hayashi et al.,
2015; Hu et al., 2016, 2015; Jagger et al., 2012). The mechanism of PA-X target
selection may thus allow for specific down-regulation of the innate immune and
infammatory response.

To uncover the exact mechanisms involved in these different steps, | chose an RNA
centric approach. | hypothesized that identifying which RNAs are down-regulated and/or
cleaved by PA-X, and which are not, would reveal the mechanism of selection of these
RNAs. This thesis describes work focused on uncovering the mechanism of action of
PA-X at the molecular level, and the possible implications of RNA targeting specificity on
viral replication and the modulation of the innate immune response and inflammation.
Chapter 2 is a first manuscript presenting a mechanism by which PA-X is recruited to Pol
Il transcripts (Gaucherand et al., 2019). Chapter 3 is a second manuscript highlighting
the sequence and structure preference of PA-X cleavage, and how this specificity spares

viral mMRNAs. | will then discuss these findings and their implications in Chapter 4.
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Chapter 2. The Influenza A Virus Endoribonuclease PA-X Usurps Host mRNA
Processing Machinery to Limit Host Gene Expression

Gaucherand L, Porter BK, Levene RE, Price EL, Schmaling SK, Rycroft CH, Kevorkian
Y, McCormick C, Khaperskyy DA, Gaglia MM. 2019. Cell Reports 27:776-792.e7.
Reprinted here with permission of publisher.
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2.1. Introduction

Despite their small genomes, influenza A viruses (IAVs) dedicate multiple proteins to
the suppression of host gene expression, or “host shutoff’, which limits host antiviral
responses. One of the 1AV host shutoff proteins is the endoribonuclease PA-X, which
selectively degrades host RNAs (Jagger et al., 2012; Khaperskyy et al., 2016) and limits
innate immune responses in vivo. PA-X-deficient viruses induce stronger innate immune
and inflammatory responses in mice, chickens and pigs (Gao et al., 2015b; Gong et al.,
2017; Hayashi et al., 2015; Hu et al., 2016, 2015; Jagger et al., 2012; Xu et al., 2017). In
some |AV strains, the immune-evasion activity of PA-X reduces inflammation-induced
pathology, thereby protecting the host and reducing mortality (Gao et al., 2015b; Gong et
al., 2017; Hu et al., 2016, 2015; Jagger et al., 2012). While the role of PA-X in immune
evasion is well established, its molecular mechanism of action remains poorly
understood.

PA-X is produced by ribosomal frameshifting during translation of the PA mRNA
(Firth et al., 2012; Jagger et al., 2012). The frameshift generates a protein with the PA
amino-terminal ribonuclease (RNase) domain fused to a unique carboxy-terminal
domain known as the X-ORF. The X-ORF is required for PA-X function (Hayashi et al.,
2016; Khaperskyy et al., 2016; Oishi et al., 2015). Despite this non-canonical production
mechanism, PA-X is encoded by all IAV strains (Shi et al., 2012). We previously
reported that PA-X selectively degrades RNAs transcribed by host RNA polymerase |
(Pol II), but not other polymerases (Khaperskyy et al., 2016). Importantly, this
characteristic leads to the protection of viral RNAs created by the viral RNA-dependent
RNA polymerase (RdRp) (Khaperskyy et al., 2016). However, the mechanism for PA-X
targeting of Pol Il transcripts is not known.

Other viruses encode host shutoff RNases that selectivity target Pol |l transcripts,

including alphaherpesviral vhs proteins, gammaherpesviral SOX/BGLF5 proteins and
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the severe acute respiratory syndrome-related coronavirus (SARS-CoV) non-structural
protein 1 (nsp1) (Covarrubias et al., 2011, 2009; Elgadi et al., 1999; Gaglia et al., 2012;
Glaunsinger and Ganem, 2004b; Kamitani et al., 2006; Rowe et al., 2007). However,
SARS nsp1 and the herpesviral host shutoff proteins operate in the cytoplasm and only
degrade transcripts that are bound by components of the protein synthesis machinery
(Covarrubias et al., 2011; Doepker et al., 2004; Feng et al., 2005, 2001; Gaglia et al.,
2012; Kamitani et al., 2009). By contrast, PA-X accumulates in the nucleus, and the
protein synthesis machinery has no role in RNA targeting and degradation (Hayashi et
al., 2016; Khaperskyy et al., 2016). Our previous analysis of select transcripts suggests
that not all Pol Il transcripts are equally susceptible to PA-X degradation (Khaperskyy et
al., 2016), similar to reports for other viral host shutoff RNases (Esclatine et al., 2004a;
Glaunsinger and Ganem, 2004a). In agreement with this, a recent study of the host
transcriptome in IAV-infected cells showed that certain functional classes of RNAs were
spared from shutoff, although no specific link to PA-X activity was established
(Bercovich-Kinori et al., 2016). By contrast, in the context of studying the relative
contribution of IAV PA-X and NS1 proteins to host shutoff, Toru Takimoto’s group
recently reported that host mMRNAs targeted by PA-X do not clearly belong to specific
functional classes, whereas there is functional specificity among NS1 targets (Chaimayo
et al., 2018). Collectively, these findings suggest that PA-X may have a unique
mechanism to selectively target host RNAs in the nucleus, perhaps in conjunction with
RNA processing and the assembly of functional messenger ribonucleoprotein (MRNP)
complexes.

Here, we report transcriptome-wide analysis of PA-X targets in human lung A549
cells, in both de novo infection and ectopic expression models. This analysis revealed
that PA-X susceptibility was tightly linked to Pol Il transcript splicing. Moreover, we

identified host proteins involved in mRNA processing that associated with the C-terminal
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X-ORF, suggesting that PA-X target selection may involve physical interactions with

components of the host MRNA processing machinery.

2.2. Results

2.2.1. PA-X causes global changes in RNA levels during infection

To determine the scope of PA-X specificity for host Pol Il transcripts, we profiled
RNA levels in cells infected with wild-type (wt) and PA-X-deficient IAV. To generate PA-
X deficient mutants in the well-characterized strain A/PuertoRico/8/1934 H1N1 (PR8),
we introduced two mutations in the frameshifting site and a nonsense mutation in PA-X,
L201Stop, that truncated the X-ORF after 9 amino acids (aa); we dubbed this virus
PA(AX) (Figure 2.1A). These mutations were designed to be silent in the PA ORF. We
previously used a strain with only the frameshifting mutations, IAV PA(fs) (Figure 2.2A)
(Khaperskyy et al., 2016), but created IAV PA(AX) to ensure that any residual
frameshifting would produce a non-functional PA-X. We confirmed that the 9-aa
truncated PR8 PA-X was largely inactive, as it lost the ability to degrade a 3-globin
reporter, whereas an X-ORF truncation to 15-aa retained activity (Figure 2.1B). The 3-
globin reporter includes the two introns of the native -globin gene, and expresses an
mMRNA that is spliced. The results in Figure 2.1B recapitulate previous findings using
truncations in PA-X variants from other strains (Hayashi et al., 2016; Oishi et al., 2015).
We also generated a virus with only the L201Stop mutation and dubbed it ‘X9’ (Figure
2.2A). We chose to use the PR8 strain because it lacks two other known IAV host
shutoff mechanisms: its NS1 protein does not block host mMRNA processing (Das et al.,
2008; Salvatore et al., 2002), and its RdRp does not trigger Pol Il degradation
(Rodriguez et al., 2009).

Using high-throughput RNA sequencing, we found that infection of cells with wt IAV

caused a dramatic global decrease in transcript levels compared to mock-infected cells
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Figure 2.1: PA-X down-regulates most cellular RNAs and is a major contributor to
host shutoff during influenza A virus infection.

(A) Diagram of mutations in the PR8 PA(AX) virus. Less intense colors = lower levels of
PA-X. Blue = position of the frameshift. Red = mutated nucleotides in the frameshifting
sequence and at PA-X codon 201. (B) HEK293T cells were transfected for 24 h with a 3-
globin reporter and wt PR8 PA-X (“61”) or variants with the C-terminal X-ORF truncated
after the indicated number of amino acids (aa). Levels of 3-globin in PA-X transfected
cells were measured by RT-qPCR and are plotted relative to vector transfected cells,
after normalization to cellular 18S rRNA. Values represent mean +* standard deviation. N
=3.ns, *, *=p >0.05 <0.05 <0.01, respectively, ANOVA followed by Dunnett’s
multiple comparison test vs. wt PA-X (61-aa). (C) RNA-seq was carried out on RNA
collected 15 h after infection from A549 cells infected with wt PR8 or PR8 PA(AX). The
ratio between levels in IAV-infected vs. mock-infected cells was computed for each RNA
and the distribution of the ratios (log2) is plotted as a frequency histogram. The two
populations are significantly different (p < 0.001) based on the Kolmogorov-Smirnoff test.
The dashed line indicated a ratio of 1 (no change). N = 2. (D) The ratio in RNA levels in
wt IAV infected cells vs. mock-infected cells in our study (15 h post infection, MOl = 1) is
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plotted against the results from Bercovich-Kinori et al. 2016 (Bercovich-Kinori et al.,
2016) (8 h post infection, MOI = 5).

A

wt PR8
RNase

PA _ PA C terminal domain (525 aa) |
e X EEETERI] o 61 2o

+1 frameshift
GGC CUC UGG GAU UCC|UUU CGU CAG UCC GAG ...ATT G
GGC CUC UGG GAU UCC J UUC GUCAGU CCGAGA .. ITIG
Leu201

IAV infected vs. mock:

PR8-PA(f: [ I wt ) fs
RNase X9 £/ AX
PA _ PA C terminal domain (525 aa) | 0.8 —
PAX[ 191aa | | (61 or 41 aa) 0.71

Aced +1 frameshift 20.61

GGC CUC UGG GAU UCC|UUC CGC CAG UCC GAG ...ATT G ‘é)
GGC CUC UGG GAU UCC) UCC GCCAGU CCGAGA..TTG ¢ 0.51

Leu201 O
04

PR8-PA(X9) e
RNase g 0.31
PA _ PA C terminal domain (525 aa) | 50.2-

W
PA-X_] truncated X-ORF (9 aa) 0.1 1
e 00b——=eT v

GGC CUC UGG GAU UCC|UUC CGC CAG UCC GAG ... ATA G -4 - - -1 0 1 2
GGC CUC UGG GAU UCC ) UCC GCC AGU CCG AGA ... TAG RNA levels relative to mock (log2)
Stop at 201
PR8-PA(AX
RNase
PA _ PA C terminal domain (525 aa) |
P [GTE]] ©22)

Aced +1 frameshift:

GGC CUC UGG GAU UCC|UUC CGC CAG UCC GAG ...ATA G
GGC CUC UGG GAU UCC ) UCC GCCAGU CCGAGA ... TAG
Stop at 201

Figure 2.2: Reduction in frameshifting and truncation of the X-ORF have similar
effects on host shutoff during infection.

(A) Diagrams of mutations in the PR8 PA(fs), PA(X9), PA(AX) viruses. The less intense
colors represent lower levels of the PA-X protein. The position of the frameshift is
marked in blue. The mutated nucleotides in the frameshifting sequence and at PA-X
codon 201 are marked in red. (B) RNA was collected from infected A549 cells 15 hrs
after infection with wt PR8 or the PR8 PA-X mutant viruses (PA(fs), PA(X9), PA(AX)),
and the levels of all RNAs were measured by RNA-seq. The ratio between the levels in
IAV-infected vs. mock-infected cells was computed for each RNA and the distribution of
the ratios is plotted as a frequency histogram (The dataset plotted here for infections
with wt and PA(AX) viruses are the same ones used in Figure 1C). n = 2.
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Figure 2.3: Infection rates are similar, but nuclear accumulation of PABP is
reduced in cells infected with PA-X mutant viruses.

A549 cells were infected with PR8 wt, PR8-PA(X9), or PR8-PA(AX) at MOl = 1. (A)
Immunofluorescent staining of virus-infect- ed cells at 15 h post infection (hpi) using
antibodies to IAV proteins (green) and PABP1 (red). Nuclei are visualized with Hoechst
dye (blue). In samples that display PABP nuclear localization, the PABP signal appears
higher because it is concentrated in a smaller volume. We previously found that total
levels of PABP1 do not change with PR8 infection (Khaperskyy et al., 2014). Scale bar =
250 um, indicated as an arrow below the figure in the lower left corner. (B) Western blot
analysis of whole cell lysates collected at 12 and 15 hpi showing viral protein
accumulation in infected cells. Viral HA, NP, and M1 proteins were detected using the
same polyclonal anti- IAV antibody used in A. (C) Nuclear accumulation of PABP at 15
hpi was quantified from A. The fraction of infected cells with nuclear PABP staining is
plotted. Each open circle represents an independent infection experiments, in which >
200 cells from at least 3 random fields of view were counted. Horizontal lines show
average values and error bars correspond to standard deviations (n = 5). p values were
determined using unpaired Student’s t test.

(Figure 2.1C, Data S2.1). However, a small fraction of transcripts escaped shutoff (right
tail end of distribution, Figure 2.1C). By contrast, shutoff was substantially attenuated in
IAV PA(AX)-infected cells. Interestingly, cells infected with strains carrying either the

PA(X9) or PA(fs) mutations also displayed attenuated host shutoff, and the defect was
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similar in all three mutants (Figure 2.2B). This demonstrates that X-ORF truncation
disrupts PA-X function during infection, as predicted from ectopic PA-X expression
studies (Hayashi et al., 2016; Khaperskyy et al., 2016; Oishi et al., 2015). Importantly,
infection rates by wt and mutant (Figures 2.3A, 2.3B). We also measured nuclear
accumulation of cytoplasmic poly(A) binding protein (PABP), a well-described
consequence of host shutoff (Khaperskyy et al., 2014; Kumar et al., 2011; Kumar and
Glaunsinger, 2010; Lee and Glaunsinger, 2009). Infection with PA(X9) and PA(AX)
viruses resulted in significantly lower rates of PABP nuclear accumulation compared to
wt, confirming impairment of host shutoff (Figures 2.3A, 2.3C). Lastly, our RNA-seq
results strongly correlated with those from a previous transcriptome profile of IAV PR8
infected cells (Bercovich-Kinori et al., 2016), despite differences in multiplicity of infection
(MOI) and time course of analysis (Figure 2.1D). Collectively, these data demonstrate

that PA-X controls the levels of the majority of host RNAs during infection.

2.2.2. PA-X causes global down-regulation of host RNAs in an ectopic expression

model

To simplify our system, we also examined changes in RNA levels after ectopic PA-X
expression. We used a doxycycline-inducible PA-X expression system, ‘iPA-X’ cells
(Khaperskyy et al., 2016), to induce expression of wt PA-X or the catalytically-inactive
D108A mutant in A549 cells. Because iPA-X cells were clonally selected, we analyzed
two independently-generated cell lines for each variant. As expected from previous
results with targeted RT-qPCR and metabolic labeling (Hayashi et al., 2015; Jagger et
al., 2012; Khaperskyy et al., 2016), wt PA-X robustly down-regulated steady-state
transcript levels (Figure 2.4A, Data S2.2). The degree of host shutoff correlated with

the levels of PA-X (percentage of total reads mapping to PA-X: wt #1= 0.005%-0.006%,
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Figure 2.4: PA-X down-regulates most cellular RNAs in the absence of other viral
proteins.
RNA and protein samples were collected from control (untransduced) A549 cells, or
Ab49 cells expressing doxycycline-inducible PR8 PA-X (wt), PR8 PA-X catalytic mutant
(D108A), PR8 PA-X N terminal endonuclease domain (aa 1-191, “N term”) or Udorn PA-
X 18 h after addition of doxycycline. (A) RNA-seq was carried out on cells expressing wt
or mutant PR8 PA-X (two clonal lines for each). The ratio between the levels in PA-X-
expressing vs. control cells was computed for each RNA and the distribution of the ratios
is plotted as a frequency histogram. The dashed line indicates a ratio of 1 (no change).
N = 2. (B) The PA-X-dependent changes in RNA levels in infected cells (ratio in PRS-
PA(AX) vs. wt PR8) are plotted against changes in cells expressing PR8 PA-X vs.
control cells. (C) Levels of several endogenous mRNAs were measured by RT-qPCR in
cells expressing the indicated PA-X variants. After normalization to 18S, mRNA levels
are plotted relative to uninduced cells. Values represent mean + standard deviation. N =
3. ™, **: p <0.01, 0.001, ANOVA followed by Dunnett’s multiple comparison test vs.
PR8 D108A. (D) A representative western blot using anti-myc antibodies to detect myc-
tagged PA-X and a total protein stain as loading control (blot section from 25 kDa to 35
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kDa) shows successful induction of PA-X in each cell line (corresponds to one of the
experiments shown in panel C).

wt #10= 0.023%-0.026%), and was dependent on RNase activity, because expression of
the PA-X catalytic mutant had no effect (Figure 2.4A). Importantly, a substantial minority
of transcripts were unaffected by PA-X expression (Figure 2.4A, right tail end of
distributions). Furthermore, we observed a highly significant correlation between the PA-
X-dependent down-regulation of RNAs in the ectopic PA-X expression system and in
virus-infected cells (Figure 2.4B). This indicates that PA-X largely targets the same
RNAs in the absence of other viral proteins, and that the ectopic expression model
accurately reflects the contribution of PA-X to host shutoff during infection. To further
validate these findings, we selected representative RNAs, choosing RNAs that were
strongly down-regulated (GAPDH, G6PD) or largely unaffected (HNRNPAO, TAF7,
EPC1) in both de novo infection and ectopic expression models. We then validated the
change in RNA levels in iPA-X cells by RT-gPCR. The RT-qPCR results agreed with the
RNAseq data in terms of the selective effects on the tested transcripts (Figure 2.4C). By
contrast, expression of the PR8 PA-X D108A mutant or the PA-X RNase domain (aa 1-
191, “N term”) did not affect the level of any of the tested transcripts (Figure 2.4C).
Expression of PA-X or the RNase domain was confirmed by western blotting (Figure
2.4D). Because the RNase domain alone is active in vitro, this result confirms that it is
specifically the activity of PA-X and not overexpression of any active RNase that controls
RNA levels in the iPA-X cells. Moreover, the mRNA levels were similarly affected by
expression of PA-X from the A/Udorn/72 H3N2 (Udorn) strain, suggesting that target
selection by PA-X is conserved among virus strains (Figure 2.4C). Collectively, these
data demonstrate that PA-X broadly targets RNA for degradation, while a subset of

RNAs remains unaffected.
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2.2.3. Specific functional classes of host RNAs are differentially sensitive to PA-X
Although most RNAs were down-regulated by PA-X, the levels of ~25% of RNAs
remained largely unchanged (Figures 2.1C, 2.4A). To identify resistant RNAs, we used
k-means clustering to group RNAs with similar patterns of regulation (Gasch and Eisen,
2002). Clustering was carried out based on the relative RNA levels in PA-X-
overexpressing vs. control cells or IAV vs. mock-infected cells in our eight datasets
(Figures 2.1C, 2.2B, 2.4A). Two sets of RNAs comprising 55% of the RNAs that were
detected in all conditions were identified as true PA-X targets (Figure 2.5A, Data S2.1a,
$2.2a). They were down-regulated in a PA-X-dependent manner both during infection
and by PA-X ectopic expression. The first set was completely PA-X-specific, as their
levels were largely unchanged in IAV PA(AX) infected cells (Figure 2.5A, left panel).
The RNAs in the second set were PA-X-sensitive but were partially down-regulated by
other mechanisms during IAV PA(AX) infection (Figure 2.5A, right panel). By contrast,
28% of the RNAs were PA-X resistant and were not down-regulated by infection or PA-X
expression (Figure 2.5B, Data S2.1b, S$2.2b). In addition, the k-means algorithm
identified a group of RNAs that were down-regulated during infection by a PA-X-
independent mechanism, and yet were PA-X-sensitive in PA-X-expressing cells (Figure
2.5C, Data S2.1c, S2.2c). The levels of these transcripts may be substantially
decreased by other regulatory mechanisms during infection, such that their targeting by
PA-X is masked. Interestingly, based on gene ontology (GO) term analysis, the host
shutoff-resistant RNAs were significantly enriched for genes involved in transcription and
translation, including ribosomal RNA processing, ribosomal proteins, and membrane
protein synthesis (Figure 2.5D). This result is consistent with the IAV requirement for
host biosynthetic machinery and observations by Bercovich-Kinori et al. (Bercovich-
Kinori et al., 2016). Collectively, these results suggest that while PA-X can target many

RNAs, it retains some specificity for functional classes of RNAs.
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Figure 2.5: k-means clustering reveals differentially regulated groups of RNAs.
(A-C) Cluster3 was used to divide cellular RNAs in four clusters based on the pattern of
fold changes in iPA-X cells (PA-X wt or D108A catalytic mutant vs. control) and cells
infected with IAV (wt or PA-X-deficient IAV vs. mock). Cumulative probability histograms
of fold changes for each of the classes are plotted: A: two groups of PA-X targets; B:
PA-X resistant RNAs; C: potential PA-X targets that are regulated by other processes
during infection. All datasets collected were used for clustering, but only select datasets
are plotted for simplicity. (D) DAVID was used to identify overrepresented gene ontology
(GO) terms for biological processes and molecular functions among PA-X resistant
RNAs. Fold enrichment is plotted for GO terms that had corrected p values < 0.01. (E)
Pie-charts showing the percentage of genes that are up- and down-regulated in infected
and iPA-X cells. Left: all RNAs detected in RNAseq (wt vs. mock: N = 8573, PR8-PA(AX)
vs. mock: N = 8848, PA-X overexpressing (OE) vs. control: N = 8554); Right: interferon-
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overexpressing (OE) vs. control: N = 159).
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In addition to this unbiased analysis, we examined how PA-X expression affected the
levels of interferon-stimulated genes (ISGs), which are induced in infected cells and
function in antiviral defense (Schoggins et al., 2011). We observed that although ISGs
were induced during IAV infection, as shown by their higher expression compared to all
detected RNAs, their levels were even higher in the absence of PA-X (Figure 2.5E).
While the activity of PA-X is clearly not limited to ISGs, these data indicate that PA-X can

contribute to dampening the cell-intrinsic response to infection.

2.2.4. PA-X strongly and preferentially down-regulates spliced Pol Il transcripts

We previously showed that PA-X selectively degrades RNA transcribed by Pol Il and
spares Pol | and Pol lll transcripts (Khaperskyy et al., 2016). Although all cellular
transcripts are modified post-synthesis, only Pol Il transcripts can be spliced. The
process of RNA splicing is mechanistically linked to transcription, as recruitment of the
spliceosome is mediated by the C-terminal domain of the large subunit of Pol Il (Gu et
al., 2013). However, a subset of Pol |l transcripts naturally lack introns. When we
analyzed spliced vs. intronless RNAs separately, we found that PA-X down-regulated
spliced RNAs more than intronless RNAs (Figure 2.6A). Our targeted validation also
showed that two intronless mRNAs, TAF7 and HNRNPAO, were not down-regulated by
PA-X (Figure 2.4C), and, as mentioned above, the 3-globin reporter used in Figure
2.1B encodes a spliced mRNA. Moreover, during infection down-regulation of spliced
RNAs was clearly dependent on PA-X, whereas most of the down-regulation of
intronless RNAs was PA-X-independent (Figure 2.6B). For these analyses, we only
included intronless RNAs longer than 300 nt, excluding small non-coding RNAs and
ensuring that the length distribution was similar between spliced and intronless RNAs.

We also analyzed how the number of exons affected RNA down-regulation, as the
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Figure 2.6: RNAs that are not spliced are less sensitive to regulation by PA-X.
(A-B) RNAseq results from Figures 2.1C, 2.4A are plotted separately for spliced and
intronless RNA as a cumulative distribution histogram. A: cells overexpressing wt PA-X,
clones #1 and #10; B: cells infected with wt PR8 vs. PR8-PA(AX). (C-F) Relative RNA
levels in PA-X overexpressing (“PA-X OE”, clone #1) vs. control cells are plotted against
the number of exons (C, E, log2 scale) or transcript length in kb (D, F, log10 scale). C, D
= all RNAs, E = RNAs with 6 exons, F = RNAs 3.5-4.0 kb in length. All correlations are
statistically significant (p < 0.001, Spearman’s test). (G) Number of exons for RNAs
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identified in the clustering analysis (Figure 2.5) is plotted. The two groups of PA-X
targets (Figure 2.5A) are plotted together. p < 0.01, Kolmogorov-Smirnoff test.
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Figure 2.7: Degradation by PA-X correlates with number of exons and mRNA
length, but not GC content of the mRNA.

(A-B) The relative RNA levels in wt IAV infected vs. mock infected cells are plotted
against the number of exons (A, log2 scale) or transcript length in kb (B, log10 scale).
(C-D) The Spearman’s correlation coefficient (p) between the relative RNA levels in PA-
X- overexpressing vs. control cells and the number of exons (C) or the RNA length (D) is
plotted for groups of RNAs of the indicated length/exon number interval. Each data point
represents between 99-2626 RNAs. The p for the entire populations are plotted in blue
for comparison. (E-F) The relative RNA levels in PA-X overexpressing vs. control cells
(E) or wt IAV infected vs. mock infected cells (F) are plotted against the percentage of
GC of the transcript.
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number of splice sites varies dramatically among spliced RNAs. Interestingly, there was
a significant negative correlation between the number of exons in a transcript and its
steady-state levels in PA-X-expressing and infected cells (PA-X-expressing cells:
Spearman’s p = -0.52, Figure 2.6C; IAV-infected cells: p = -0.47, Figure 2.7A). This
result suggests that RNAs with more exons are more susceptible to PA-X degradation.
However, the number of exons in an RNA is often proportional to RNA length. A prior
study reported a relationship between IAV host shutoff and transcript length (Bercovich-
Kinori et al., 2016) and there was also a correlation between degradation and RNA
length in our data (p = -0.38 for both PA-X-expressing, Figure 2.6D, and IAV-infected
cells, Figure 2.7B). To determine whether exon number or transcript length was
important, we examined RNAs of similar length or with a specific number of exons. We
still found a robust negative correlation between relative RNA levels in the presence of
PA-X and exon number among RNAs of similar length (length = 3.5-4.0 kb, p =-0.42, N
= 674, Figure 2.6E). Similar correlations were also seen for RNAs of other lengths
(Figure 2.7C). By contrast, there was only a small correlation between degradation and
RNA length among RNAs with the same number of exons (number of exons =6, p = -
0.16, N = 642, Figure 2.6F). Again, similar correlations were seen for other exon
numbers (Figure 2.7D). We also tested another key characteristic of RNAs, GC content,
and found no correlation with PA-X activity in our dataset (Figures 2.7E, 2.7F). The
results from the clustering and GO analysis (Figures 2.5A-D) suggested that PA-X
differentially regulates RNAs from specific functional groups, whereas Figures 2.6A-F
suggested a difference based on the structure of the nascent transcript. Interestingly,
there was a connection between the structural and functional specificity. RNAs classified
as resistant by k-means clustering (shown in Figure 2.5B) had fewer exons than those

classified as PA-X targets (shown in Figure 2.5A) (Figure 2.6G). Collectively, these
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results suggest that targeting by PA-X is connected to RNA splicing, and that this

preference has consequences for the selection of functionally relevant targets.

2.2.5. Splice sites confer susceptibility to PA-X
Endogenous RNAs with different numbers of exons also have different sequences,
lengths and post-transcriptional modifications. To investigate the effect of splicing in a
more controlled system, we examined the same RNA in both spliced and intronless
forms. As a model transcript we used the mRNA for interferon A2 (IFN-A2), a type 11l IFN
that contributes to IAV immune responses (Jewell et al., 2010). In the RNAseq, IFN-A2
transcripts were only detectable in IAV-infected cells and were down-regulated by PA-X
(Figure 2.8A). We cloned the IFN-A2 cDNA and the full IFN-A2 genomic sequence
containing introns into plasmid expression vectors (Figure 2.9A), and co-transfected
them into HEK293T cells with PR8 PA-X. In these transfection experiments, detection of
PA-X protein is hindered by auto-cleavage of the PA-X Pol Il transcript. As an alternative
control to ensure comparable PA-X activity between transfections, we also measured the
RNA levels of a co-transfected intron-containing luciferase reporter (Younis et al., 2010);
luciferase down-regulation thus serves as a positive control for PA-X activity (Figures
2.9B-D, 2.9G). We confirmed that IFN-A2 mRNA was expressed and exported to the
cytoplasm at similar levels irrespective of the construct used (Figures 2.8B, 2.8C). We
also checked that the five introns were properly spliced by PCR analysis (Figures 2.9E-
F, 2.8D). As expected, we found that PA-X down-regulated the IFN-A2 mRNA expressed
from the full genomic region (Figure 2.9B). However, the levels of the same IFN-A2
MRNA expressed from an intronless cDNA construct were only minimally reduced
(Figure 2.9B). In both conditions, the control luciferase reporter was down-regulated by
PA-X, confirming that the activity of PA-X was similar in all the samples. PA-X proteins

from the 2009 pandemic H1N1 strains (such as A/California/7/09 (H1N1) (CA/7) and
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Figure 2.8: IFN-A2 mRNA is expressed and exported at similar levels from both a
genomic and a cDNA reporter constructs.

(A) The attomoles of IFN-A2 mRNA in cells infected with wt IAV or IAV PA(AX) are
plotted. Each point represents a biological replicate, lines represent the median value.
The IFN-A2 mRNA was undetectable in mock-infected cells (n.d. = not detected). n = 2
(B) HEK293T cells were transfected with reporters expressing IFN-A2 mRNA from cDNA
or the genomic locus. RNA samples were collected 24 h after transfection and analyzed
by RT-qPCR. The levels of IFN-A2 in the absence of PA-X are plotted relative to 18S
cellular rRNA. n = 4. (C) HEK293T cells were transfected with reporters expressing a
luciferase mRNA, a GFP mRNA ending in a hammerhead ribozyme (GFP-HR) and IFN-
A2 mRNAs from cDNA or the genomic locus. Cells were fractionated into nuclear and
cytoplasmic fraction, and the ratio between cytoplasmic and nuclear RNA levels was

59



calculated after normalization to 18S rRNA. The cytoplasmic/nuclear ratio for several
control transcripts and the test IFN-A2 mRNAs are plotted. As cytoplasmic controls, we
included two well-exported mRNAs, the endogenous GAPDH mRNA and transfected
luciferase mRNA. As nuclear control, we tested the nuclear- retained endogenous
MALAT1 non-coding RNA. In addition we also included a poorly exported transfected
mRNA, GFP-HR. In this construct, the 3° UTR of the original GFP vector was substituted
with a self-cleaving hammerhead ribozyme (HR). While this allows processing of the
RNA, it results in a non-polyadenylated RNA that is not well-exported (Lee and
Glaunsinger, 2009). n = 4. (D) The cDNAs from vector-transfected cells from Figure 2.9C
were PCR amplified across the different introns to confirm splicing. The amplified PCR
products are shown (gel image is representative of four experiments). A 1:1 mix of the
constructs for IFN-A2 cDNA and genomic serves as a control to check that both products
could be simultaneously amplified. (E-F) Alternative representation of the data plotted in
Figure 2.9D and 2.9G, respectively, in which IFN-A2 mRNA levels were normalized to
luciferase mRNA levels (instead of 18S rRNA), and then plotted as relative levels in PA-
X expressing cells vs. vector transfected cells. n = 4. ****: p < 0.0001, ns: p > 0.05,
ANOVA followed by Dunnett's test, p values relative to cDNA construct- transfected
cells. (G) Cells were transfected with an intronless (“(-)”) or an intron-containing (“+
intron”) luciferase reporter and PR8 PA-X. Protein lysates were probed with antibodies
against luciferase and against the myc tag to detect PA-X. For the luciferase blot, an
image of the total protein stain around 40-55 kDa is shown as loading control. For the
PA-X blot, actin was used as a loading control. The images are representative and
correspond to one of the experiments included in Figure 2.9H. For panels B-F, bars
represent mean + standard deviation.

A/Tennessee/1-560/2009) and the Udorn H3N2 strain also preferentially degraded the
spliced mRNAs (Figure 2.9C). These results confirm the prediction that splicing is
important for PA-X targeting. In addition, we tested the down-regulation of IFN-A2
MRNAs expressed from chimeric constructs that contained only one of the five introns
from the original genomic sequence, to determine whether a single splicing event was
sufficient to restore PA-X targeting. Indeed, addition of a single intron increased
susceptibility to PA-X (Figure 2.9D). Down-regulation of the luciferase reporter indicated
that these changes were not due to varying PA-X activity in the samples. Interestingly,
we found that while addition of introns 1, 3, or 5 alone restored PA-X susceptibility,
introns 2 or 4 had little effect. The difference between the introns was also apparent
when we normalized IFN-A2 to luciferase mMRNA levels (Figure 2.8E). Intron 4 was not
spliced efficiently in the absence of other introns (Figure 2.9E), but intron 2 was still

efficiently spliced (Figure 2.9F). Therefore, splicing efficiency alone does not explain the
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Figure 2.9: Addition of introns and splicing events promotes degradation by PA-X.
(A) Diagram of IFN-A2 constructs. Int = intron. (B-G) HEK293T cells were transfected for
24 hrs with reporters expressing a luciferase control mRNA and IFN-A2 mRNA from
cDNA, the genomic locus, cDNA with one of the five IFN-A2 introns added back, or
cDNA with IFN-A2 introns 2 or 4 carrying mutations that restore a canonical 5’ splice site
sequence. Cells were also transfected with PA-X (PR8 variant in B, D and G, PR8, CA/7
and Udorn variants in C) or vector. Levels of luciferase and IFN-A2 mRNAs were
measured by RT-qPCR and plotted as relative levels in PA-X expressing vs. vector-
transfected cells, after normalization to 18S rRNA. The down-regulation of a spliced
luciferase mRNA serves as a control to ensure similar PA-X activity across samples. In
E and F, cDNA from vector-transfected cells was PCR amplified across the indicated
introns to test splicing. Amplified PCR products are shown (image is representative of
four experiments). A 1:1 mix of the IFN-A2 cDNA and genomic constructs was included
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to check that unspliced and spliced products could be simultaneously amplified. (H)

Cells were transfected with an intronless (-) or an intron-containing (+ intron) luciferase
reporter and PR8 PA-X. Luciferase RNA levels were measured by RT-qPCR, normalized
by 18S rRNA and are plotted relative to vector transfected cells. For all panels, values
represent mean + standard deviation, N =2 4. *,**: p < 0.05, 0.01; B, C: ANOVA followed
by Tukey’s pairwise test; D: ANOVA followed by Dunnett's test, p values relative to
cDNA construct; H: Student’s t test.

differential effects of the introns. More in-depth examination of the IFN-A2 sequence
revealed that the 5’ splice sites for introns 1, 3, and 5 match the consensus 5’ splice site
sequence, AG|GT (where | marks the splice site). By contrast, the 5’ splice sites for
introns 2 and 4 are an imperfect match (TA|GT and GT|GT, respectively). 5’ splice-site
quality scores calculated using the MaxEntScan::score5ss program were also higher for
introns 1,3 and 5 (8.8-10.5) than intron 2 and 4 (5.8) (Yeo and Burge, 2004). When we
mutated these two 5’ splice sites to match the consensus sequence AG|GT and increase
the splice site quality score (mutated intron 2,4 = 10.7), we found that the mutated
introns 2 and 4 could restore PA-X susceptibility (Figure 2.9G, 2.8F normalized to
luciferase mRNA levels), and intron 4 splicing efficiency (Figure 2.9E). This result further
strengthens the link between splicing and PA-X susceptibility.

Despite these results linking mRNA splicing and PA-X degradation, one unresolved
issue is that we and others have previously used intronless reporters to study PA-X that
appeared to be efficiently degraded. To resolve this issue, we compared intronless and
spliced luciferase reporters (Younis et al., 2010). The spliced reporter, which we used as
a control in Figures 2.9B-G, contains a portion of the B-globin intron (Younis et al.,
2010). Interestingly, PA-X had a more robust effect on the spliced mRNA, although it
could also down-regulate intronless luciferase MRNA (Figure 2.9H, 2.8G). These results
suggest that addition of a single splicing event further promotes degradation by PA-X.
Reporter constructs are selected for their robust expression; it is possible that certain

intronless reporters also associate with cellular factors involved in PA-X targeting.
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Nevertheless, our findings recommend the use of intron-containing reporters for future

cell-based studies of PA-X.

2.2.6. The X-ORF mediates interaction with proteins involved in RNA metabolism
As shown in previous studies (Hayashi et al., 2016; Khaperskyy et al., 2016; Oishi et al.,
2015) and the PR8 PA(X9) RNAseq results (Figure 2.2B), the C-terminal X-ORF is
required for PA-X activity. We hypothesized that the X-ORF interacts with cellular
proteins that mediate the association of PA-X with target mRNAs, especially in light of
our results connecting PA-X targeting with splicing (Figures 2.6, 2.9) and mRNA 3’-end
processing (Khaperskyy et al., 2016). To identify cellular X-ORF-interacting proteins we
used BiolD, a proteomic technique that relies on non-specific proximity biotinylation of
lysine residues by a modified E. coli biotin ligase, BirA* (Roux et al., 2012). Since there
are two major classes of PA-X isoforms that differ in X-ORF length (Shi et al., 2012), we
fused BirA* to X-ORFs representative of each class: the 61-aa PR8 X-ORF (X61) and
the 41-aa CA/7 X-ORF (X41) (Figure 2.10A). As negative controls, we used BirA* alone
and BirA* fused to a mutated PR8 X-ORF in which four positively charged residues were
replaced by alanine (X61(4A)). These mutations prevent nuclear localization of a GFP-X-
OREF fusion and disrupt mMRNA degradation by PA-X (Khaperskyy et al., 2016). As
expected from our previous studies (Khaperskyy et al., 2016), fusion to the wt X-ORFs,
but not X61(4A), led to accumulation of BirA* in the nucleus (Figure 2.11A). Moreover,
all BirA* fusions efficiently biotinylated many cellular proteins (Figure 2.11B).

To identify cellular proteins that bind both the X61 and X41 X-ORFs, we affinity-
purified biotinylated proteins from HEK293T cells expressing BirA*-X-ORF fusion
proteins and prepared them for quantitative mass spectrometry using reductive
dimethylation. Reductive dimethylation exploits formaldehyde variants with different

molecular weights due to substituted carbon-13 or deuterium atoms to label captured
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Figure 2.10: The X-ORF interactome is enriched for proteins involved in mRNA
processing.

(A) Schematic diagram of X-ORF-BirA* fusion baits used in BiolD mass spectrometry
experiment. Numbers indicate independent runs employing each construct set. Light,
medium, and heavy = light, medium, or heavy isotope tags. (B) Overlap between
proteins identified by mass spectrometry by 22 unique peptides in three BiolD runs. (C)
Average relative abundance of 286 proteins identified in at least two BiolD experiments,
plotted as log2 ratio of medium vs. light (x axis, X-ORF/-) and medium vs. heavy (y axis,
X-ORF/X61(4A). Green dots = proteins with >1.5-fold enrichment over both negative
controls, blue dots = proteins with >1.5-fold enrichment over BirA*-myc alone. Black and
red open circles = high-confidence hits (>2.0-fold over BirA*-myc in 22 experiments or
>1.5-fold over BirA*-myc and BirA*-X61(4A)-myc in 3 experiments). Red open circles =
nucleolin (NCL) and nucleophosmin (NPM1), which were enriched > 2.0-fold over both
negative controls in all three experiments. (D) STRING protein-protein interaction
network of high-confidence hits. Apparent nodes were differentially colored (only one
annotation per protein is shown for simplicity). (E) Gene ontology (GO) enrichment
analysis of X-ORF BiolD hits (black and red circles in C). All enriched functional classes
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are presented (excluding parental subclasses for each term). Note that the >100-fold
enriched functional classes contain only 2 proteins each.

proteins with stable isotope tags and allow for quantitative comparisons between
samples (Hsu et al., 2003). We performed the experiment three times, twice with BirA*-
X61 and once with BirA*-X41, comparing them in each case to the BirA* alone and
BirA*-X61(4A) controls (Figure 2.10A). 156 candidate X-ORF interacting proteins were
represented by at least two unique peptides (Table S2.4) and were present in all runs
(Figure 2.10B). Among these, we selected 29 high-confidence interacting proteins with
higher relative peptide abundance in the test (BirA*-X61 or X41) vs. control (BirA*-
X61(4A) or BirA* alone) conditions (>2-fold higher than controls in at least two
experiments or >1.5-fold in all three experiments, Figure 2.10D, Table S2.4). Figure
2.10C depicts the relative peptide abundance of proteins in X61 samples compared to
the X61(4A) control or BirA* alone control, with black and red open circles identifying the
high confidence hits. Red circles indicate two proteins (nucleolin (NCL), nucleophosmin
(NPM1)) that were enriched >2-fold compared to controls across all three runs. Because
NCL and NPM1 are abundant proteins that traffic in and out of nucleoli, these
interactions may explain the apparent nucleolar accumulation of biotinylated proteins
(Figures 2.11A, 2.11C), even though neither the BirA-X-ORF fusion (Figure 2.11A) nor
the full length PA-X (Khaperskyy et al., 2016, 2014) accumulate in nucleoli. STRING
protein-protein interaction network analysis of the hits revealed several physical and
functional interaction nodes, including protein trafficking, transcription/translation and
MRNA processing (Figure 2.10D). Similarly, GO term analysis revealed a strong
association with mRNA processing, RNA splicing and mRNA metabolic process
functions among the high-confidence hits (Figure 2.10E). These data show that the PA-
X C-terminal X-OREF is physically recruited to protein complexes involved in nuclear Pol

Il RNA processing (commonly referred to as mRNA processing), which likely explains
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Figure 2.11: BirA*-X-ORF mediates biotinylation of cellular proteins.

(A) Immunofiluorescent staining of biotinylated proteins in HEK293A cells transfected
with BirA*-myc (-myc), BirA*-X61-myc (-X61-myc), BirA*-X61(4A)-myc (-X61(4A)-myc),
or BirA*-X41(Ca7) expression constructs. The localization of myc-tagged fusion proteins
was visualized with anti-myc antibody (red), biotinylated proteins were stained with
Streptavidin-Al- exa-Fluor-488 conjugate (Biotin, green), and nuclei were stained with
Hoechst dye (blue). Open arrows indicate strong nucleolar biotin staining in BirA*-X61-
myc expressing cells. (B) Flow through (FT), wash 1 (W1), wash 4 (W4), and elution
fractions of neutravidin agarose pulldown of proteins biotinylated using BirA*-X61-myc
(X61), BirA*-X61(4A)-myc (4A), or BirA*-myc (BA) were analyzed by western blot using
Streptavidin-HRP conjugate (top panel). Total protein in the same fractions was detected
using Bio-Rad Stain-free chemiluminescent reagent (bottom panel). Arrow indicates
position of a major band corresponding to the size of nucleolin (apparent molecular
weight ~110 kDa) that is enriched in BirA*-X61-myc biotinylated protein mix compared to
proteins biotinylated by the other two baits. (C) Immunofluorescent staining of
biotinylated proteins in cells transfected with BirA*-myc or the BirA* fused to full-length
catalytically inactive PA-X mutant, BirA*-PA-X(108A)-myc. Biotinylated proteins were

NCL/Biotin
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stained with Streptavidin-Alexa-Fluor-488 conjugate (Biotin, green), and nucleoli were
stained with anti-nucleolin antibody (NCL, red). Filled arrows indicate strong biotinylation
of nucleolar proteins, open arrows highlight nucleoli that are not preferentially labelled in
control BirA*-myc expressing cells. (D) Schematic diagram of BirA* fusion constructs
used in panels B and C. Scale bar = 100 um, indicated as an arrow below panel C in the
lower left corner. Scale bar for magnified images = 20 um, as indicated in panel A.

the preferential degradation of RNAs that have undergone co/post-transcriptional

processing.

2.2.7. The CFIm complex may regulate PA-X activity
The BiolD screen identified several proteins involved in RNA splicing (RBM39, PUF60,
PRPF4) and/or polyadenylation (NUDT21/CPSF5/CFIm25, CPSF6/CFIm68) as X-ORF-
interacting proteins. We conducted co-immunoprecipitation experiments to validate
these interactions using nuclear extracts derived from a HEK293T iPA-X cell line that
produces high-levels of a myc-tagged PA-X (Khaperskyy et al., 2016). We recapitulated
the interaction between full-length PA-X and endogenous NUDT21, suggesting this is a
stable interaction that can survive affinity isolation procedures (Figure 2.12A, 2.13A).
NUDT21 and CPSF6 assemble into a functional heterotetrameric CFIm complex (Kim et
al., 2010) that enhances polyadenylation and guides polyadenylation site choice (Zhu et
al., 2018). In addition, the CFIm complex is present in the spliceosome, and has been
proposed to link splicing to polyadenylation during RNA processing (Rappsilber et al.,
2002; Zhou et al., 2002). To test whether the interaction with the CFIm complex was
required for PA-X activity, we used siRNAs to deplete NUDT21 and CPSF6 alone or in
combination (Figure 2.13B, 2.13F). Partial silencing of CFIm proteins reduced PA-X
down-regulation of IFN-A2 upon co-transfection in HEK293T cells (Figure 2.12B).
Moreover, in A549 cells silencing of the CFIm complex reduced PABP nuclear
localization during IAV PR8 infection (Figure 2.12C, 2.12E), a hallmark of PA-X

dependent host shutoff (Figure 2.3, (Khaperskyy et al., 2014)).
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Figure 2.12: The CFIm complex is involved in PA-X activity.
(A) Proteins were extracted from nuclei of uninduced or doxycycline-treated HEK293T
cells expressing inducible wt PR8 PA-X, and incubated with myc-trap beads to
immunoprecipitate PA-X-myc (myc) or control beads (ctrl). Input and IP samples were
resolved by SDS-PAGE and analyzed by western blotting for PA-X-myc, NUDT21 and
CPSF6. Image is representative of 3 independent experiments. (B) NUDT21 and CPSF6
were knocked down by siRNA, separately or in combination, in HEK293T cells. For
NUDT21, siRNA #2 was used (see methods). For CPSF6, siRNA #1 was used for
knockdown in combination with NUDT21. Cells were then transfected with a reporter
expressing IFN-A2 mRNA from the genomic locus, with and without wt PR8 PA-X. The
levels of IFN-A2 mRNA and 18S rRNA were measured by RT-qPCR. Expression of IFN-
A2 mRNA is plotted relative to vector-transfected cells, after normalization to 18S rRNA.
(C-E) NUDT21 and CPSF6 were knocked down by siRNA in A549 cells, using a mixture
of two siRNAs. Cells were then infected with WT PR8 IAV for 15 hrs. Infection rates
were assessed by staining for IAV proteins, and host shutoff by staining for nuclear
PABP. C = representative immunofluorescence images. D, E = change in fraction of
infected cells with nuclear PABP or total cell counts and infected cells, respectively,
relative to control siRNA. For all panels, bars are mean + standard deviation, N = 3. ****
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:p <0.05 0.001, ANOVA followed by Dunnett’s multiple comparison test vs. control
SIRNA.
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Figure 2.13: Validation and functional study of BiolD hits involved in mRNA
processing.

(A) Protein lysates were harvested from the nucleus of uninduced or doxy- cycline-
treated HEK293T iPA-X cells, and incubated with myc-trap beads to immunoprecipitate
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PA-X-myc (“myc”) or control beads (“ctrl”). Input and IP samples were resolved by SDS-
PAGE and analyzed by western blotting for PA-X-myc, NUDT21, CPSF6, nucleolin
(NCL), nucleophos- min (NPM1), RBM39, PUF60. A blot representative of 2-3
independent experiments is shown. (B) NUDT21 and CPSF6 were knocked down by
SiRNA, separately or in combination, in HEK293T cells. Protein lysates were probed with
antibodies against the myc tag to visualize PA-X, and against NUDT21 and CPSF6.
Tubulin serves as a loading control for the CPSF6 and NUDT21 blot, while total protein
stain (shown for the portion of the blot between ~40 kDa and 55 kDa) serves as a
loading control for the myc blot. The blots are representative of 3 or more replicates, and
correspond to one of the experiments included in Figure 7B. (C-F) RBM39 and NCL
were knocked down by siRNA in A549 cells, using a combination of two siRNAs in each
condition. Cells were then infected with WT PR8 IAV for 15 hrs. Infection rates were
assessed by staining for IAV proteins, and host shutoff by staining for nuclear PABP. (C)
and (D) show the change in the fraction of infected cells with nuclear PABP, and in total
cell counts and infected cells, respec- tively, relative to control siRNA. Bars are mean *
standard deviation, n =2 2. **: p < 0.01, ANOVA followed by Dunnett’s multiple
comparison test vs. control siRNA (E) shows representative immunofluorescence
images. Scale bar = 200 um, indicated as an arrow in the lower left corner. (F) shows
representative western blots confirming efficient knock-down, and showing accumulation
of IAV proteins under knock-down conditions.

Importantly, PABP relocalization can be quantified on a per-cell basis, which allowed
us to control for unrelated effects of the knockdowns on cell viability and infection rates.
In fact, we found that NUDT21 silencing reduced cell viability, and CPSF6 silencing
dramatically reduced infection rates (Figure 2.12D). We also tested two additional
potential interaction partners, NCL and RBM39, in the PABP relocalization assay
(Figure 2.13C, 2.13E). While NCL silencing had little effect on cell viability, infection
rates and host shutoff, RBM39 silencing reduced cell viability and infection rates (Figure
2.13C-F). We conclude that NCL is unlikely to have a role in PA-X-mediated host
shutoff, whereas the effects of RBM39 silencing on cell physiology are too severe to
assess its role in PA-X host shutoff. Nonetheless, collectively these data suggest that
the RNA processing and spliceosome-associated CFIm complex is required for at least

some of the activity of PA-X in cells.
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2.3. Discussion

A thorough understanding of the molecular mechanism of action of PA-X is required
to determine how it selectively degrades host RNAs and contributes to the control of the
innate immune response. In this study, we discovered a key aspect of the PA-X
mechanism of action: its selectivity for transcripts that have undergone splicing. This
coupling to RNA processing sets PA-X apart from other viral host shutoff RNases that
target mMRNAs in the cytoplasm in association with translation (Covarrubias et al., 2009;
Doepker et al., 2004; Feng et al., 2005, 2001; Gaglia et al., 2012; Kamitani et al., 2009).
Our transcriptomic results show that, as expected, PA-X down-regulates many host
RNAs, both on its own and in the context of infection. However, some RNAs are less
susceptible to PA-X activity, and a key characteristic of these resistant RNAs is that they
are intronless or have fewer introns. Moreover, the carboxy-terminal X-ORF of PA-X
interacts with many proteins involved in cellular RNA metabolism. We propose a model
whereby PA-X associates with a discrete set of RNA metabolism proteins that allows
selective targeting of RNAs during transcription or early processing. In this model, RNAs
that are not canonically processed, including viral RNAs, are spared.

Our transcriptomic study confirms that the PA-X-dependent down-regulation of host
protein production (Hayashi et al., 2015; Jagger et al., 2012) is due to a reduction in
RNA levels, and defines PA-X-dependent and PA-X-independent components of RNA
down-regulation during infection. The PA-X-independent component is likely due to a
recently described generalized reduction in cellular transcription (Bauer et al., 2018;
Heinz et al., 2018; Zhao et al., 2018), because other known modalities of IAV host
shutoff are not active in the PR8 strain (Das et al., 2008; Rodriguez et al., 2009;
Salvatore et al., 2002). The mechanism of reduced host transcription in IAV infected
cells remains a matter for debate (Bauer et al., 2018; Heinz et al., 2018; Zhao et al.,

2018). However, it is most likely PA-X-independent, because it also occurs during
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infection with influenza B viruses (Bauer et al., 2018), which do not encode PA-X (Shi et
al., 2012). Our clustering analysis also revealed that some functional classes of RNAs
are spared from PA-X degradation, including mRNAs for proteins involved in translation,
which agrees with previous results from Bercovich-Kinori et al. (Figure 2.5D, (Bercovich-
Kinori et al., 2016)). Our new results suggest that the small number of exons of these
mRNAs, particularly RNAs for ribosomal proteins, may explain this phenomenon.

Another general conclusion of our RNAseq analysis is that PA-X with a 9-aa
truncated C-terminal X-ORF is essentially non-functional in the context of infection. The
shutoff impairment of IAV PA(X9) is very similar to that of the PA(fs) and PA(AX) viruses
(Fig. 2.2B), which presumably have reduced PA-X production. This finding validates the
results of multiple studies using ectopic PA-X expression models that concluded that at
least 15 aa of the X-ORF is required for full RNA degrading activity in cells (Hayashi et
al., 2016; Khaperskyy et al., 2016; Oishi et al., 2015). Similarly, a 1918 H1N1 chimeric
virus with a stop codon after 15 aa had an intermediate host shutoff phenotype between
IAV wt and PA(fs) (Jagger et al., 2012). The finding that truncating the X-ORF is
sufficient to block PA-X activity in the virus is important because single point mutations in
the X-ORF sequence are less disruptive than frameshifting mutations. Thus, viruses
carrying X-ORF mutations could be better tools for in vivo studies of PA-X function and
IAV pathogenesis.

The key unexpected finding from our study is the link between PA-X and splicing. All
other viral host shutoff RNases appear to act at some stage of mMRNP loading into the
translation apparatus. For example, RNA targeting by alphaherpesvirus vhs is linked to
physical interactions with translation initiation factors (Doepker et al., 2004; Feng et al.,
2005, 2001) and SARS CoV nsp1 only degrades RNAs that are actively translated
(Gaglia et al., 2012; Kamitani et al., 2009). Thus, to our knowledge, there is no other

described instance of a host shutoff RNase using splicing as a targeting mechanism. In
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fact, splicing was reported to protect MRNAs from cleavage by vhs (Sadek and Read,
2016). The connection between splicing and PA-X degradation is evident from the
reduced effect of PA-X on intronless MRNAs (Figures 2.6, 2.9), the negative correlation
between exon number and degree of degradation by PA-X (Figures 2.6, 2.7), and the
fact that small changes in the 5’ splice site can affect susceptibility to degradation by PA-
X (Figure 2.9G, 2.8F). These findings begin to shed light on the specificity of PA-X for
Pol Il transcripts (Khaperskyy et al., 2016). In cellular transcription, the splicing
machinery associates with RNAs through interactions with Pol Il, and thus only Pol II
transcripts are normally spliced (Gu et al., 2013). Protein-protein interactions with
splicing factors may thus bring PA-X to its Pol |l targets. This idea is corroborated by our
proteomic analysis that shows that the PA-X X-ORF interacts with several splicing
regulators (PUF60, RBM39, PRPF4) and spliceosome-associated polyadenylation
proteins (the CFIm complex proteins CPSF5/NUDT21 and CPSF6) (Figure 2.10).
Furthermore, PA-X activity is in part dependent on the CFIm complex (Figure 2.12). We
speculate that more exons provide more chances for PA-X to be brought to the RNA by
these factors, resulting into more efficient turnover of RNAs with more splice sites. Since
these proteins do not regulate the processing of all mMRNAs in the cell to the same
extent, PA-X interactions with these proteins could provide an additional mechanism for
target discrimination. Further studies will be needed to determine the exact role of these
factors.

A targeting strategy based on splicing offers a major benefit to the virus, because it
provides the ability to easily discriminate between host and viral mRNAs. Viral mMRNAs
are synthesized by the RdRp and most of them are not spliced, which renders them
“‘invisible” to PA-X. That said, our published results suggest that even the two viral
mRNAs that are spliced (NEP and M2) are PA-X resistant (Khaperskyy et al., 2016).

However, splicing of viral mMRNAs is a fundamentally different process, since the splicing

73



machinery needs to be recruited to the RNAs separately from Pol Il (Dubois et al., 2014).
It is possible that viral mMRNA splicing does not require the CFIm complex or other PA-X-
binding partners, because they are auxiliary components of the host RNA processing
machinery. The PA-X splicing-based targeting strategy is more efficient at virus vs. host
discrimination than the translation-based targeting strategy used by herpesviral host
shutoff RNases, which leads to degradation of viral and host mRNAs alike (Abernathy et
al., 2014). This is likely because viral translation relies on the same machinery as host
translation. While herpesviruses can compensate for the degradation of their own RNAs,
this self-sacrifice may not work for a virus like IAV that has a shorter replication cycle
and a small genome with a limited gene expression program.

Our BiolD results suggest that the preference for spliced RNAs may be linked to
protein-protein interactions between the PA-X X-ORF and cellular factors. The X-ORF is
required for PA-X nuclear localization (Hayashi et al., 2016; Khaperskyy et al., 2016;
Oishi et al., 2015). However, enforced nuclear localization of the PA-X RNase domain
alone does not fully rescue activity (Hayashi et al., 2016), suggesting that the X-ORF
has additional functions. Indeed, we identified many X-ORF-interacting proteins with
various roles in RNA metabolism in addition to a nuclear import protein (importin 7). By
examining the X-ORF in isolation, we likely excluded indirect interactions via RNA
binding of the RNase domain, as well as interactions that are important for PA rather
than PA-X function. Among our hits, two nucleolar proteins, nucleolin (NCL) and
nucleophosmin (NPM1), were also reported to interact with H5N1 PA-X (Li et al., 2016).
The fact that biotinylated proteins accumulated in the nucleoli also supports the idea that
nucleolin and nucleophosmin, which traffic to nucleoli, come in contact with the BirA*-
fused X-ORF and full-length PA-X (Figure 2.11C). It is unclear whether the high
nucleolar biotinylation is of functional importance, since silencing nucleolin had little

effect on PA-X mediated host shutoff in infected cells (Figure 2.13C-F) and PA-X is not
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localized specifically to this compartment (Figure 2.11A, (Khaperskyy et al., 2016,
2014)). Interestingly, nucleolin has been reported to protect specific RNAs from
degradation by viral host shutoff RNases, including PA-X (Muller et al., 2015; Muller and
Glaunsinger, 2017). Therefore, the PA-X-nucleolin interaction may reflect a different role
of nucleolin in regulating RNA homeostasis during infection. By contrast, we found
evidence for the involvement of the CFIm complex, NUDT21 and CPSF®, in host shutoff
during infection (Figure 2.12D, 2.12E) and PA-X ectopic expression (Figure 2.12B). The
findings in infected cells must be interpreted with caution because CPSF6 silencing
markedly inhibited viral infection (Figure 2.12D, 2.12F, 2.13F). It is unclear whether the
reduction in infection rates is connected to PA-X function. While the CFIm complex is
more commonly studied for its roles in alternative polyadenylation and mRNA 3’
processing (Hardy and Norbury, 2016), multiple studies have shown that NUDT21 and
CPSF6 are found in purified spliceosome complexes (Rappsilber et al., 2002; Zhou et
al., 2002). This finding has led to the idea that they may also have a role in coordination
of splicing and 3’ processing (Martinson, 2011). Interestingly, in a previous study we
reported that canonical 3’ end processing may also be linked to PA-X targeting
(Khaperskyy et al., 2016); the CFIm complex may also explain this connection. Little is
known about the function of the CFIm complex, so studying its contribution to PA-X
activity and/or IAV infection may advance understanding of its normal physiological role.
Roles for the other candidate PA-X-interacting proteins remain to be explored; such
studies may be hindered if these proteins play PA-X-independent roles in the viral
replication cycle or in maintaining general cell viability during infection. For example, we
found that silencing of RBM39, an alternative splicing regulator, has profound negative
effects on cell survival and infection rates (Figure 2.13D-F). We also wonder whether
the association of PA-X with cellular proteins could compromise their normal function.

We did not find dramatic changes in host splicing in our dataset (not shown), but others
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have reported increased intron retention in cells infected with a PR8 chimeric virus
bearing a 1918 NS1 protein (Zhao et al., 2018). This discrepancy could be due to the
way we set up our sequencing pipeline, or the NS1 variant present in the virus. Because
these changes were attributed to NS1 activity, we will have to be cautious in our
assessment of PA-X-dependent and PA-X-independent effects in our system.

It is interesting that both PA-X and the well-known influenza host shutoff factor NS1
interact with nuclear mMRNA processing machinery to control gene expression (Nemeroff
et al., 1998). Many NS1 variants (but not PR8 NS1) cause host shutoff by binding and
inhibiting a component of the 3’-end RNA processing machinery, CPSF30 (Das et al.,
2008; Nemeroff et al., 1998). While this convergence could allow the two proteins to
coordinate an attack on the host, studies of engineered and naturally-evolved viruses
suggest that NS1 and PA-X activities are anti-correlated to prevent cytotoxicity. For
example, the original 2009 pandemic H1N1 NS1 does not bind CPSF30, nor does it
reduce host gene expression (Hale et al., 2010), but the more human-adapted NS1 from
currently circulating pandemic H1N1 strains does (Clark et al., 2017; Nogales et al.,
2018). Interestingly, these H1N1strains have also accumulated mutations that reduce
PA-X activity, suggesting that having two highly active host shutoff proteins may impair
viral fithess (Nogales et al., 2018). A recent study by the Takimoto lab comparing NS1
and PA-X targeting in a 2009 pandemic strain suggests that NS1 and PA-X have
overlapping but not identical targets (Chaimayo et al., 2018). NS1 is more clearly
directed at down-regulation of the innate immune response, whereas PA-X has a
broader targeting range (Chaimayo et al., 2018). In general, host mMRNA processing may
be a hub of regulation for influenza because viral MRNAs are generally not processed by
host machinery. Also, interactions with host processing do not directly compromise Pol Il

activity, which is required for viral replication (Lamb and Choppin, 1977).
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Collectively, our results affirm the importance of PA-X for the viral replication cycle,
as they show that in the absence of PA-X, the ability of the virus to regulate host gene
expression is severely reduced. Moreover, we have uncovered a unique mechanism of
host RNA targeting that can allow PA-X to distinguish not only between host and viral
targets, but also among cellular targets. For example, the intronless mRNA TAF7, which
we examined in Figures 2.4B, 2.4C, is a component of Pol Il pre-initiation complexes.
Therefore, PA-X selectivity could have repercussions for the viral replication cycle.
Through further elucidation of PA-X mechanism of action, we will gain important insights
into how host shutoff allows the virus to usurp host biosynthetic machinery and expand

our knowledge of the link between PA-X and IAV pathogenesis.
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2.6. Methods
2.6.1. Contact for reagent sharing

Further information and request for resources and reagents should be directed to

and will be fulfilled by the lead contact, Marta M. Gaglia (Marta.Gaglia@tufts.edu).

2.6.2. Cell lines

Human embryonic kidney cells HEK293A (Thermo Fisher) and HEK293T (ATCC),
and human adenocarcinoma alveolar basal epithelial (A549, ATCC) cells were
commercially obtained. HEK293A and HEK293T are female and A549 are male. All cell
lines and derivatives were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (Hyclone) at 37°C and 5% CO..
HEK293T_iPA-X-PR8, A549-iPA-X_PR8 and A549-iPA-X-D108A_PR8 were previously
described (Khaperskyy et al., 2016). A549-iPA-X_Udorn and iPA-X_PR8_Nterm were
generated by transducing A549 cells with lentiviruses containing pTRIPZ-PA-X_Udorn-

myc and pTRIPZ-PA-X_PR8-Nterm-myc.

2.6.3. Plasmids

pCR3.1-PA-X-myc (with PR8 PA-X) (Khaperskyy et al., 2014), pCR3.1-PA-N191
(PA-X 0 aa) (Khaperskyy et al., 2016), pCR3.1-PA-X_TN/CA/7-myc (Khaperskyy et al.,
2016), pd2GFP-HR (Lee and Glaunsinger, 2009), pCDNA3.1-3-globin ((Covarrubias et
al., 2011), subcloned from the pcTet2-Bwt plasmid (Singh et al., 2008)) were previously

described. The luciferase constructs with and without the intron were a kind gift from
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Gideon Dreyfuss (Younis et al., 2010). pHW-PA(X9) and pHW-PA(AX) were generated
from pHW-193 (kind gift from R. Webby) and pHW-PA(fs) vectors (Khaperskyy et al.,
2016), respectively, using Phusion site-directed PCR mutagenesis to introduce the TAG
stop codon in +1 ORF (synonymous ATT to ATA substitution at PA lle-201 codon, TTG
to TAG substitution at PA-X Leu-201). pCR3.1-PA-X_9aa-myc and pCR3.1-PA-X_15aa-
myc were generated from the pCR3.1-PA-X-myc constructs by amplifying the truncated
coding region and inserting it into the Sall-Mlul sites of a pCR3.1-C-terminal-myc
backbone. pCR3.1-PA-X_Udorn-myc was generated by PCR amplifying the 5’ portion of
the segment 3 RNA from a Poll-Udorn construct (kind gift from A. Mehle), adding a
single nucleotide deletion to shift the frame of the X-ORF, and inserting into the Sall-Mlul
sites of a pCR3.1-C-terminal-myc backbone. pTRIPZ-PA-X-Nterm-myc and pTRIPZ_PA-
X_Udorn-myc were generated by PCR amplifying PA-N191 from pCR3.1-PA-N191-myc
and PA-X-Udorn-myc from pCR3.1-PA-X_Udorn-myc, respectively, and inserting these
sequences into the backbone of pTRIPZ-RFP_SV40_3’'UTR (Khaperskyy et al., 2016)
after RFP excision with Agel and Clal . pPCMV-IFN-A2 cDNA, genomic and single intron
constructs were generated by PCR amplifying the full human IFN-A2 cDNA, the genomic
locus or combinations of fragments of the two, and inserting into the pd2e GFP-N1
construct (Clontech) after the GFP was excised using Nhel and Notl. The 5’ splice site of
intron 2 or 4 was then mutated from TTA|GT and TGT|GT, respectively, to CAG|GT
within the single intron constructs to generate the intron 2 and 4 mutant constructs.
Gibson cloning using HiFi assembly mix (New England Biolabs) was used to make all of
these constructs, unless otherwise stated. The expression vector for the biotin ligase
from E. coli with the R118G mutation BirA* (pcDNA3.1-myc-BiolD2-MCS) (Roux et al.,
2012) was obtained from Addgene (#74223) and the BirA* ORF was amplified by PCR
and inserted into the pCR3.1-myc vector (Khaperskyy et al., 2012) between Kpnl and

EcoRI sites to generate pCR3.1-BirA*-myc. The PCR-amplified X-ORF sequences from
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pCR3.1-PA-X-myc and pCR3.1-PA-X(4A)-myc (Khaperskyy et al., 2016) were inserted
in frame with BirA* ORF using EcoRI and Mlul to generate pCR3.1-BirA*-X61-myc and
pCR3.1-BirA*-X61(4A)-myc, respectively. X-ORF coding sequence from
A/California/7/2009 (H1N1) strain was amplified from pHW-C3 vector (Slaine et al.,
2018) and inserted in frame with BirA* ORF using EcoRI and Xhol to generate pCR3.1-

BirA*-X41(CA/7) vector.

2.6.4. Cell lines, lentiviral transduction and transfections

HEK293A, HEK293T, A549 cells and derivatives were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (Hyclone)
at 37°C and 5% CO.. HEK293T_iPA-X-PR8, A549-iPA-X_PR8 and A549-iPA-X-
D108A_PRS8 were previously described (Khaperskyy et al., 2016). A549-iPA-X_Udorn
and iPA-X_PR8_Nterm were generated by transducing A549 cells (ATCC) with
lentiviruses containing pTRIPZ-PA-X_Udorn-myc and pTRIPZ-PA-X_PR8-Nterm-myc.
Lentiviral packaging was carried out using the packaging plasmids psPAX2 and pMD2
(Addgene #12260, #12259). For experiments using iPA-X cells, cells were treated with
0.2 pg/ml doxycycline for 18 hrs to induce PA-X expression prior to RNA or protein
sample collection. For the RNAseq experiments, untransduced A549 cells were also
treated with doxycycline to serve as the control. For experiments using IFN-A2
constructs and the B-globin reporter, HEK293T cells were plated in 24-well or 6-well
plates (for fractionation experiments) and transfected with 800 ng/ml total DNA (including
50 ng/ml PA-X construct) using polyethylenimine (PEI). Cells were collected 24 h later
for fractionation and/or RNA extraction and purification, and cell lysates for western blot.
For siRNA transfections, HEK293T cells were plated in 6-well plates while transfecting
15 nM siRNA (ThermoFisher Scientific) per well using Lipofectamine RNAIMAX reagents

(ThermoFisher Scientific). Cells were transfected two days later with 800 ng/ml total
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DNA (including 50 ng/ml PA-X construct) using PEI, and collected for RNA and protein

24 hrs later.

2.6.5. Viruses and infections

Wild-type influenza A virus A/Puerto Rico/8/1934 H1N1 (PR8) and the mutant
recombinant viruses PR8 PA(X9), PR8 PA(fs) and PR8 PA(AX) were generated using
the 8-plasmid reverse genetic system (Hoffmann et al., 2000) as previously described
(Khaperskyy et al., 2012). Viral stocks were produced in MDCK cells and infectious titers
determined by plaque assays in MDCK cells using 1.2% Avicel overlays as described in
Matrosovich et al. (Matrosovich et al., 2006). A549 cell monolayers were mock-infected
or infected with the wild-type or mutant viruses at MOI = 1 for 1 h at 37°C. Then
monolayers were washed briefly with PBS, fresh infection media (0.5% BSA in DMEM
supplemented with 20 uM L-glutamine) was added and cells incubated at 37°C in 5%
CO- atmosphere for 12 or 15 h prior to RNA isolation or preparation of lysates for
western blotting. For immunofluorescence microscopy analysis cells grown on glass
coverslips were infected as described above and fixed at 15 h post-infection using 4%

paraformaldehyde in PBS.

2.6.6. Preparation of cell lysates containing biotinylated proteins

HEK293T cells grown on 10-cm dishes were washed briefly were transfected with
BirA* fusion protein expression constructs using PEI. 6 hours post transfection media
was changed to 10% FBS DMEM supplemented with 50 uM biotin (Sigma). 24 hours
post-transfection (18 h post-biotin addition) cells were washed and collected in ice cold
PBS, and centrifuged at 250 x g for 5 minutes at 4°C. Cell pellets were resuspended in

500 pl RIPA buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1% Igepal, 0.5% sodium
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deoxycholate, 0.1% SDS) with protease inhibitor cocktail (P8340, Sigma) and lysed at
4°C for 1 hour with gentle agitation, followed by passing through a 21-gauge needle.

Lysates were cleared by centrifugation at 4°C for 20 min at 20,000 x g.

2.6.7. Neutravidin pull-down

60 pl of 50% slurry of High Capacity Neutravidin Agarose Beads (Thermo) was used
for each 500 pl of clarified whole cell lysate. Beads were equilibrated in RIPA buffer by
washing three times for 10 mins at 4°C. In one of the BirA*-X61 experimental runs, 1 pl
of 500x RNase A (100 ug, Qiagen) was added to each sample to remove non-specific
interactors. The lysate was then incubated for 5 minutes at room temperature before
loading onto the beads. Untreated samples were loaded directly onto the beads post
washing. 1 mg of protein sample was loaded to beads in 1.5 mL Eppendorf tubes, which
were then placed on a rotator overnight at 4°C, and collect with centrifugation at 400 x g
for 1 minute at 4°C. Beads were washed with RIPA buffer three times, followed by three

washes with TAP buffer (50 mM HEPES-KOH pH 8.0, 100 mM KCI and 10% glycerol).

2.6.8. Mass spectrometry sample preparation

Beads were resuspended in 50 mM triethylammonium bicarbonate (TEAB) buffer
(Sigma). 24 mM DTT and 32 mM IAcNH2 were added sequentially. Beads were then
incubated for 30 minutes at 37°C, washed with 50 mM TEAB and centrifuged for 1 min
at 400 x g before resuspending in 50 mM TEAB. On-bead trypsin (Pierce Trypsin
protease, MS-Grade; Thermo Scientific) digest was performed with 1 ug trypsin in 50
mM TEAB buffer, shaken overnight at 37°C. Samples were acidified with 1 pl
trifluoroacetic acid (TFA) and 3 pl Formic acid until a pH lower than 3 was achieved.

Trypsinized peptides were collected by puncturing a hole in the bottom of the 1.5 mL
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Eppendorf tube using a 30-gauge needle, placing it in a 2 mL Eppendorf tube and
spinning it at 2000 rpm for 1 minute at room temperature. Beads were washed with 50
mM TEAB prior to desalting. Samples were desalted with Oasis/SepPak Desalting
columns, eluted sequentially in 1 mL 50% ACN/0.1% TFA and 500 pl 70% ACN/0.1%
TFA. Combined eluted samples were dried in a Thermo SPDIIIV speed vacuum

centrifuge and frozen at -20°C.

2.6.9. Reductive dimethylation and quantitative mass spectrometry

Quantitative mass spectrometry analysis via reductive dimethylation enabled
measurements of relative abundance of biotinylated proteins in each experimental
condition (Hsu et al., 2003). In reductive dimethylation, formaldehyde molecules with
different combinations of stable hydrogen and carbon isotopes are conjugated to peptide
samples. Dried protein samples were resuspended by sonication for 15 minutes in 50
mM TEAB. BirA*, BirA*-XORF (X61 or X41) and BirA*-X61(4A) samples were labeled
with light, medium and heavy isotopes respectively. 8 pl formaldehyde (Sigma) were
added to the light, 15 pl D2-formaldehyde (Cambridge Isotope Laboratories Inc.) to the
medium and 15 pl D2-C13-formaldehyde (Aldrich) to the heavy samples. Reactions were
incubated for 5 minutes at room temperature. Once incubation was completed, 0.51 M
NaCNBHs; (sodium cyanoborohydride; Fluka) was added to the light and medium
samples, while 0.51 M NaCNBD3 (sodium cyanoborodeuteride; Aldrich) was added to
the heavy reaction, to label terminal amines. All three reactions were incubated for 1
hour at room temperature before being combined into a single tube at a 1:1:1 ratio. The
combined sample was acidified, desalted and dried as described above. Samples were
resuspended in 3% ACN/0.1% formic acid and sonicated for 15 min to prepare for mass
spectrometry. Mass spectrometry and peptide identification was performed at Dalhousie

Proteomics CORE Facility by Dr. Alejandro Cohen (https://medicine.dal.ca/research-dal-
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med/facilities/proteomics.html). Proteome Discoverer software (Thermo) was used for

protein identification. Functional Protein Association Network analysis was conducted on

29 selected protein hits using online STRING version 10.5 (https://string-db.org/)

(Szklarczyk et al., 2017).

2.6.10. Cell fractionation for RNA analysis

Fractionation was performed as described previously (Gagnon et al., 2014) with
minor modifications. Briefly, cells were collected 24 h after transfection, centrifuged at
500 x g for 5 min at 4°C, then washed with PBS and counted. Equal numbers of cells
were aliquoted into two tubes, one for the whole cell lysates collection and one for
fractionation. Cells were pelleted again, and lysed on ice for 10 mins in 250 pl ice-cold
hypotonic lysis buffer (10 mM Tris pH 7.5, 10 mM NaCl, 3 mM MgCl., 0.3% (vol/vol) NP-
40, 10% (vol/vol) glycerol in nuclease-free water) supplemented with 100 U RNasin
(Promega). For the whole cell lysate, Trizol (Life Technologies) was added directly to the
lysate to extract RNA. For nuclear/cytoplasmic fraction, the lysate was centrifugated at
1000 x g for 3 min at 4°C to pellet membrane and nuclei. The supernatant was collected
as the cytoplasmic fraction and Trizol was added to it to extract RNA. Finally, the nuclear
pellet was washed 3 times with 1 ml hypotonic lysis buffer and collected by
centrifugation at 200 x g for 2 mins at 4°C, then lysed directly in Trizol to extract nuclear

RNA.

2.6.11. RNA purification, cDNA preparation and gPCR
For fractionation experiments, RNA was purified using Trizol. 1 ml Trizol, 2 pl
glycogen and 200 pl chloroform (Fisher Scientific) were added to each fraction. Samples

were then centrifuged at 16,000 x g for 15 min at 4°C, and the aqueous layer was
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collected. RNA was precipitated by addition of 700 pl isopropanol and incubation for 10
min at room temperature, followed by centrifugation at 16,000 x g, 4°C for 20 min. The
pellet was washed with 75% ethanol, and resuspended in RNase-free water. For other
transfection experiments, RNA was extracted from cells and purified using the Quick-
RNA miniprep kit (Zymo Research), following manufacturer’s protocol. In all cases, the
RNA was treated with Turbo DNase (Life Technologies), then reverse transcribed using
iScript supermix (Bio-Rad) per manufacturer’s protocol. In the fractionation experiment,
the same cell equivalents of total, nuclear and cytoplasmic fraction were used for these
steps. gPCR was performed using iTag Universal SYBR Green supermix (Bio-Rad), on
the Bio-Rad CFX Connect Real-Time System gPCR and analyzed with Bio-Rad CFX

Manager 3.1 program. The primers used are listed in Table 2.1.

2.6.12. Intron splicing verification

Proper splicing of each intron for all IFN-A2 construct was verified by PCR
amplification across each splice sites using primers listed in Table 2.1. PCR products
were run on a 2% agarose gel containing HydraGreen safe DNA dye (ACTGene) and

imaged with a Syngene G:Box Chemi XT4 gel doc system.

2.6.13. Co-immunoprecipitation from nuclear lysates

HEK293T_iPA-X-PR8 cells were plated in 10-cm dishes. Cells were then treated with
1 ug/mL doxycycline for 18 hours to induce PA-X expression. Fractionation of nuclear
lysates was performed as described previously (Dadi et al., 2013) with minor
modifications. Briefly, cells were washed with ice-cold Dulbecco’s PBS and centrifuged
at 1,200 rpm for 6 minutes at 4°C to collect the cells. Cell pellets were lysed in 50 pL of a

sucrose-based lysis buffer (0.32 M sucrose, 3 mM CaCl,, 2 mM MgOAc, 0.1 mM EDTA,
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Table 2.1: Primers used for qPCR and splicing PCR.

PRIMER SOURCE IDENTIFIER
IFN-A2/3 Forward: Ank et al., 2006 N/A
AGTTCCGGGCCTGTATCCAG

IFN-A2/3 Reverse: Ank et al., 2006 N/A
GAGCCGGTACAGCCAATGGT

18S rRNA Forward: Abernathy et al., 2015 N/A
GTAACCCGTTGAACCCCATT

18S rRNA Reverse: Abernathy et al., 2015 N/A
CCATCCAATCGGTAGTAGCG

Luciferase Forward: Khaperskyy et al., 2016 | N/A
ATCGAGGTGGACATTACCTACG

Luciferase Reverse: Khaperskyy et al., 2016 | N/A
CGCTCGTTGTAGATGTCGTTAG

GAPDH Forward: AGCCACATCGCTCAGACAC | Arias et al., 2014 N/A
GAPDH Reverse: Arias et al., 2014 N/A
TGGAAGATGGTGATGGGATT

G6PD Forward: TGAGCCAGATAGGCTGGAA Hu etal., 2013 N/A
G6PD Reverse: TAACGCAGGCGATGTTGTC Hu etal., 2013 N/A

TAF7 Forward:
TAGCACTGATCCTAAAGCAAGC

Wang et al., 2012

PrimerBank ID:
14717406¢c3

TAF7 Reverse: GGCAGAGTAATTCCGTGGTTC

Wang et al., 2012

PrimerBank ID:

14717406c3
EPC1 Forward: Feng et al., 2013 N/A
AAGCAGCTCATTCACATACAGC
EPC1 Reverse: Feng et al., 2013 N/A

ACTTCATCTTCAGAATCCAAATCA

HNRNPAO Forward:

Wang et al., 2012

PrimerBank ID:

GCGACCTGATCGAGCACTTC 52426775c2
HNRNPAO Reverse: Wang et al., 2012 PrimerBank ID:
CGCGTCGTGATTCTGGAAATAC 52426775c2
B-globin Forward: Morgado et al., 2012 N/A
GTGGATCCTGAGAACTTCAGGCT

B-globin Reverse: Morgado et al., 2012 N/A

CAGCACACAGACCAGCACGT
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IFN-A2 intron 1 Forward: This paper N/A
AGCTGGTTTAGTGAACCGTCAGATCCGCTAGC

IFN-A2 intron 1 Reverse: This paper N/A
GCATCCGGGAGAGCCCCGTGGAGCCTGG

IFN-A2 intron 2 Forward: This paper N/A
CCAGGCTCCACGGGGCTCTCCCGGATGC

IFN-A2 intron 2 Reverse: This paper N/A
CTCAGGTCCCAGGTCCTGGGGAAGAGG

IFN-A2 intron 3 Forward: This paper N/A
CCTCTTCCCCAGGACCTGGGACCTGAG

IFN-A2 intron 3 Reverse: This paper N/A
CTGGTCCAAGACGTCCACCAGGGCTGG

IFN-A2 intron 4 Forward: This paper N/A
CCAGCCCTGGTGGACGTCTTGGACCAG

IFN-A2 intron 4 Reverse: This paper N/A
GGAGGCGGCCCCGGGTCCTGGGCCCTGC

IFN-A2 intron 5 Forward: This paper N/A
GCAGGGCCCAGGACCCGGGGCeCGeeTCeCe

IFN-A2 intron 5 Reverse: This paper N/A
GCTGATTATGATCTAGAGTCGCGGCCGCATA
GCGACTGGGTGGCAATAAATTAAGAC

10 mM DTT, 0.5 mM PMSF). An additional 50 pL of sucrose lysis buffer with 0.5%
(vol/vol) NP40 was added to the lysate. The lysate was centrifuged for 10 minutes at
1,100 x g at 4°C. The supernatant was collected as the cytoplasmic fraction, whereas
the pellet was washed in 100 uL of sucrose lysis buffer, and centrifuged for 10 minutes
at 2,000 rpm at 4°C. The supernatant was discarded and the pellet was lysed in 100 uL
of Soluble Nuclear Lysis Buffer (50 mM HEPES pH 7.8, 50 mM KCI, 300 mM NaCl, 0.1
mM EDTA, 10% Glycerol, 1 mM DTT, 0.1 mM PMSF, cOmplete protease inhibitors
(Roche)) and incubated on a rotating rotor at 4°C for 45 minutes. Samples were
centrifuged at 10,000 x g for 3 minutes at 4°C. 20 yL of the supernatant was collected as

the input sample, and the rest was added to myc-trap magnetic agarose beads
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(ChromoTek), or control magnetic agarose beads (ChromoTek) and incubated on a
rotating rotor for 45 minutes at 4°C. Beads were collected on a magnetic rack and
washed 6 times with wash buffer (50 mM Tris HCI pH 7.4, 150 mM NaCl, 1 mM EDTA,
0.05% NP40, cOmplete protease inhibitors (Roche)). 25 pL of Laemmli sample buffer
was added to the beads, and samples were incubated for 10 minutes at 95°C prior to

SDS-PAGE and western blotting.

2.6.14. Western blotting and immunofluorescence

Western blotting and immunofluorescence were carried out as previously described
(Khaperskyy et al., 2016, 2014) using the antibodies listed in the STAR methods table.
For detection of biotinylated proteins HRP-conjugated streptavidin (Cell Signaling) and

Alexa-Fluor-488-conjugated streptavidin (Molecular Probes) were used.

2.6.15. RNA-seq

For RNAseq analysis of PA-X-expressing cells, A549 and A549 iPA-X cells were
induced with 0.2 pg/ml doxycycline for 18 hours. For RNAseq analysis of infected cells,
A549 cells were infected with PR8 wt, PA(fs), PA(X9), and PA(AX) viruses for 15 hours.
RNA lysates were collected and purified using the RNeasy kit (Qiagen). 650-750 ng of
RNA were mixed with ERCC ExFold RNA spike-in mix (0.65 pl or 0.75 pl, respectively,
Invitrogen/ThermoFisher) prior to the start of library preparation. The spike-in controls
were included to better normalize the final RNA levels. This particular kit contains two
mixes that can be used for the control vs. test samples and that have known fold change
differences. This information can be used to re-calibrate the samples. Prior to library
preparation, the levels of select human mRNAs were tested by RT-gPCR, to confirm that

PA-X overexpression/lIAV infection had the expected effect. Libraries were prepared
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using the TruSeq Stranded Total RNA Library Prep Kit with Ribo-Zero Human (lllumina)
following the manufacturer’s protocol. Library preparation was evaluated using a
Fragment Analyzer (Advanced Analytical Technologies, Inc.) at the Tufts University Core
Facility - Genomics Core. High-throughput sequencing was carried out by the Tufts
Genomics facility on a HiSeq 2500. Single-end 50 nucleotide reads were obtained with a
multiplexing strategies, using a total of four total lanes. For the replicates, the spike
mixes for the samples and the barcoded primers were switched, in order to control for

potential biases.

2.6.16. Read alignment and bioinformatic analysis
Reads were aligned with Tophat2 v2.1.1 (Kim et al., 2013) to hg19, IAV PR8 and the
ERCC spike sequences. Default settings were used, except --library-type fr-firststrand,
and a gtf of the hg19 annotation was provided as reference. Table 2.2 summarizes the
results of the alignment. FPKMs were computed using Cufflinks v2.2.1 (Trapnell et al.,
2012). Default settings were used, except --library-type fr-firststrand and —u, and a gtf of
the hg19 annotation was provided as reference. Only previously annotated RNAs with a
level of >1 FPKM in all the control samples (A549 + dox or mock-infected A549) were
used in further analyses. Because most annotated RNAs are Pol Il transcripts, the
downstream analysis includes predominantly Pol Il transcripts. The FPKMs for the RNAs
were converted to attomoles of RNA based on the known concentration of the spike-in
controls. Table 2.3 shows the high correlation in measured RNA levels between
replicate samples. The absolute RNA levels in the replicates were averaged, and the
relative RNA levels (RNA ratio) in infected vs. mock infected or PA-X-expressing vs.
control cells was computed. All downstream analysis was carried out on the relative
levels (ratio) in log2 scale. Data $2.1 and S2.2 and subtables summarize the results of

the RNAseq analyses. The hg19 annotation was used to derive the number of exons,
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Table 2.2: Summary of RNAseq read data.

Number of total and aligned reads per sample.

replicate | sample total aligned %
aligned

1 IAV infection mock 19667828 18123484 | 92.1%
1 IAV infection IAV wt 26682554 24882935 | 93.3%
1 IAV infection IAV PA(fs) 32310728 29248702 | 90.5%
2 IAV infection mock 49002230 46981383 | 95.9%
2 IAV infection IAV wt 61459700 59845236 | 97.4%
2 IAV infection IAV PA(AX) 58099857 55889949 | 96.2%
2 IAV infection IAV PA(X9) 60267367 58017799 | 96.3%
3 IAV infection mock 50657894 48070697 | 94.9%
3 IAV infection IAV wt 60876293 58944335 | 96.8%
3 IAV infection IAV PA(fs) 59310604 57530179 | 97.0%
3 IAV infection IAV PA(X9) 55085364 53229027 | 96.6%
4 IAV infection mock 50453374 48618713 | 96.4%
4 IAV infection IAV PA(AX) 59601781 57407566 | 96.3%
1 PA-X overexpression | A549 + dox 23541334 22689807 | 96.4%
1 PA-X overexpression | iPA-X D108A #2 +dox | 26175509 24858959 | 95.0%
1 PA-X overexpression | iPA-X D108A #8 + dox | 19188386 18183207 | 94.8%
1 PA-X overexpression | iPA-X wt # 1 + dox 21037487 19583024 | 93.1%
1 PA-X overexpression | iPA-X wt #10 + dox 17534270 15392606 | 87.8%
2 PA-X overexpression | A549 + dox 54385249 52298884 | 96.2%
2 PA-X overexpression | iPA-X D108A #2 + dox | 50816019 49198442 | 96.8%
2 PA-X overexpression | iPA-X D108A #8 + dox | 52964604 51451854 | 97.1%
2 PA-X overexpression | iPA-X wt # 1 + dox 41843644 39077421 93.4%
2 PA-X overexpression | iPA-X wt #10 + dox 55490125 52909892 | 95.4%
3 PA-X overexpression | A549 + dox 62518863 61112687 | 97.8%
3 PA-X overexpression | iPA-X D108SA #8 + dox | 68994621 67360890 | 97.6%
3 PA-X overexpression | iPA-X wt # 1 + dox 58113723 55911429 | 96.2%

length of transcripts and GC content for the analyses in Figures 2.6, 2.7. For analysis of

intronless RNAs, only RNAs that were longer than 300 nt were used, to enrich for

mRNAs and long non-coding RNAs and exclude small non-coding RNAs that are

transcribed by Pol Il or are produced through processing of longer transcripts, like

microRNAs and small nuclear and nucleolar RNAs. The length distribution of the

remaining intronless RNAs was similar to that of the spliced RNAs. All RNAs were used
for the analysis of PA-X down-regulation vs. length, exon number, and GC content. k-
means clustering analysis was carried out using the Cluster 3.0 program
(http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm). The clustering was done

only on RNAs that were detected in all samples tested (6,391 RNAs), because all eight
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Table 2.3: Correlation between RNA levels measurements in RNAseq replicates.

List of correlation coefficients from pairwise comparison of replicates (Spearman’s p).

sample samplel-ID | sample2-ID | Spearman's p P value
IAV Infection mock 827 1 829 1 0.9738 <0.0001
IAV Infection mock 827 1 755 6 0.9735 <0.0001
IAV Infection mock 827 1 829 5 0.9804 <0.0001
IAV Infection mock 829 1 755 6 0.9684 <0.0001
IAV Infection mock 829 1 829 5 0.9723 <0.0001
IAV Infection mock 755 6 829 5 0.9698 <0.0001
IAV Infection IAV wt 829 2 755 7 0.9469 <0.0001
IAV Infection IAV wt 829 2 827 2 0.9686 <0.0001
IAV Infection IAV wt 755 7 827 2 0.9567 <0.0001
IAV Infection IAV PA(fs) 829 3 755 8 0.9544 <0.0001
IAV Infection IAV PA(X9) 827 4 829 4 0.9616 <0.0001
IAV Infection IAV PA(AX) 827 3 829 6 0.9593 <0.0001
PA-X overexpression | A549 + dox 827 12 755 1 0.9658 <0.0001
PA-X overexpression | A549 + dox 827 12 829 10 0.9771 <0.0001
PA-X overexpression | A549 + dox 755 1 829 10 0.9733 <0.0001
PA-X overexpression | iPA-Xwt#1+ | 829 13 755 4 0.9703 <0.0001
dox
PA-X overexpression | iPA-Xwt#1+ | 829 13 827 15 0.9770 <0.0001
dox
PA-X overexpression | iPA-X wt# 1+ | 755 4 827 15 0.9688 <0.0001
dox
PA-X overexpression | iPA-X wt#10 | 755 5 827 16 0.9496 <0.0001
+ dox
PA-X overexpression | iPA-X DI08A | 829 12 827 14 0.9643 <0.0001
#8 + dox
PA-X overexpression | iPA-X DI08A | 829 12 755 3 0.9613 <0.0001
#8 + dox
PA-X overexpression | iPA-X DI0O8A | 827 14 755 3 0.9726 <0.0001
#8 + dox
PA-X overexpression | iPA-X DI108A | 827 13 755 2 0.9708 <0.0001
#2 + dox

datasets were used to generate the clusters, even though only the mRNA levels for
select samples are plotted in Figures 2.5A-C for clarity. The classified RNAs listed in
Data S2.1a,b,c and $2.2a,b,c represent these 6,391 RNAs. Because in k-means
clustering the number of clusters is user-defined, clustering was attempted with three,
four, and five clusters. Four clusters were chosen, because they provided more
granularity. For example, they identified a group of RNAs that were only PA-X-
dependent in the ectopic expression system. Initializing the program with more than four

clusters led to separation of PA-X targets in multiple groups different only by the extent
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of down-regulation, but did not identify other patterns of gene expression. Gene ontology
(GO) term analysis was carried out on the DAVID server (Huang et al., 2009a, 2009b).
The 5’ splice site quality score was computed using the MaxEntScan::score5ss program
using the maximum entropy model (Yeo and Burge, 2004). Other analyses were done
using custom scripts in Python2.7. For the ISG analysis (Figure 2.5E) the list of ISG

tested by Schoggins et al. was used (Schoggins et al., 2011).

2.6.17. Quantification and statistical analysis

For Figures 2.1B, 2.4C, 2.8, 2.9, 2.12, 2.13, statistical analysis and plotting were
done in GraphPad Prism v7.0d software using the test recommended by the software
and indicated in the figure legends. Generally, ANOVA followed by a corrected pairwise
test (Tukey’s or Dunnett's) was used when more than two samples were analyzed and
Student’s t test when two samples were compared. For Figures 2.1C-D, 2.4A-B, 2.6,
statistical analysis and plotting were done using Python2.7 and the NumPy, SciPy and
matplotlib libraries. The Kolmogorov-Smirnoff test was used to compare populations and
Spearman’s correlation coefficient to analyze the relationship between certain variables
and RNA down-regulation. Statistical tests used for each panel are noted in Figure

legends and/or Figures.

2.6.18. Data and software availability

RNAseq data is available on the GEO database, entry GSE120183.

2.7. Supplemental information

Data S2.1 (.zip file) (related to Figures 2.1, 2.4):
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Includes four tab-delimited .txt tables reporting fold-changes from replicate averages and
standard deviations:

DataS2.1all: Relative RNA levels in IAV-infected cells

Summary of relative RNA levels in IAV vs. mock infected cells for all four IAV strains
used.

DataS2.1a,b,c: Relative RNA levels in IAV-infected cells classified by cluster
Summary of relative RNA levels in IAV-infected vs. mock infected cells for all four IAV
strains used separated based on their classification by clustering analysis (Figure 2.5A-
C). S3a = PA-X targets (Figure 2.5A). S3b = PA-X resistant RNAs (Figure 2.5B). S3c =
RNAs regulated by other processes during infection (Figure 2.5C).

DataS2.2 (.zip file) (related to Figures 2.1, 2.4):

Includes four tab-delimited .txt tables reporting fold-changes from replicate averages and
standard deviations:

DataS2.2all: Relative RNA levels in PA-X-expressing cells

Summary of relative RNA levels in PA-X-expressing vs. control cells for all four iPA-X
cell lines used.

DataS2.2a,b,c: Relative RNA levels in PA-X-expressing cells classified by cluster
Summary of relative RNA levels in PA-X-expressing vs. control cells for all four iPA-X
cell lines used separated based on their classification by clustering analysis (Figure
2.5A-C). S4a = PA-X targets (Figure 2.5A). S4b = PA-X resistant RNAs (Figure 2.5B).
S4c = RNAs that are regulated by other processes during infection (Figure 2.5C).
Table S2.4 (.xIsx file) (related to Figure 2.10): Summary of BiolD results.

List of proteins identified in each experimental run and of the 29 high-confidence hits
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2.8. Author contribution

RNAseq experiments and analyses were performed by Marta Gaglia (Figures 2.1,
2.2,2.4A-B, 2.5, 2.6, 2.7, 2.8A). BiolD screen and analyses, and microscopy
experiments were carried out by Brittany Porter, Emma Price, Craig McCormick and
Denys Khaperskyy (Figures 2.3, 2.10, 2.11, 2.12C-E, 2.13C-F). The co-IP experiment
depicted in Figures 2.12A and 2.13A was carried out by Rachel Levene. The rest of the
experimental work (Figures 2.4C-D, 2.8B-G, 2.9, 2.12B, 2.13B) was carried out by Léa

Gaucherand.
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Chapter 3. The cut site specificity of the influenza A virus endoribonuclease
PA-X allows it to discriminate between host and viral mMRNAs

Gaucherand L, lyer A, Gilabert |, Rycroft CH, Gaglia MM. To be resubmitted to Nature
Microbiology.
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3.1. Introduction

Many viruses block host gene expression to take over the infected cell. This process,
termed host shutoff, is thought to promote viral replication by preventing cells from
mounting an antiviral response and redirecting cellular resources to viral processes.
Several viruses from divergent families accomplish host shutoff through RNA
degradation by endoribonucleases (endoRNases), including the important human
pathogen influenza A virus, a negative-sense single-stranded RNA virus with a
segmented genome (Bercovich-Kinori et al., 2016; Gaucherand and Gaglia, 2022;
Jagger et al., 2012). This convergent evolution highlights the benefit of using
endoRNases to induce host shutoff. In influenza A virus, the virus-encoded endoRNase
PA-X drives widespread depletion of host RNAs (Gaucherand et al., 2019; Jagger et al.,
2012). PA-X activity has critical consequences for the host, as infection with a PA-X-
deficient virus induces more inflammation in animal models, often causing higher
morbidity and mortality than wild-type infections (Gao et al., 2015b; Gong et al., 2017;
Hayashi et al., 2015; Hu et al., 2015; Jagger et al., 2012). While immune modulation by
PA-X in vivo has been widely documented, few studies have investigated its molecular
mechanism of action. Moreover, the RNA targeting specificity of PA-X and its
contribution to PA-X function during infection are still incompletely understood.

PA-Xis produced from segment 3 of influenza A virus, which also encodes the
polymerase acidic (PA) subunit of the influenza RNA-dependent RNA-polymerase
(FluPol). PA-X is produced when a +1 ribosomal frameshift occurs after addition of
amino acid 191 (Firth et al., 2012; Jagger et al., 2012). PA-X thus shares its N-terminal
domain with PA, which has a PD-D/E-XK nuclease fold and endoRNase activity (Dias et
al., 2009; Yuan et al., 2009). PA uses this domain to “snatch” capped 5’ ends of host
mMRNAs to initiate viral MRNA transcription (Dias et al., 2009), whereas PA-X uses it for

host shutoff (Gaucherand et al., 2019), and in vitro studies suggest that the two proteins
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have different substrate preference (Bavagnoli et al., 2015). We previously found that
PA-X activity is not indiscriminate, as it down-regulates host RNAs synthesized by RNA
Polymerase Il (RNAPII) but not RNAPI and Il (Khaperskyy et al., 2016). Interestingly,
this feature is shared by all characterized viral endoRNases and degradation factors that
drive host shutoff (Gaglia et al., 2012; Gaucherand and Gaglia, 2022). In influenza A
virus, this specificity may be explained by a connection between PA-X and cellular RNA
splicing, which may govern how PA-X reaches its target RNAs (Gaucherand et al.,
2019). However, unspliced reporter RNAs can also be degraded to some extent,
suggesting that there may also be other determinants. Additionally, unlike some other
viral endoRNases, PA-X does not appear to consistently down-regulate viral mRNAs
(Khaperskyy et al., 2016), suggesting it can distinguish between host and viral
transcripts. Indeed, viral RNA levels were unaffected by PA-X in cells infected with the
influenza A/PuertoRico/8/1934 (H1N1) virus strain (Khaperskyy et al., 2016). However,
some change was reported in the context of infections with the A/California/04/2009
(H1N1) strain (Chaimayo et al., 2018). Moreover, splicing alone may not explain the
virus-host discrimination, as the mRNAs from the influenza A virus M and NS segments
are spliced by the host machinery but spared by PA-X. Moreover, not all spliced RNAs
are down-regulated by PA-X, while some intronless RNAs are. These observations
indicate that there are additional unknown components to PA-X selectivity.

While the role of cofactors in RNase specificity is well-established, cut site specificity
remains poorly understood for many endoRNases. Yet sequence and/or structure
preferences have been identified when it has been examined. For example, phage T4
RegB cleaves mRNA inside GGAG sequences in specific structures (Lebars et al., 2001;
Saida et al., 2003), and fungal a—sarcin cleaves 28S ribosomal RNA at GAGA
sequences within loops (Endo et al., 1990). However, the complexity of cut site motifs

often hampers their identification using classical in vitro approaches. Next generation
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sequencing has recently been used to tackle this challenge by profiling endoRNase
cleavage products in cells. For example, it was used to identify the complex preferred
motif of Salmonella endoRNase E (Chao et al., 2017), and we have employed it to
identify the cut site specificity of the Kaposi’s sarcoma-associated herpes virus (KSHV)
endoRNase SOX (Gaglia et al., 2015). Knowing the cut site specificity is critical to
understand which RNAs are directly targeted by RNases and how.

We have previously used RNA steady state levels to report on PA-X activity, but this
approach may be confounded by feedback effects on transcription (Abernathy et al.,
2015) and the inherent instability of certain RNAs. To bypass these confounds and
better understand PA-X targeting, we directly probed PA-X cut sites throughout the
transcriptome using 5’ Rapid Amplification of cDNA Ends (5 RACE) adapted to high-
throughput sequencing and our PyDegradome pipeline (Gaglia et al., 2015). We report
that PA-X preferentially cleaves host RNAs at GCUG sequences within the loop of
hairpin structures, and likely after splicing. Importantly, these preferred cleavage motifs
are more abundant in host than viral mMRNAs. Moreover, inserting a preferred cleavage
sequence in a viral segment is detrimental to viral growth only in the presence of PA-X.
These findings suggest that PA-X cut site specificity contributes to its ability to broadly
target the host transcriptome while sparing the virus, and serves as a “self/non-self’

discrimination mechanism for influenza A virus.

3.2. Results

3.2.1. 5 RACE-seq and PyDegradome identify PA-X cut sites transcriptome-wide
In preliminary 5" RACE experiments, we found that PA-X cuts reporter mRNAs at a
specific location. We thus hypothesized that PA-X cleaves host RNAs at distinct places
in the transcriptome, contrary to what we previously thought (Khaperskyy et al., 2016).

To test this hypothesis at a transcriptome-wide level, we used 5 RACE coupled to high-
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Figure 3.1: 5 RACE-seq with PyDegradome analysis identifies PA-X cut sites
transcriptome-wide.

(A) Schematic diagram of 5 RACE-seq workflow. (B-C) Wild-type (B) or Xrn1 knock out
(B-C) A549 cells were either mock infected, infected with WT PR8 or with PR8-PA(AX)
for 16 hours before RNA extraction. mRNA levels of influenza A virus HA and human
G6PD, a PA-X target, were quantified by qRT-PCR, normalized by 18S rRNA levels, and
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plotted as mean + standard deviation. AU, arbitrary units; n.d., not defined; ns, not
significant; *, p < 0.05; **, p < 0.01; Two-way ANOVA with Dunnett’s multiple comparison
test. n = 3 (D) Venn diagrams of the number of cut sites identified by PyDegradome for
each replicate. Left diagram shows WT PR8 specific fragments (test: WT PRS8, control:
PR8-PA(AX)), which are likely to be PA-X cut sites; right diagram shows PR8-PA(AX)
specific fragments (test: PR8-PA(AX), control: WT PR8), which are used throughout this
study as a negative control. (E) Flow chart of steps used to define PA-X cut sites for
further analysis, either through the shared cut sites approach or the concatenated
approach. (F) Number of PA-X cut sites (orange squares) or RNA fragments enriched in
the PR8-PA(AX) infected cells (purple circles) identified by PyDegradome relative to the
number of input reads.

throughput sequencing (5° RACE-seq, Figure 3.1A) and compared RNA fragments from
mock infected cells to cells infected with the wild-type (WT) influenza
A/PuertoRico/8/1934 (H1N1) virus strain (henceforth “PR8”), or PR8 engineered to lack
PA-X (referred to as PR8-PA(AX) or AX, Figure 3.2A (Gaucherand et al., 2019)). The
mutations in PR8-PA(AX) introduce a stop codon in the PA-X +1 reading frame and are
also expected to reduce the amount of frameshifting, thus abolishing production of full-
length PA-X (Gaucherand et al., 2019). They are silent in the PA 0 reading frame, so PA
protein levels are not affected by these mutations (Figure 3.2B). Since the host
exonuclease Xrn1 degrades RNA fragments following cleavage by PA-X (Khaperskyy et
al., 2016), we used Xrn1 knock-out human lung A549 cells to enrich for PA-X fragments
and improve identification of the location of the PA-X cut (Liu and Moss, 2016) (Figure
3.2C). We confirmed by gqRT-PCR that the samples expressed similar levels of viral
genes and that host shutoff was detected in the WT PR8 infected samples, using the
PA-X target GGPD mRNA as a readout (Khaperskyy et al., 2016) in both WT and Xrn1
knock-out A549 cells (Figure 3.1B-C). For 5’ RACE-seq, we ligated an RNA adapter to
the 5’ phosphate at the end of cleaved RNAs, which include PA-X cleaved RNAs, and
prepared sequencing libraries (Figure 3.1A). After aligning reads to the human genome,
the junction between the 5° RACE adapter and the human sequence represents the

position where PA-X cut the RNA.
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Figure 3.2: Characteristics of the system used to identify PA-X cut sites
transcriptome-wide.

(A) Strategy used to engineer a virus that lacks PA-X, PR8-PA(AX), compared to WT
PRS8. Adapted from (Gaucherand et al., 2019). (B) Protein lysates of Xrn1 knock out (ko)
A549 cells infected with WT PR8 or PR8-PA(AX), or mock infected, were probed with
antibodies against PR8 PA, PR8 PA-X or b-tubulin as a loading control. Images are
representative of 2 experiments. (C) Protein lysates of WT or Xrn1 ko A549 cells were
probed with antibodies against Xrn1, or b-tubulin as a loading control, to check for
efficient knock out of Xrn1. Images are representative of 2 experiments. (D-E)
Representation of individual chromosomal positions in the 5° RACE-seq data. For each
sample, reads with their 5’ end mapping to the same nucleotide were counted and
plotted to compare different datasets: (D) mock samples from replicate 1 vs. replicate 2,
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(E) replicate 1 WT PR8 vs. PR8-PA(AX) (top), WT PR8 vs. mock infected (middle) and
PR8-PA(AX) vs. mock infected (bottom). For each plot, light blue dots correspond to
locations that are unique to one sample, while red and black dots correspond to
locations that are common in the two samples. Red dots represent locations that have
two-fold or more reads in the sample on the x axis vs. than in the sample on the y axis.
Similar plots were obtained when comparing other replicates.

Our protocol yielded a high level of background reads, presumably due to the lack of
basal RNA degradation in Xrn1 knock-out cells. All libraries had a similar number of
reads (Table 3.1), and ~75% of reads mapped to locations that were not shared across
samples (Figure 3.2D-E, light blue datapoints). Additionally, the number of reads that
started at the same nucleotide across multiple samples was highly correlated (Figure
3.2D-E, black and red datapoints), suggesting common background RNA degradation.
However, some locations had higher numbers of reads in infected cells (Figure 3.2E,
red datapoints). These fragments could be due to PA-X cleavage, as well as other
infection-related processes, such as cap-snatching and cellular stress responses. To
correct for background degradation and identify locations that were enriched in WT PR8
compared to PR8-PA(AX) infected cells, we used PyDegradome (Gaglia et al., 2015).
This pipeline assumes the first read nucleotide after the RNA adapter is the 5’ end of the
RNA fragment and counts how many reads within each dataset map to the same &

Table 3.1: Summary of RACE-seq read data.

Number of total reads sequenced, reads that aligned exactly one time to hg38/ERCC
spike ins/PR8, and reads used in PyDegradome analysis for each sample.

Replicate | Sample Total Uniquely | % uniquely | Used as
aligned aligned PyDegradome input

1 Mock 49956233 | 29851634 | 59.8% 26375238
1 WT PR8 59832882 | 30563534 | 51.1% 18055280
1 PR8-PA(AX) | 61091210 | 32019504 | 52.4% 22210910
2 Mock 46603110 | 27547835 | 59.1% 23708011
2 WT PR8 50920984 | 28938148 | 56.8% 16459354
2 PR8-PA(AX) | 62507002 | 32229277 | 51.6% 21897094
3 Mock 57788531 | 37176976 | 64.3% 31313003
3 WT PR8 60000926 | 32354246 | 53.9% 17821338
3 PR8-PA(AX) | 53011926 | 27782595 | 52.4% 18229661
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position. These counts are then compared between a test and a control sample, and a
Bayesian probability model is used to determine which locations are significantly higher
in the test sample. Here, we updated PyDegradome to identify cut sites in both mature
mRNAs and unspliced pre-mRNAs, because PA-X accumulates in the nucleus (Hayashi
et al., 2016; Khaperskyy et al., 2016) and its activity is linked to splicing (Gaucherand et

al., 2019) (https://github.com/mgaglia81/PyDegradome).

The stringency of cut site definition can be adjusted based on two user-defined
parameters: confidence level (cl) and multiplicative factor (mf) (see methods) (Gaglia et
al., 2015). We used loose parameters (cl = 99%, mf = 2) on 16-22 million uniquely
mapped reads per sample to find as many cut sites as possible, and identified 592 PA-X
cut sites in 517 different genes that were shared across three biological replicates
(Figure 3.1D, left, Supplementary Table S3.1). We will refer to this analysis as the
“shared” approach (Figure 3.1E). These sites are likely true PA-X target sites, as a
control analysis looking for fragments enriched in the PR8-PA(AX) infected cells (i.e.
running PyDegradome with PR8-PA(AX) infected cells as the test sample and WT PR8
infected cells as the control sample; Figure 3.1D, right) only returned 37 sites. We
considered whether the other non-shared sites we identified could also be PA-X sites,
indicating a low specificity for this protein. However, we found that if we increased the
stringency of the analysis by increasing the cutoff cl and mf values, we increased the
percentage overlap (Figure 3.3A). This result suggests that at least some of the
additional sites are due to either noise or limitations in the pipeline’s ability to distinguish
signal from noise. We chose to continue with the loose parameters to capture more
sites. However, we were still surprised by the relatively low number of RNAs cut by PA-X
compared to the >3,000 genes down-regulated by PA-X at steady state levels
(Gaucherand et al., 2019). We thus wondered if this low number stemmed from limited

sequencing depth. To increase the number of reads used as input for the PyDegradome
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Figure 3.3: Optimization of parameters for the identification of PA-X cut sites
transcriptome-wide and analysis of output characteristics.

(A-B) PyDegradome was run for each replicate (A) or on concatenated samples (B) on
WT vs. PR8-PA(AX) samples using different parameters (see Methods) as indicated on
the x axis. cl = confidence levels, mf = multiplicative factor. The window of analysis was
4 nucleotides in all cases. In A, the percentage of cut sites shared between each
replicate was plotted for each set of parameters. In B, the total number of cut sites
identified by PyDegradome (red circles, left y axis) and the percentage of shared cut
sites also found as concatenated cut sites (blue diamonds, right y axis) were plotted for
each set of parameters. (C) Histogram of the number of reads at the cut site for sites
identified by PyDegradome when analyzing WT vs. PR8-PA(AX) samples in one (light
grey), two (dark grey), or all three replicates (“all”, magenta) or through the concatenated
analysis (“concat”, orange). (D) Percentage of sites identified by PyDegradome that are
located within the first 20 nucleotides of the gene when comparing WT PR8 vs. PR8-
PA(AX), PR8-PA(AX) vs. WT PR8, WT PRS8 vs. mock and PR8-PA(AX) vs. mock.

104



pipeline, we analyzed the replicates together by concatenating the read files
(“concatenated” approach, Figure 3.1E). While we lose information on the replicability of
the cut sites, this method is equally valid from a statistical perspective and has more
power. We optimized the parameters by maximizing both the total number of
concatenated cut sites detected (Figure 3.3B, red circles) and the percentage of the 592
shared cut sites identified in the concatenated analysis (Figure 3.3B, blue diamonds).
Using cl = 99.99% and mf = 2, we identified 1361 cut sites in 1309 genes in WT vs. PR8-
PA(AX) infected cells (Supplementary Table S3.1), but only 345 cut sites in the control
comparison PR8-PA(AX) vs. WT PRS.

As mentioned before, it is possible that the limited numbers of sites we identified was
due to the intensity of the signal and the signal-to-noise ratio, i.e., in practical terms, the
number of reads mapping to the cut site in test vs. control samples. To test this
possibility, we plotted the distribution of the read count at the cut site for sites that were
identified by one, two or three individual replicates, or by the concatenated approach.
The cut sites identified in three replicates or by the concatenated approach had higher
reads counts at the cut site, and the ones identified in one replicate only had lower
counts (Figure 3.3C). This analysis suggests we may be only identifying the most robust
cut sites and that at least some of the non-shared sites may also be real, but that the
signal is too low in some replicates to distinguish from random degradation also present
in the absence of PA-X. Considering this result, to determine how much we may benefit
from additional sequencing depth, we reanalyzed subsets of our data with the optimal
parameters for the concatenated approach and plotted the number of cut sites identified
by PyDegradome against the number of reads used in the analysis. Increasing the
number of reads by re-sequencing our libraries and/or concatenating the read files led to
an increase in the number of PA-X cut sites identified (Figure 3.1F, orange squares).

However, the number of cut sites plateaued around 100 million reads. In contrast, the
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number of fragments enriched in the PR8-PA(AX) infected cells did not increase with the
number of reads (Figure 3.1F, purple circles). This suggests that we can use the current
analysis without further increasing the sequencing depth, and that we are detecting
specific cut sites.

Because the endonuclease domain is shared by PA, we considered the possibility
that some of the sites we identified are PA-generated rather than PA-X-generated.
However, we detected similar levels of PA protein in WT PR8 and PR8-PA(AX) infected
cells, consistent with the literature that suggests that PA protein levels are the same or
even higher in cells infected with PA-X-deficient viruses (Gao et al., 2015c, 2015b; Gong
et al., 2017; Jagger et al., 2012; Khaperskyy et al., 2016; Rigby et al., 2019). Our
PyDegradome pipeline comparing WT and PR8-PA(AX) samples would thus remove PA
cut sites. Moreover, we found that very few (<0.5%) of the sites identified by
PyDegradome map to the first 20 nucleotides of the transcripts, where PA cuts in the
context of FluPol (Figure 3.3D). In addition, this fraction is slightly higher among sites
enriched in the PR8-PA(AX)-infected cells vs. mock or WT PR8-infected cells (Figure
3.3D). This analysis suggests that the cut sites we identified in WT PR8-infected cells
are unlikely to be generated by PA.

Given these considerations, we proceeded to further analyze the 1361 cut sites from
the concatenated analysis (cl=99.99%/mf=2 parameters on all the reads), which give us
a better overview of the PA-X cut site locations transcriptome-wide, as well as the 592
cut sites shared between the three replicates (cl=99%/mf=2 parameters on individual
replicates), which have a more biologically stringent cutoff and can inform us on the

preferred characteristics of PA-X cut sites (Supplementary Table S3.1).
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3.2.2. PA-X cleavage is driven by RNA sequences
To confirm that PyDegradome identified true PA-X cut sites, we performed classical 5°
RACE (Figure 3.4A) for 12 sites on RNA from Xrn1 knock-out A549 cells infected with
WT or PR8-PA(AX), or mock infected, and validated 11, including the 6 examples shown
in Figures 3.4B and 3.5A. For this assay, we concluded that the RNA was cut at the
predicted location if the RACE PCR amplified a product of the correct size (i.e. the
distance between the gene-specific primer and the primer in the ligated adaptor, Figure
3.4A, blue arrows) only in the WT PRS8 infected samples. PCR products were also
sequenced to confirm the cut site identification. Of note, additional PCR bands were
apparent, likely due to basal RNA degradation in Xrn1 knock out cells, but were not
specific to the WT PR8 infected cells. We also confirmed by RT-gPCR that WT and
PR8-PA(AX) samples were similarly infected (Figure 3.5B). To test whether the
sequences around the predicted cut sites were sufficient to drive PA-X cleavage, we
introduced stretches of 99 base pairs (bp) surrounding PA-X cut sites into a luciferase
reporter that contains an intron and is down-regulated by PA-X (Gaucherand et al.,
2019; Younis et al., 2010) (Figure 3.4C, constructs 3 and 4). We had previously found
an “endogenous” cut site in this MRNA (Figure 3.4C, construct 1, orange rectangle). We
transfected this reporter with or without PR8 PA-X into human embryonic kidney (HEK)
293T cells expressing inducible shRNA against Xrn1 (ishXrn1), which were pre-treated
with doxycycline to knock down Xrn1 (Figure 3.5C). As negative and positive controls,
we used the original luciferase reporter with no inserted sequence (Figure 3.4C,
construct 1) and a construct in which we had duplicated the 99 bp sequence around the
original luciferase cut site (Figure 3.4C, construct 2). Introducing extra sequences into
the luciferase reporter did not interfere with its expression and its down-regulation by
PA-X (Figure 3.5D), but added a new PA-X cut site (red dotted arrows, Figure 3.4D,

Figure 3.5E). For the negative control, we detected fragments from the original cut site
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Figure 3.4: Sequences around the cut sites drive cleavage by PA-X.

(A) Schematic diagram of 5 RACE workflow. (B) Xrn1 knock out A549 cells were
infected with WT or PR8-PA(AX), or mock infected for 16 hours before RNA extraction.
5’RACE was then performed using primers specific for STOML2 or YKT6, ~250-300
nucleotides (nt) downstream of the predicted cut sites. The PCR products were run on
an agarose gel. The predicted size of DNA bands coming from cut sites identified by
PyDegradome are indicated by the red dotted arrows. Background bands can be
observed with YKT6 primers at ~200bp. These fragments map to TTG//AAC site in exon
7, 93 nt downstream of GCTG cut site, and may represent a constitutive fragment of
degradation. (C) Diagram of the luciferase reporters tested. The black horizontal arrow
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indicates the position of the 5 RACE PCR reverse primer, vertical arrows indicate the
predicted position of the cut sites. (D-F) HEK293T ishXrn1 cells were treated with
doxycycline for 3-4 days to induce knock down of Xrn1, then transfected with one of the
luciferase reporters in (C), and where indicated, with PA-X from the PR8 (D-F) or Perth
influenza strain (F). RNA was extracted to run 5 RACE (D, F) or northern blotting (E).
Expected sizes of DNA/RNA bands coming from cut sites in the introduced target
sequences are indicated by the red dotted arrows, while the blue dotted arrow indicates
the size of the original luciferase cut site fragment. For all DNA gels, the DNA bands
were purified and sequenced to confirm their identities, and images are representative of
3 experiments.

instead (blue dotted arrows, Figure 3.4D, Figure 3.5E). We also confirmed these results
using a second experimental approach, northern blotting (Figure 3.4E). Importantly,
while RACE could in principle selectively amplify some fragments, northern blotting
should allow us to see all the fragments generated. Therefore, the results in Figure 3.4E
suggest that the there is only one major cut site in the luciferase and luciferase +
STOML2 reporters, supporting our model that PA-X cleaves RNAs at discrete sites.
These results further validate our cut site identification pipeline, and suggest that the
sequences around the cut sites are sufficient to drive cleavage by PA-X.

Importantly, the sequences we identified are specific to PA-X activity, as no cleavage
is detected upon expression of the PA-X D108A catalytic mutant or a PA(fs) mutant that
makes PA but not PA-X due to a decrease in frameshifting event (Gaucherand et al.,
2019) (Figure 3.6A). Moreover, we did not detect the same fragments upon expression
of other host shutoff endoRNases (Figure 3.6B). Conversely, these sequences elicited
cleavage by PA-X from the influenza A/Perth/16/2009 (H3N2) (henceforth “Perth”) virus,
representative of currently circulating H3N2 influenza A strains (Figure 3.4F, Figure
3.6C). We also saw conserved cleavage specificity during infection with the same Perth
virus, as well as influenza A/Tennessee/1-560/2009 (H1N1) (henceforth “H1N1pdm09”
for 2009 pandemic H1N1) virus, representative of currently circulating H1N1 strains

(Figure 3.4G). The PA-X proteins from these three influenza A strains are highly
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Figure 3.5: Further validation of PA-X cut sites identified by PyDegradome.

(A-B) Xrn1 knock out A549 cells were infected with WT or PR8-PA(AX), or mock
infected. 5° RACE was then performed using primers specific for BCAP31, TUBA1B,
INSIG1 or SLC7AS5, positioned ~ 200-300 nucleotides downstream of the predicted cut
sites. (A) The PCR products were run on an agarose gel. The predicted size of DNA
bands coming from cut sites identified by PyDegradome are indicated by the red dotted
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arrows. (B) PR8 HA RNA levels were quantified by gqRT-PCR, normalized to 18S and
plotted as mean + standard deviation. AU, arbitrary units; n.d. not defined; ns, not
significant, One-way ANOVA with Dunnett’s multiple comparison test. n = 3. (C)
HEK293T ishXrn1 cells were treated with no drug or doxycycline for 3-4 days, then
protein lysates were collected and probed with antibodies against Xrn1, or b-tubulin as a
loading control, to check for efficient knock down of Xrn1. Images are representative of 3
experiments. (D-E) HEK293T ishXrn1 cells were treated with doxycycline for 3-4 days to
induce knock down of Xrn1, then transfected with the indicated luciferase reporters, and
where indicated, with PR8 PA-X. (D) RNA was extracted and levels were quantified by
qRT-PCR, normalized to 18S and plotted as mean + standard deviation. AU, arbitrary
units. n 2 2. (E) The RNA was also used to run 5’ RACE. Expected sizes of DNA bands
coming from cut sites in the introduced target sequences are indicated by the red
arrows, while the blue arrow in D indicates the size of the original luciferase cut site
fragment. For all gels, the DNA bands were purified and sequenced to confirm their
identities, and images are representative of 3 experiments or 2 experiments for the
luciferase + INSIG1 and + SLC7AS5 reporters.

conserved (Figure 3.6D), but this is largely driven by the conservation of the N-terminal
domain that is shared with PA. Nonetheless, they are a good representation of the
existing diversity of PA-X proteins across the influenza A strains that infect humans.
They represent three different subtypes of influenza A viruses, and have different X-ORF
lengths (41 aa for HIN1pdmOQ9 vs. 61 aa for PR8 and Perth) and half-lives (Levene et
al., 2021). These experiments confirm that 5° RACE-seq and PyDegradome identified
bona fide PA-X cut sites transcriptome-wide and indicate that PA-X cleavage across

multiple strains is sequence specific.

3.2.3. PA-X preferentially cleaves RNAs at a specific sequence and structure

Because the sequences surrounding PA-X cut sites were sufficient to trigger
cleavage, we wondered whether conserved RNA features guided cleavage. Indeed, we
saw a depletion in adenosines and an enrichment in GCUG at the cut site, and a
modestly enriched guanidine stretch downstream of the cut site (Figure 3.7A 592 sites
from shared analysis, Figure 3.8A 1361 cut sites from concatenated analysis). These
features were specific to PA-X, as we found different patterns when analyzing fragments

specific to PR8-PA(AX) infected cells, our control comparison (Figure 3.7B, Figure
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Figure 3.6: The cut sites identified by PyDegradome and specific to PA-X and
conserved across multiple influenza strains.

(A-C) HEK293T ishXrn1 cells were treated with doxycycline for 3-4 days to induce knock
down of Xrn1, then transfected with the indicated luciferase reporters, and where
indicated, with WT PA-X from the PR8 strain (A-C), the catalytic mutant PR8 PA-X
D108A (A), PR8 PA with a mutation to reduce frameshifting and prevent PA-X
production (fs) (A), herpes simplex virus 1 (HSV-1) vhs or Kaposi’s sarcoma-associated
herpes virus (KSHV) SOX (B), or WT PA-X from the Perth influenza strains (C). RNA
was extracted and used to run 5° RACE. Expected sizes of DNA bands coming from cut
sites in the introduced target sequences are indicated by the red dotted arrows. (D) Xrn1
knock out A549 cells were infected with WT PR8 or PR8-PA(AX), WT H1N1pdm09 or
H1N1pdmO09-PA(AX), WT Perth or Perth-PA(AX), or mock infected. 5° RACE was then
performed using primers specific for STOML2 or YKT6 ~250-300 nt downstream of the
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predicted cut sites. The PCR products were run on an agarose gel. The predicted size of
DNA bands coming from cut sites identified by PyDegradome are indicated by the red
dotted arrows. For all gels, the DNA bands were purified and sequenced to confirm their
identities, and images are representative of 3 experiments. (E) Protein alignment of PA-
X from the three different influenza strains PR8, H1N1pdm09 and Perth, generated
using Clustal Omega (Sievers et al., 2011).
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Figure 3.7: PA-X preferentially cleaves RNAs at GCUG tetramers.

(A-B) WebLogo (Crooks et al., 2004) representation of base enrichment around PA-X
cut sites (test: WT PR8 vs. control: PR8-PA(AX), A) or around control sites enriched in
the PR8-PA(AX) sample (test: PR8-PA(AX) vs. control: WT PRS, B) for sites predicted
by PyDegradome using the shared cut sites approach. (C) Percentage of PA-X cut sites
containing GCUG or a tetramer with one nucleotide difference from GCUG, for sites
identified by PyDegradome using the shared cut sites approach. // indicates the location
of the cut, i.e. GCU//G indicates that PA-X cuts between the U and the G. (D) Further
breakdown of the PA-X cut sites containing a tetramer with one nucleotide difference
from GCUG around the cut site (marked by an x). (E) Diagram of the luciferase reporters
tested. The black arrow indicates the position of the 5 RACE PCR reverse primer used.
(F-G) HEK293T ishXrn1cells were treated with doxycycline for 3-4 days to induce knock
down of Xrn1, then transfected with the indicated luciferase reporters, with or without
PR8 PA-X. RNA was extracted to run 5 RACE. Expected sizes of DNA bands coming
from cut sites in the introduced target sequences are indicated by the red dotted arrows
(~250 bp for luciferase + STOML2, luciferase + YKT6 and luciferase + repeat, ~200 bp
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for luciferase + GCUG), while the dotted blue arrow indicates the size of the original
luciferase cut site fragment. DNA bands were purified and sequenced to confirm their
identities. Gel images are representative of 3 experiments. (H) Diagram of the positions
of several GCTG tetramers in the luciferase reporter. The orange vertical arrow indicates
the original luciferase cut site and the black vertical dotted arrows additional GCTG sites
that are not clearly cleaved by PA-X. Black horizontal arrow indicates location of 5’
RACE reverse primer, and lengths underneath diagram indicate the expected length of
5’ RACE PCR products each cut site would generate.
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Figure 3.8: PA-X preferentially cleaves RNA at GCUG tetramers within a hairpin
loop structure based on the concatenated cut site analysis and in infected cells.
(A-B) WebLogo (Crooks et al., 2004) representation of base enrichment around PA-X
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sample (PR8-PA(AX) vs. WT, B) for sites predicted by PyDegradome using the
concatenated approach. (C) Percentage of PA-X cut sites containing GCUG or a
tetramer with one nucleotide difference from GCUG, for sites identified by PyDegradome

predicted
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using the concatenated approach. // indicates the location of the cut, i.e. GCU/G
indicates that PA-X cuts between the U and the G. (D) Further breakdown of the PA-X
cut sites containing a tetramer with one nucleotide difference from GCUG around the cut
site (marked by an x). (E-G) HEK293T ishXrn1cells were treated with doxycycline for 3-4
days to induce knock down of Xrn1, then transfected with the indicated luciferase
reporters, with or without PR8 PA-X. (E) RNA was extracted and levels were quantified
by qRT-PCR, normalized to 18S and plotted as mean * standard deviation. Left plot
shows mRNA levels of each reporter in the absence of PA-X. Right plot shows mRNA
levels of each reporter in the presence of PA-X normalized to the levels in the absence
of PA-X. AU, arbitrary units. n = 3. (F) The RNA was also used to run 5’ RACE.
Expected sizes of DNA bands coming from cut sites in the introduced target sequences
are indicated by the red dotted arrows. For both gels, DNA bands were purified and
sequenced to confirm their identities, and images are representative of 3 experiments.
3.8B). Interestingly, most PA-X cut sites contained GCUG or a tetramer with one
nucleotide difference from GCUG, but the location of the cut within the tetramer varied
(Figure 3.7C, Figure 3.8C). Moreover, the first two nucleotides in the GCUG tetramer
were the most important for PA-X cleavage (Figure 3.7D, Figure 3.8D).

To determine the importance of the GCUG tetramer, we mutated the cut site GCTG
to TAGC in the luciferase reporters with the 99 bp insertions from BCAP31, STOMLZ2,
TUBA1B and YKT®6. (Figure 3.7E, construct 5). This mutation did not impact expression
of the reporters or their down-regulation by PA-X (Figure 3.8E) but prevented efficient
cleavage by PA-X (Figure 3.7F, Figure 3.8F). However, introduction of an isolated
GCTG (Figure 3.7E, construct 6) did not result in efficient cleavage (Figure 3.7G).
These results suggest that the GCUG tetramer is necessary but not sufficient for PA-X
cleavage, consistent with PA-X not cleaving at every GCUG. For example, there are
GCUG tetramers 17 and 92 nucleotides downstream of the original cut site in the
luciferase mRNA (Figure 3.7H, black vertical dotted arrows), but we do not see
evidence of robust cleavage by PA-X at these locations.

Since GCUG alone was not sufficient, we investigated how much of the surrounding

sequence was needed to drive PA-X cleavage (Figure 3.9A). The minimal sequence

required for PA-X cleavage varied depending on the gene tested: whereas inserting 15
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Figure 3.9: PA-X preferentially cleaves RNA within hairpin loop structures.

(A) Diagram of the luciferase reporters tested. (B, F, G) HEK293T ishXrn1cells were
treated with doxycycline for 3-4 days to induce knock down of Xrn1, then transfected
with the indicated different luciferase reporters, with or without PR8 PA-X. RNA was
extracted to run 5’ RACE. Expected sizes of DNA bands coming from cut sites in the
introduced target sequences are indicated by the red dotted arrows (~250 bp for 99 bp
constructs, ~220 bp for 51 bp constructs, ~210 bp for 27 bp constructs and ~205 bp for
the 15 bp constructs). Blue dotted arrows indicate the size of the original luciferase cut
site fragments (~430 bp for 51 bp constructs, ~420 bp for 27 bp constructs and ~415 bp
for 15 bp constructs). DNA bands were purified and sequenced to confirm their
identities. Gel images representative of 3 experiments. (C) Predicted RNA secondary
structures of the 99 bp sequence around PA-X cut sites (WT vs. AX, n = 692) or around
control sites enriched in the PR8-PA(AX) sample (AX vs. WT, n =37) (shared cut sites
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approach). Structures were predicted using the CONTRAfold v2.0 machine-learning
model (LinearFold C) or the Vienna RNAfold thermodynamic model (LinearFold V). (D-
E) Diagram of the LinearFold C predicted structures for the 51 bp YKT6 sequence (D) or
the 15 bp STOML?2 and surrounding luciferase sequences (E). Left = structures for the
WT sequences, middle = structures for sequences with mutations in the nucleotides
indicated by the red arrows (GC unpaired mutant), right = structures for sequences with
mutations in the nucleotides indicated by both the red and blue arrows (GC repaired
mutant). The GCUG cut sites are indicated by the purple boxes. PA-X cuts these
sequences after the “C” or “G” circled in red. In E, the dark grey dotted line on the WT
diagram indicates where the STOMLZ2 sequence ends and the luciferase surrounding
sequence begins.

A Luciferase
+ target:  99bp 51bp 27bp 15bp

PAX: - + - + - =+ - + »bp
predicted - = §§
cut sites -->| : ¥ B
250-205 bp| . - . ---.- -:100
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cut site o B : [— ' ; / _288
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cut sites

luc + STOML2 15bp

Figure 3.10: PA-X preferentially cleaves RNA within a hairpin loop structure in
infected cells.

(A) HEK293T ishXrn1cells were treated with doxycycline for 3-4 days to induce knock
down of Xrn1, then transfected with the indicated different luciferase reporters, with or
without PR8 PA-X. RNA was extracted and used to run 5’ RACE. Expected sizes of DNA
bands coming from cut sites in the introduced target sequences are indicated by the red
dotted arrows (~250 bp for 99 bp constructs, ~220 bp for 51 bp constructs, ~210 bp for
27 bp constructs and ~205 bp for the 15 bp constructs). (B) HEK293T ishXrn1cells were
treated with doxycycline for 3-4 days to induce knock down of Xrn1, then transfected
with the indicated luciferase reporters. 24 hours post transfection, cells were infected
with WT PR8 or PR8-PA(AX), or mock infected overnight. RNA was then extracted and
used to run 5 RACE. Expected sizes of DNA bands coming from cut sites in the
introduced target sequences are indicated by the red dotted arrow, while the blue arrow
indicates the size of the original luciferase cut site fragment. For all gels, the DNA bands
were purified and sequenced to confirm their identities, and images are representative of
3 experiments (B) or 2 experiments (A).
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bp was sufficient for PA-X cleavage of the STOML2, BCAP31 and SLC7Ab5 cut sites,
more than 27 bp were required for the YKT6 sequence (Figure 3.9B, Figure 3.10A).
Since there was no clear sequence enrichment aside from GCUG (Figure 3.7A, Figure
3.8A), we hypothesized that an RNA secondary structure was also required for
cleavage. We predicted the RNA structure around the shared PA-X cut sites using
LinearFold (Huang et al., 2019), which provides structure predictions using either the
CONTRAfold v2.0 machine-learning model (Do et al., 2006) (LinearFold C) or the
Vienna RNAfold thermodynamic model (Lorenz et al., 2011; Mathews et al., 2004)
(LinearFold V). According to both models, PA-X cut sites (but not control sites enriched
in PR8-PA(AX) infected cells) were preferentially found in the loops of RNA hairpin
structures (Figure 3.9C). To test whether the hairpin was required for cleavage, we
manipulated the structures of the YKT6 51 bp and the STOML2 15 bp insertion
constructs (Figure 3.9A). To disrupt the predicted hairpin structures, we mutated select
C or G bases to break strong G-C bonds in the stems (Figure 3.9D-E, WT, red arrows).
These mutations led to very different predicted structures, with the GCUG cut site in
bulge or paired regions instead of in the loop (Figure 3.9D-E, GC unpaired mutant). As a
control, we additionally mutated the complementary G or C bases to recreate the G-C
bonds and repair the structures (Figure 3.9D-E, GC repaired mutant, blue arrows).
Consistent with PA-X cut site structure predictions, disrupting the hairpin prevented
efficient PA-X cleavage within the YKT6 and STOML2 sequences. The reporter was
instead cleaved at the original luciferase cut site location (Figure 3.9F-G, blue dotted
arrow). Conversely, repairing the hairpin structure restored efficient cleavage by PA-X
within the inserted fragment despite the mutated surrounding sequence (Figure 3.9F-G,
red dotted arrow). Selective cleavage of GCUG sequences in a hairpin loop was also

seen using the same strategy in infected cells, confirming the importance of a hairpin
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structure for PA-X cleavage during infection (Figure 3.10B). Collectively these
experiments show that PA-X preferentially cleaves RNAs at GCUG tetramers located

within hairpin loops and reveal a new layer of RNA targeting specificity by PA-X.

3.2.4. PA-X preferentially cleaves RNAs within exons
Since PA-X activity is linked to splicing (Gaucherand et al., 2019), we wondered whether
PA-X targets pre-mRNAs or mature mRNAs. Interestingly, cut sites were almost
exclusively found within exons (Figure 3.11A) despite 12-16% of reads mapping to
introns (Figure 3.11B, p < 0.001, Chi-Square Test for Goodness of Fit with degree of
freedom 1). In contrast, 18% of PR8-PA(AX) specific fragments from the concatenated
analysis mapped to introns (Figure 3.12A, bottom). While only 3% of PR8-PA(AX)
fragments from the shared analysis mapped to introns, this may stem from the very low
number of sites (37) found with this method (Figure 3.12A, top). Nonetheless, these
results suggest that PA-X preferentially cleaves RNA within exons, although this may
occur before or after splicing.

Our 5 RACE validation experiments (Figure 3.4B, Figure 3.5A) suggested that PA-
X cleaves after splicing, as we used primers that spanned exon-exon junctions and only
saw PCR amplification of spliced fragments (Figure 3.11C, Figure 3.12B, dark purple
arrows). However, because PCR favors the amplification of smaller fragments, we could
have preferentially amplified smaller spliced fragments over longer non-spliced ones. We
thus repeated the 5 RACE PCRs using reverse primers in the intron 3’ of the cut sites,
which should amplify cleaved unspliced pre-mRNAs (Figure 3.11C, Figure 3.12B, light
purple primers). However, we did not detect fragments of expected sizes specifically in
WT PRS8 infected cells, but instead saw background fragments, including some that
mapped to the exon/intron junction (Figure 3.11C, Figure 3.12B, white arrowheads).

This result suggests that PA-X cleaves RNAs after splicing of the neighboring introns.
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Figure 3.11: PA-X preferentially cleaves RNAs within exons.

(A-B) Percentage of PA-X cut sites found within introns or exons, for sites identified by
PyDegradome using the shared cut sites approach (A, left) or the concatenated
approach (A, right), compared to the percentage of reads found in exons vs. introns (B).
The reads used in B are from WT PR8 replicate 1 as an example. (C) Box: diagram of
the STOMLZ2 gene and positions of the reverse primers for 5 RACE. Xrn1 knock out
Ab49 cells were infected with WT or PR8-PA(AX), or mock infected. 5’RACE was
performed using the STOMLZ2 primers indicated in the diagram, and the PCR products
were run on an agarose gel. The top gel is the same gel as Fig. 2B for comparison, i.e.
using a reverse primer in the exon (dark purple primer), and the red dotted arrows
indicate size of fragment originating from previously validated cut site. The bottom gel
shows products obtained using a reverse primer in the intron (light purple primer), and
red dotted arrows indicate the predicted size of PCR products that would appear if PA-X
cleaved unspliced pre-mRNAs. White arrowhead indicates fragment mapped to
exon/intron 4 junction. Gel images are representative of 3 experiments. (D) Diagram of
the luciferase reporters tested. Dark green and magenta arrows indicate positions of 5’
RACE PCR reverse primers, vertical arrows indicate location of predicted cut sites. (E)

HEK293T ishXrn1 cells were treated with doxycycline for 3-4 days to induce knock down
of Xrn1, then transfected with the indicated different luciferase reporters, with or without
PR8 PA-X. RNA was extracted and used to run 5’ RACE. PCR products were separated
on an agarose gel. The top gel represents products obtained using dark green arrow
primer from (D) and the bottom gel using magenta arrow primer from (D). Blue dotted
arrow indicates size of PCR products originating from the original luciferase cut site, red
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dotted arrows indicate the predicted sizes of PCR products that would originate from the
sequence inserted in the introns. Gel images representative of 3 experiments.

As an additional test, we cloned the previously validated STOML2 and YKT6 99 bp
cut site sequences inside the intron of the luciferase reporter (Figure 3.11D, construct
10). Introducing the sequence did not significantly affect mRNA expression or splicing
(Figure 3.12C). However, 5 RACE did not amplify bands that would correspond to cuts
within the intron (Figure 3.11E, top gel, see dark green arrow in Figure 3.11D for
position of the primer). The closest band at ~250 bp was also present in the luciferase
construct without the STOML2 or YKT6 cut site sequences. Like in other cases where no
additional cut site was introduced (Figures 3.7G, 3.9B, 3.9F-G), we could still detect the
original luciferase cut site using a reverse primer positioned further downstream (Figure
3.11E, bottom gel, see magenta arrow in Figure 3.11D for the position of the primer).
We also mutated the original luciferase cut site GCUG sequence to UAGC to reduce
cleavage at this site (Figure 3.12D, construct 11), then ran 5° RACE using the primer
indicated by the magenta arrow. However, we still saw no PCR product matching a cut
site in the luciferase intron (Figure 3.12E). These results suggest that the STOML2 and
YKT6 99 bp sequences are sufficient for PA-X cleavage only when located within an
exon. Overall, these experiments are consistent with PA-X cutting mRNAs within exonic

sequences after splicing of at least the neighboring intron.

3.2.5. GCUG tetramers are more abundant in the human than influenza

transcriptome

Finally, we wondered why PA-X has evolved these preferred cleavage
characteristics, and if this could lead to targeting of specific RNAs. Interestingly, GCUG
is one of the most abundant tetramers in the human transcriptome (Figure 3.13A) and is

found at twice the frequency in the transcriptome compared to the human genome,
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Figure 3.12: PA-X preferentially cleaves RNAs within exons.

(A) Percentage of PR8-PA(AX) specific fragments found within introns or exons, for sites
identified by PyDegradome using the shared cut sites approach (top) or the
concatenated approach (bottom). (B) Boxes: diagrams of the BCAP31 and SLC7A5
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genes and positions of the reverse primers for 5 RACE. Xrn1 knock out A549 cells were
infected with WT or PR8-PA(AX), or mock infected. 5° RACE was performed using the
BCAP31 and SLC7A5 primers indicated in the diagram, and the PCR products were run
on an agarose gel. Top gels are the same gels as Extended Data Fig. 3A for
comparison, i.e. using reverse primers in exons (dark purple primers), and red dotted
arrows indicate the size of fragments originating from previously validated cut sites.
Bottom gels show products obtained using reverse primers in the intron (light purple
primers), and red dotted arrows indicate the predicted size of PCR products that would
appear if PA-X cleaved unspliced pre-mRNAs. White arrowhead indicates fragment
mapped to exon/intron junction. Gel images are representative of 3 experiments. (D)
Diagram of the luciferase reporters tested. Dark green and magenta arrows indicate
positions of 5° RACE PCR reverse primers, vertical arrows indicate location of predicted
cut sites. (C, E) HEK293T ishXrn1 cells were treated with doxycycline for 3-4 days to
induce knock down of Xrn1, then transfected with the indicated luciferase reporters, with
or without PR8 PA-X. (C) RNA was extracted and luciferase mRNA levels were
quantified by qRT-PCR, normalized to 18S and plotted as mean + standard deviation.
AU, arbitrary units; n = 2. Top gel is using both primers in exons, bottom gel is using one
primer in an exon and one primer in the intron. (E) RNA was also used to run 5’ RACE.
PCR products were obtained using the magenta arrow primer from (D), then were
separated on an agarose gel. Blue dotted arrow indicates size of PCR products
originating from the original luciferase cut site, red dotted arrow indicates the predicted
size of PCR products that would originate from the sequence inserted in the introns. Gel
images representative of 3 experiments.

which includes the intronic sequences (Figure 3.14A). Given that mRNAs cut by PA-X
do tend to have more GCUG tetramers (Figure 3.14B), PA-X may have evolved these
cleavage characteristics to preferentially target the host transcriptome.

It is unclear if GCUG specificity has any role in targeting specific groups of host
mRNAs. For example, the mRNAs for the antiviral interferon stimulated genes (ISGs) do
not contain more GCUG tetramers than other mRNAs (Figure 3.14C). However, GCUG
specificity may contribute to virus vs. host discrimination. Indeed, whereas GCUG is
abundant and overrepresented in the human transcriptome, it is far less abundant in the
mMRNAs of three influenza A virus strains, PR8 H1N1, H1N1pdmQ9 and Perth H3N2
(Figure 3.14A, Figure 3.13B) and is underrepresented relative to other tetramers
(Figure 3.13C-E). Interestingly, this difference in GCUG levels between cellular and viral
transcriptome is conserved across common influenza hosts such as pigs, chickens and

ducks, and representative influenza A virus strains that were isolated from these animals
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Figure 3.13: GCUG tetramers are enriched in the human transcriptome.

(A, C-E) The percentage of all possible tetramers in the human genome, human
transcriptome or viral transcriptomes was calculated by counting the number of each
tetramer and dividing it by the total number of tetramers in the sequence (i.e. length of
the sequence minus 3). These percentages were then plotted to visualize which
tetramers were most abundant in one genome/transcriptome compared to another. Each
dot represents a specific tetramer, with the red dot representing the GCUG tetramer. (B)
The percentage of GCUG tetramers was calculated for each influenza mRNA (i.e. the
positive strand, purple), and for each influenza genomic RNA (i.e. negative strand, blue).
Each symbol represents a different influenza strain.
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Figure 3.14: PA-X likely cleaves GCUG sequences to preferentially target host
over viral mMRNAs.

(A-D) The percentage of GCUG tetramers in each indicated sequence was calculated by
counting the number of GCUG tetramers and dividing it by the total number of tetramers
in the sequence (i.e. length of the sequence minus 3). ISG: interferon stimulated genes;
ns = not significant, *** = p < 0.001, Chi-Square Test for Goodness of Fit with degree of
freedom 1. The black dotted lines in (A) and (D) represent the average tetramer
abundance (i.e. 1/256). Transcriptomes in (D) are from Anser cygnoides (swan goose),
Sus scrofa (pig), Gallus gallus (chicken), Anas platyrhynchos (duck),
A/swine/Guangdong/2722/2011 (H1N1), A/chicken/Pakistan/UDL/01/2008 (HIN2),
Altree sparrow/Jiangsu/1/2008 (H6N1) and A/Anhui/1/2005 (H5N1) highly pathogenic
avian influenza (HPAI) (E) Predicted RNA secondary structures of the 99 nt sequence
around GCUG tetramers in the indicated influenza transcriptomes. Structures were
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predicted using the CONTRAfold v2.0 machine-learning model (LinearFold C) or the
Vienna RNAfold thermodynamic model (LinearFold V). (F) Diagram showing the location
of the insertion of the STOML?2 51 bp cut site sequence (green rectangle) inside the PR8
M segment right at the end of the M2 coding sequence. The M segment packaging
signal (purple rectangle) was repeated after the STOML?2 sequence to make sure the
modified segment is packaged inside the virion. (G-1) Viral RNA was extracted from our
viral stocks (G), 48-hour supernatants from MDCK cells from Figure 3.15C (H), or Xrn1
ko A549 cells 16 hours post-infection for viruses harboring no insert, inserted WT
STOML2 or mutant STOML2Z2 sequences, either in the WT PR8 or PR8-PA(AX)
background. The RNA was then reverse-transcribed to cDNA and PCR amplified using
primers located on either side of the STOML?2 sequence (black arrows in (F)) to visualize
on an agarose gel whether the STOMLZ2 sequence was retained. Gel images are
representative of 2 experiments.
(Figure 3.14D). The differential GCUG representation is consistent with our finding that
PA-X activity does not down-regulate influenza transcripts (Khaperskyy et al., 2016), and
points to GCUG specificity as a way to distinguish host vs. viral mRNA. In support of this
idea, we also found that the percentage of GCUG is higher in the negative RNA strand
(i.e. the viral genomic RNA) than in the positive RNA strand (i.e. the viral mMRNA) for
almost all segments (Figure 3.13B). Additionally, LinearFold structure predictions
suggested that GCUG tetramers in influenza transcripts are enriched in paired structures
that may not be accessible to PA-X rather than hairpin loops (Figure 3.14E). Since a few
GCUG tetramers in the viral transcriptome were predicted to be within hairpin loops, we
tested whether these sequences were cut by PA-X. While we were able to detect faint
bands that mapped close to the GCUG tetramers in the case of PR8 (Figure 3.15A), we
were not able to detect cut sites for HIN1pdmO09 (Figure 3.15B). Overall, these results
suggest that PA-X may have evolved to target GCUG sequences in hairpin loops to
avoid degrading influenza mRNAs while preferentially targeting the host transcriptome.
To test this idea experimentally, we inserted the STOML2 51 bp cut site sequence
inside the PR8 M segment (Figure 3.14F). We picked a segment that is spliced because
we previously found that PA-X activity is linked to splicing (Gaucherand et al., 2019). As

a control, we inserted the STOML2 51 bp sequence with GCUG mutated to UAGC, as
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Figure 3.15: Viral mRNAs are not efficiently cleaved by PA-X.

(A-B) Xrn1 ko A549 cells were infected with WT or PR8-PA(AX) (A), or WT or
H1N1pdmO09-PA(AX) (B), or mock infected. RNA was extracted to run 5° RACE using
primers ~150-200 nt downstream of GCUG sites that are predicted to be inside a hairpin
loop within the indicated viral mMRNAs. Red dotted arrows indicate the predicted sizes of
PCR products that would originate from cleavage at these GCUG sites. Gel images
representative of 3 experiments. (C) MDCK cells were infected at MOI 0.05 with the
indicated viruses. Supernatants were collected at 1, 8, 24 and 48 hours post infection
and viral titers were quantified by TCID50. n = 2.

this mutation prevented efficient PA-X cleavage (Figure 3.7E-F, Figure 3.8F). While we

were able to recover recombinant virus, we noticed during the virus rescuing procedure

that the titers were lower for viruses containing the WT STOML2 cut site when PA-X was

present. We were thus surprised when we did not see any difference in viral growth

compared to WT PR8 (Figure 3.15C). However, when we purified the viral RNA present
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in the supernatant 48 hours post infection, we noticed that the STOML2 sequence was
missing when PA-X was present (i.e. in the WT PR8 background) (Figure 3.14G). In
contrast, the inserted STOML2 sequence was retained in the absence of PA-X (i.e. in
the PR8-PA(AX) background) (Figure 3.14G). So was the mutated STOML2 sequence
that is not cleaved by PA-X, in both WT PR8 and PR8-PA(AX) backgrounds (Figure
3.14G). Infecting A549 cells overnight also led to loss of the STOML2 sequence
insertion (Figure 3.14H), even though the STOML2 sequence was present in the viral
inoculum (Figure 3.14l). These results suggest that during viral propagation, viruses that
have lost the cleavage site have an advantage for growth, but also that this is only true
when PA-X is present. To confirm that this was not due to an error during the virus
making process, we rescued the STOML2 recombinant viruses from plasmid two more
times. We still saw that the inserted STOML2 sequence was selectively lost in the
presence of PA-X, suggesting that having a preferred PA-X cut site inside a spliced viral
segment is detrimental for the virus. Overall, these results are consistent with PA-X

evolving specific cleavage characteristics to preferentially target host over viral mMRNAs.

3.3. Discussion

Studies of viral host shutoff endoRNases have mostly relied on RNA steady-state
levels as a proxy for RNA degradation. However, widespread RNA degradation can
have downstream effects on other aspects of RNA metabolism (Gaucherand and Gaglia,
2022). Steady-state level analysis may thus preclude a clear understanding of how these
enzymes target RNAs and which RNAs they degrade. Therefore, we examined RNA
degradation directly by identifying PA-X cut sites transcriptome-wide and analyzing their
characteristics in infected cells. 5 RACE-seq analysis coupled with a custom pipeline
allowed us to reveal several important characteristics of PA-X cleavage. We found that

PA-X preferentially cuts RNAs at GCUG or similar tetramers located within hairpin loops.
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This sequence/structure preference is conserved across PA-X from multiple influenza
strains. Additionally, PA-X preferentially cuts RNAs within exons, likely after splicing.
These preferred cleavage characteristics are more frequent in human transcripts than in
intergenic regions or introns, and most importantly, than in influenza mRNAs. Moreover,
PA-X prevents the growth of a recombinant virus carrying a preferred PA-X target
sequence. Collectively these results suggest that PA-X cleavage specificity is tailored to
induce host shutoff across a broad range of host RNA. They also suggest that influenza
A virus has evolved a self vs. non-self discrimination mechanism, similar to cellular
immune mechanisms that distinguish between host and viral nucleic acids.

A previous in vitro study of PA-X cleavage activity did not identify sequence
specificity (Bavagnoli et al., 2015), likely because these characteristics can be missed in
vitro without prior knowledge, highlighting the advantage of our technique. The study did
find that PA-X preferentially cuts single-stranded RNA, likely explaining the preference
for single-stranded loops. Interestingly, while PA and PA-X share the same RNase
domain, they seem to have different cut site specificity (Bavagnoli et al., 2015), probably
due to their different C-terminal domains. Studies that investigated which host RNAs are
cap-snatched by PA have found little sequence specificity (Datta et al., 2013; Gu et al.,
2015; Plotch et al., 1981; Sikora et al., 2017, 2014), suggesting that the location of PA
cleavage is likely governed by the distance between the cap binding site in the
polymerase basic 2 (PB2) subunit of FluPol and the PA active site. We did not see cap-
snatching fragments in our dataset, likely because mRNA decapping in the nucleus
leads to RNA degradation by the Xrn2 RNase, which is still present in our cells (Brannan
et al., 2012). It would thus be interesting to repeat the experiments in Xrn2 knock
out/down cells, and also test whether Xrn2 has an effect on PA-X fragments in the

nucleus.
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A testimony to the importance of the sequence and structure preference of PA-X is
that it is conserved across multiple influenza A strains (Figure 3.4F, Figure 3.6C-D).
This is particularly interesting as PA-Xs from different strains have differences in host
shutoff activity (Feng et al., 2016; Nogales et al., 2021; Oishi et al., 2019; Wang et al.,
2020). However, the 5 RACE PCRs make this method very sensitive but not very
quantitative. Therefore, it is difficult to say whether there are quantitative differences in
efficiency of cleavage between strains. Nonetheless, the specific sequence and structure
that is preferred by PA-X (Figures 3.7, 3.9) is abundantly found in host mMRNAs.
Recognizing a ubiquitous motif may thus be a strategy to target a broad range of host
mRNAs. Supporting this idea, we reported a similar specificity for a degenerate
recognition motif for another viral RNase, SOX from KSHV (Gaglia et al., 2015).
Additionally, both PA-X and SOX, as well as the human endoRNase MCPIP1/Regnase-
1 (Wilamowski et al., 2018), prefer cutting RNA within hairpin loop structures. Targeting
exposed loops may be an easy way for endoRNases to access and cleave single-
stranded RNA. Studying the cut site characteristics of other viral and human
endoRNases will be important to test these ideas.

Two key questions in host shutoff are how the molecular activity of host shutoff
factors is linked to immunomodulation and how it is regulated to prevent inhibition of viral
gene expression. While we did not uncover a relationship between PA-X cleavage
specificity and immunomodulation, we found that it may contribute to PA-X ability to
spare viral MRNAs from degradation. Our analysis indicates that influenza A virus
MRNAs contain few GCUG tetramers, mostly located in paired regions (Figure 3.14).
This result is exciting as it provides an additional mechanism for virus vs. host
discrimination by PA-X. Interestingly, most viral genomic RNAs have a higher GCUG
percentage than their complementary mRNAs. This result may indicate that there is less

pressure to decrease the GCUG percentage in the influenza genome, perhaps because
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the genomic segments are associated with NP, which could protect them from cleavage
(Lee et al., 2017). Conversely, GCUG is one of the most abundant tetramers in the
human transcriptome (Figure 3.13). PA-X could have evolved this optimal target
sequence to destroy as many host transcripts as possible without also targeting anything
unnecessary. Consistent with this idea, inserting a sequence targeted by PA-X in one of
the viral segments is detrimental to the virus only in the presence of PA-X (Figure 3.14).
Therefore, we propose that this targeting specificity may act as a self vs. non-self
discrimination mechanism for influenza A virus. Self/non-self discrimination is common in
immune responses, as the cell needs to discriminate its own nucleic acids from those of
invading pathogens to prevent inappropriate activation of immune and inflammatory
signals. Common discrimination features include RNA modification, double-stranded
RNA structures and DNA methylation. However, sequences can also be important. For
example, the ZAP protein targets viral RNAs for degradation based on the presence of
CG dinucleotides (Takata et al., 2017) and the Toll-like receptor TLR9 has preferred
target sequences (Pezda et al., 2011). Our results suggest that influenza A virus is using
a similar process in reverse, identifying cellular RNAs as non-self due to the abundance
of specific sequences.

The fact that we only found 500-1,400 cut sites through 5° RACE-seq but that most
host RNAs are down-regulated upon PA-X expression (Gaucherand et al., 2019) is
intriguing. Of course, technical aspects of the method could limit our ability to capture
more sites, even though our follow-up analyses suggest the ones we did find where true
PA-X cut sites and could reveal preferred sequence characteristics. Nonetheless, we
cannot conclude that these are the only RNAs directly cut by PA-X. Indeed, we detected
many sites that appeared to not be shared between replicates, which tended to have
lower read counts than the PA-X cut sites that were shared by all replicates or that were

detected by the concatenated approach (Figure 3.3C). There are several possibilities as
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to what may cause this result. The sites may not be PA-X cut sites at all, and the
pipeline may be picking them up due to limitation in distinguishing signal from noise.
Alternatively, PA-X may cut different RNAs with varying efficiency depending on how
close sequences match the preferred cut characteristics. Thus, these additional sites
could be cut by PA-X at lower efficiency. Lastly, we did find that the transcripts that
harbor PA-X cut sites are expressed at higher levels, suggesting these additional sites
may also be real PA-X cleavage locations that rise to the level of significance only in
some replicates due to low gene expression. However, if we are indeed capturing the
majority of PA-X cut sites in a cell, this suggests that PA-X may not need to cleave
thousands of RNAs to trigger widespread down-regulation of RNAs. Indeed, rapid
cellular RNA degradation triggered by expression of other viral RNases, infection with
the murine gammaherpesvirus 68 (MHV68) and apoptosis causes a secondary inhibition
of transcription (Abernathy et al., 2015; Duncan-Lewis et al., 2021; Hartenian and
Glaunsinger, 2019). It is thus unclear how much of the widespread depletion in host
RNAs during influenza infection and PA-X expression is due to RNA degradation vs.
decrease in transcription. A decrease in transcription has been observed during
influenza infection, although it may be partly driven by another influenza protein, non-
structural protein 1 (Bauer et al., 2018; Zhao et al., 2018). Future studies will need to
decouple RNA degradation from transcription to study this question. It would also be
interesting to determine if specific RNAs need to be degraded by PA-X to induce host
shutoff, or if the number of degraded RNAs and/or the speed of degradation determines
transcription inhibition. Finally, inhibition of transcription could also dampen the induction
of antiviral RNAs when PA-X is present (Gaucherand et al., 2019), even though few
antiviral RNAs are directly cut by PA-X according to our analysis.

With 5" RACE-seq and our updated PyDegradome pipeline (Figure 3.1), we present

a streamlined way to identify and characterize endoRNase cut sites throughout the
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transcriptome that can be easily adapted to study other RNases. This method can
uncover cut site preference characteristics that are masked in vitro, because RNase
activity in vitro can be pushed to the limit by providing sufficient substrate or because
cofactors are missing. This method directly identifies cleaved RNAs, instead of relying
on RNA steady state levels, which can come from both degradation and transcription
repression. Using this method, we have identified a new level of specificity in the
mechanism of action of PA-X, adding to our understanding of how PA-X selects RNAs
for degradation and distinguishes between host and viral MRNAs. This knowledge brings
us one step closer to understanding how PA-X drives host shutoff, and more generally
how PA-X is able to modulate inflammation and influenza pathogenesis. It also highlights
the importance of determining the cleavage specificity of RNases to understand their
functional role, and reveals the potential for viral self vs. non-self discrimination

mechanisms.
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3.6. Methods

3.6.1. Plasmids

pCR3.1-PA-X-myc, pCR3.1-PA-X-D108A-myc and pCR3.1-PA(fs)-myc (from PR8)
were previously described (Khaperskyy et al., 2014). PR8 pHW-PA(AX) plasmid was
generated as previously described (Gaucherand et al., 2019) from pHW-193, a kind gift
from Dr. R. Webby (St Jude’s Children Research Hospital, Memphis TN). pCR3.1-PA-X-
Perth-myc was generated by PCR amplifying pHW-Perth09-PA, a kind gift from Dr. S.
Lakdawala (Le Sage et al., 2021) while removing one nucleotide at the frameshift
sequence. Fragments were then introduced into the pCR3.1-PA-X-myc vector digested
with Sall and Mlul to excise PR8 PA-X. pHW-Perth-PA(AX) was generated from pHW-
Perth09-PA by inserting the AX mutations into PCR primers and ligating each fragment
to pHW-Perth09-PA digested with Nhel and BamHI. The same strategy was used to
generate pSJ560-TN/CA/7-PA(AX) from Nhel digested pSJ560-TN/CA/7-PA, a kind gift
from Dr. R. Webby (St Jude’s Children Research Hospital, Memphis TN). pPCDEF3-SOX
and pCDNA3.1-vhs were previously described (Glaunsinger and Ganem, 2004b; Jones
et al., 1995). The luciferase constructs with and without the $-globin intron were a kind
gift from Dr. Gideon Dreyfuss (Younis et al., 2010). 99 base pair DNA sequences from
genes selected for validation were amplified from human RNA using SuperScript IV
One-STEP RT-PCR (Thermo Fisher Scientific), or PCR amplified from human cDNA
using Vent Polymerase (New England Biolabs), then introduced into the luciferase with
an intron construct at the EcoRlI site. The GCTG cut site was mutated to TAGC using the
QuickChange site directed mutagenesis kit (Agilent). 51 base pair constructs were

generated by PCR amplification of their respective 99 base pair constructs, then inserted
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into the luciferase EcoRI site by DNA ligation with T4 DNA ligase (New England
Biolabs). 27 base pair constructs were generated by annealing primers together and
inserting them into the luciferase EcoRI site by DNA ligation with T4 DNA ligase. 15
base pair constructs were generated by introducing the new 15 base pair sequence into
the reverse primer and PCR amplifying the rest of the luciferase sequence between the
Hindlll and EcoRI sites. The hairpin loop structure mutants were generated by inserting
targeted mutations into primers and amplifying the cut site sequences with these primers
with overlapping sequences to assemble the inserts back to the Hindlll/EcoRI digested
luciferase vector. The 99 base pair validation sequences were introduced into the -
globin intron of the luciferase construct by PCR amplification of the upstream luciferase
sequence from the Hindlll site, the 99 base pair sequence, and the downstream
luciferase sequence up to the EcoRl site, all with overlapping sequences to assemble
the fragments. The WT STOML2 51 bp cut site sequence was introduced into pHW-197-
PR8-M at the end of each coding sequence by PCR amplification of the upstream M
sequence from the BamHI site, the STOML2 51 bp sequence, a repeat of the full
packaging sequence, and the downstream plasmid sequence up to the BstEll site, all
with overlapping sequences to assemble the fragments. The construct containing the
mutant STOML2 51 bp cut site in was generated from the WT sequence containing
construct by mutating the GCTG sequence at the cut site to TAGC using the
QuickChange site directed mutagenesis kit (Agilent). Gibson cloning using HiFi
assembly mix (New England Biolabs) was used to make all of these constructs, unless

otherwise stated. All primers used for cloning are listed in Supplementary Table 3.2.

3.6.2. Cell lines and transfections
Human embryonic kidney HEK293T cells and Madin-Darby Canine Kidney (MDCK)

cells were commercially obtained (ATCC). Wild type and Xrn1 knock out human
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adenocarcinoma alveolar basal epithelial (A549) cells were a kind gift from Dr. Bernard
Moss (Liu and Moss, 2016). HEK293T and MDCK cells are female and A549 cells are
male. All cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) high
glucose (Gibco) supplemented with 10% fetal bovine serum (Hyclone) at 37 °C and 5%
CO,. HEK293T inducible shXrn1 (ishXrn1) cells were previously described (Gaglia et al.,
2015). For northern blotting and 5° RACE validation experiments, HEK293T ishXrn1 cells
were treated with 1 ug/ml doxycycline (Thermo Fisher Scientific) for 3-4 days to induce
expression of the shRNA, plated on 6-well or 12-well plates, and transfected with 1000
or 800 ng/ml total DNA (including 62.5 or 50 ng/ml PA-X construct, respectively) using
jetPRIME transfection reagent (Polyplus transfection, VWR). Cells were harvested 24
hours after transfection for RNA extraction and purification, or infected overnight as

described below and harvested the next day for Figure 3.10B.

3.6.3. Viruses and infections

Wild-type influenza A/Puerto Rico/8/1934 (H1N1) (PR8), A/Tennessee/1-560/2009
(HIN1) (H1IN1pdm09) and A/Perth/16/2009 (H3N2) (Perth) viruses, as well as their
mutant recombinant virus counterparts PR8-PA(AX), HIN1pdm09-PA(AX) and Perth-
PA(AX), and the mutant recombinant viruses containing the WT or mutated STOML2 51
bp cut site in the M or NA segment were generated using the 8-plasmid reverse genetic
system (Hoffmann et al., 2000) as previously described (Gaucherand et al., 2019;
Khaperskyy et al., 2012). Plasmids were gifts from Drs. Webby, Bloom and Lakdawala.
Viral stocks were propagated in MDCK cells and infectious titers determined by plaque
assays in MDCK cells using 1.2% Avicel overlays as previously described (Matrosovich
et al., 2006). We realized that some of the WT PR8 and PR8-PA(AX) virus preparations
were contaminated with mycoplasma, but also validated our 5 RACE-seq results with

clean preparations of PR8, H1N1pdmO09 and Perth viruses. Influenza infections were
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performed in DMEM supplemented with 0.5% low endotoxin bovine serum albumin
(BSA, Sigma-Aldrich), referred to as infection media. For 5 RACE, western blotting and
gRT-PCR experiments, WT or Xrn1 knock out A549 cells or transfected HEK293T
ishXrn1 cells were mock-infected or infected with WT, PA(AX) or viruses containing the
STOML2 sequences at a MOI of 1 in a low volume of media for 1 hour, then more
infection media supplemented with 0.5 pg/ml TPCK-treated trypsin (Sigma-Aldrich) was
added and cells were incubated for 15 hours at 37 °C in 5% CO, atmosphere. Cells were
then collected for RNA isolation or preparation of lysates for western blotting. For time
course experiments, MDCK cells were mock-infected or infected with WT PR8, PR8-
PA(AX) or viruses containing the STOML2 sequences at a MOI of 0.05 in a low volume
of media for 1 hour. The inoculum was then removed, cells were washed with PBS, and
infection media supplemented with 0.5 pg/ml TPCK-treated trypsin was added.
Supernatant and RNA were collected for the 1h time point, while the rest of the cells
were incubated at 37 °C in 5% CO, atmosphere until collection of supernatant and RNA
at 8h, 24h and 48h post infection. Viral titers were quantified by 50% tissue culture
infectious dose (TCID50). Briefly, 10 ul of undiluted (for 1h and 8h) or of a 1:100 dilution
(for 24h and 48h) of the viral supernatant was serially diluted 1:10 in a 96-well plate
containing 90yl of infection media. 25 x 10° MDCK cells were then added to each well.
Plates were incubated for 4 days at 37 °C in 5% CO; atmosphere before being scored
for cytopathic effects. The method of Reed and Muench (REED and MUENCH, 1938)
was used to calculate viral titers via the Bloom lab Python script at

https://github.com/jbloom/reedmuenchcalculator. To test whether the STOML2 sequence

was retained, viral genomic RNA was purified from virus preparations and infected cell
supernatant using the QlAamp Viral RNA Mini kit (Qiagen) following manufacturer’s
protocol. The RNA was then treated with RNase-Free DNase set (Qiagen), purified and

concentrated using the RNA Clean & Concentrator kit (Zymo Research), and reverse
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transcribed to cDNA using iScript Supermix (Bio-Rad), per manufacturer’s protocol. Taq
DNA polymerase (New England Biolabs) was used to amplify the region around the
STOML2 sequence. PCR products were visualized on a 2% agarose gel, and DNA from
bands were sequenced to confirm that there was no mutation in the STOML2

sequences.

3.6.4. Protein harvesting and western blotting

Cell lysates were prepared using radioimmunoprecipitation assay (RIPA) buffer (50
mM Tris-HCI, pH 7.4, 150 mM NaCl, 2 mM EDTA, 0.5% sodium deoxycholate, 0.1%
SDS, 1% NP-40) supplemented with 50 ug/ml phenylmethylsulfonyl fluoride (PMSF; G-
Biosciences) and cOmplete protease cocktail inhibitor (Roche). 20-100 ug of protein was
loaded on an SDS-PAGE gel (Bio-Rad) and transferred onto PVDF membranes (EMD
Millipore), then blocked with 5% milk in phosphate-buffered saline with 0.1% Tween 20
(PBST). Western blots were performed with mouse anti Xrn1 C-1 antibodies (Santa Cruz
Biotechnology #sc-165985, 1:500), rabbit anti influenza A virus PA antibodies (GeneTex
#125932, 1:1000), rabbit anti influenza A virus PA-X antibodies (Biorbyt #184340,
1:1000) or rabbit anti b-tubulin 9F3 antibodies (Cell Signaling Technologies #2128,
1:1000) diluted in 0.5% milk PBTS. Secondary antibodies were purchased from
Southern Biotech and used at 1:5,000 dilution. Western blots were imaged with a

Syngene G:Box chemi-XX6 system (GeneSys software version 1.7.2.0).

3.6.5. RNA purification, cDNA generation and qRT-PCR
RNA was extracted and purified using either the RNeasy Plus mini kit (Qiagen) for 5°
RACE-seq experiments, or the Quick-RNA miniprep kit (Zymo Research) for all other

experiments, following manufacturer’s protocol. RNA was then treated with Turbo DNase
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(Life Technologies) and extracted from the DNase reaction by adding phenol chloroform,
centrifuging at 12,000 x g for 5 min, collecting the aqueous layer and precipitating RNA
in ethanol for 1 hour at -20 °C. RNA was then pelleted, washed with 75% ethanol, then
resuspended in RNase-free water. For quantitative real time PCR (QRT-PCR)
experiments, resuspended RNA was reverse transcribed to cDNA using iScript
Supermix (Bio-Rad), per manufacturer’s protocol. qRT-PCR was performed using iTaq
Universal SYBR Green Supermix (Bio-Rad), on the Bio-Rad CFX Connect Real-Time
System gPCR and analyzed with Bio-Rad CFX Manager 3.1 or CFX Maestro 2.0
programs. The primers used are listed in Supplementary Table 3.2. Northern blotting, 5’

RACE and 5 RACE-seq specific RNA processing are detailed in the next sections.

3.6.6. Northern blotting

Northern blotting was performed using the NorthernMax kit (Invitrogen) solutions.
After DNase treatment and phenol chloroform extraction, 5 ug of DNase-treated RNA
was separated on a 1.2 % agarose gel, then transferred by capillary blotting onto a
Biodyne B nylon membrane (ThermoFisher Scientific). Biotinylated DNA probes against
the 3° UTR of the luciferase reporters were generated by PCR amplification using Taq
polymerase (New England Biolabs) in the presence of Biotin-16-dUTP (Sigma-Aldrich),
see primers in Supplementary Table 3.2. Northern blots were probed with these
biotinylated DNA probes, then blocked with Intercept PBS Blocking Buffer (LI-COR
Biosciences) supplemented with 1 % SDS. Finally, northern blots were incubated with
IRDye 800CW Streptavidin (LI-COR Biosciences, 1:10,000) diluted in Intercept PBS
Blocking Buffer supplemented with 1 % SDS, then imaged on a LI-COR Odyssey CLx

imaging system (Image Studio software version 5.2).
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3.6.7. 5 RACE

After DNase treatment and phenol chloroform extraction, the RACE adapter (see
Supplementary Table 3.2) was ligated to 1-5 ug RNA using T4 RNA ligase (Invitrogen)
for 1 hour at 37 °C or 2 hours at 25 °C. Ligated RNA was reverse transcribed to cDNA
using MMLV RT (Thermo Fisher Scientific) per manufacturer’s protocol. Taq DNA
polymerase (New England Biolabs) was used to amplify fragments of interest, if present,
in two rounds of nested PCRs using forward primers annealing to the RACE adapter
(RACE outer and RACE inner, Supplementary Table 3.2) and reverse primers annealing
within the gene of interest (see Supplementary Table 3.2). Finally, PCR products were
run on a 2% agarose gel containing HydraGreen safe DNA dye (ACTGene) to visualize
the amplified fragments and imaged with a Syngene G:Box chemi-XX6 system
(GeneSys software version 1.7.2.0). DNA fragments from gel bands at the expected

sizes were extracted and sequenced to confirm their identities.

3.6.8. 5 RACE-seq library preparation and high-throughput sequencing

Our 5 RACE-seq library preparation protocol was inspired by previous PARE-Seq
protocols with some changes (Chao et al., 2017; German et al., 2009; Zhai et al., 2014).
After DNase treatment and phenol chloroform extraction, 3 ug RNA for each sample
were mixed with 6 pl of ERCC ExFold RNA spike-in mixes diluted to 1:100 (Invitrogen).
Next, ribosomal RNA was removed from each sample using Ribo-Zero Plus kit
(NMumina). The rest of the RNA was ligated to the RACE-seq adapter (see
Supplementary Table 3.2) using T4 RNA ligase (Invitrogen) for 2 hours at 25 °C. The
RACE-seq adapter contains a unique molecular identifier (UMI) in order to identify and
remove reads that are the result of PCR duplication during the library preparation.

Ligated RNA was then reverse transcribed to cDNA with SuperScript Il RT (Invitrogen)

140



using random primers of different lengths that also include a known sequence adapter
(long and short RT primers, Supplementary Table 3.2). Finally, reads were amplified in
two rounds of PCR (six cycles each) to enrich for ligated fragments and add the lllumina
adapters, which include library barcodes for multiplexing (PCR1 and PCR2 primers,
Supplementary Table 3.2). Between the two PCR rounds, DNA fragments of 150-400 bp
were selected using SPRIselect Reagent (Beckman Coulter). The quality of each library
was evaluated using a Fragment Analyzer (Advanced Analytical Technologies, Inc.) at
the Tufts University Core Facility - Genomics Core. High-throughput sequencing was
carried out by the Tufts Genomics facility on a HiSeq 2500, obtaining single-end 50
nucleotide reads on three total lanes (Supplementary Table 1). The raw sequences and
identified cut sites are deposited on the NCBI GEO database (GSE207253, reviewer

token: idatiugodnyxtev).

3.6.9. Reads preprocessing and alignment

After labeling each read with its own UMI, cutadapt v3.5 (Martin, 2011) was used to
trim lllumina adapters and UMI from each read sequence. Trimmed reads were then
aligned to the human genome version GRCh38/hg38, the PR8 genome and the ERCC
spike sequences using HISAT2 v2.2.1 (Kim et al., 2019) with the following specific
parameters: retain unique alignments only (-k 1 option), disallow softclipping (--no-
softclip option), and select fr-secondstrand library type (--rna-strandness F option).
Finally, reads with the same UMI mapping to the same genome region were collapsed
into one, to eliminate read duplications that can arise from PCR amplification. Of note,
only limited duplication was observed. Uniquely aligned reads were then used for the
PyDegradome pipeline (Supplementary Table 1). Reads that aligned to the wrong strand
(based on their strandness) and contained insertions or deletions were discarded for the

PyDegradome analysis.
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3.6.10. PyDegradome and other python analyses

PyDegradome is a Python-based peak finding pipeline developed to identify
ribonuclease cut sites, which we originally reported (Gaglia et al., 2015) and modified
here. Once all reads are aligned to the genome, the position of the first nucleotide of
every read is recorded, and the number of reads that map to the same position is
counted for each read of each library. PyDegradome then uses a Bayesian probability
model to identify which positions have statistically significantly more reads mapping to
them in a test sample vs. a control sample. This significance can be made more or less
stringent based on three parameters that can be optimized by the user: multiplicative
factor, confidence level and scanning window. The multiplicative factor determines by
how much the read count at a specific nucleotide position in the test sample needs to
exceed the count in the control sample. The confidence level sets the cutoff of statistical
significance. The multiplicative factor and confidence level together define the threshold
that the test sample needs to exceed to be considered significantly above background.
The scanning window determines how many consecutive nucleotides need to have an
average read count above the threshold value for a peak to be called. This parameter
removes isolated high read counts that could skew the analysis. All the data showed
here use a window of 4 nucleotides. For a more detailed explanation of PyDegradome,
see our previous PyDegradome publication (Gaglia et al., 2015). In this publication, we
updated our older version of PyDegradome to be usable with the alignment tool HISAT2
and the human genome GRCh38/hg38. Our older version of PyDegradome also
restricted the cut site analysis to exons, and we have updated it to include introns in
case PA-X cut pre-mRNA. The PyDegradome 2.0 updated script can be found in our
laboratory’s GitHub page (https://github.com/mgaglia81/PyDegradome). The down-
stream motif generation and scoring analysis was not modified and is still available to

download as supplementary material in our previous article (Gaglia et al., 2015) or our
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GitHub page. To calculate the percentage of GCUG within transcriptomes, we counted
the number of GCUG tetramers found in each RNA sequences and divided this number
by the total possible number of tetramers in that RNA, i.e. length of RNA minus 3. To
calculate the GCTG percentage in genomes, we counted the number of GCTG / GCUG
tetramers in each chromosome / influenza segment and divided this number by the total
number of tetramers in that chromosome / influenza segment, i.e. length of chromosome

/ segment minus 3.

3.7. Supplemental information
Supplementary Table 3.2 — Summary of PA-X cut sites

Supplementary Table 3.3 — Primers and RNA adapters.

3.8. Author contribution

Amrita lyer constructed plasmids and carried out replicates of the 5 RACE
experiments pictured in Figures 3.9B and 3.10A, and helped me process the structure
data in Figure 3.9C. Isabel Gilabert constructed the Luciferase + repeat plasmid depicted
in Figure 3.4C and performed original 5 RACE experiments on it, not shown here. Marta
Gaglia performed the analysis to plot Figure 3.3C. Marta Gaglia and Chris Rycroft wrote
the original PyDegradome pipeline and helped me optimize it for PA-X. The rest of the

experiments and analyses were carried out by Léa Gaucherand.
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Chapter 4. Discussion

4.1. Main conclusions of work

Many studies using animal models have highlighted the critical role of PA-X for
virulence and pathogenesis in vivo. Despite its importance, the molecular mechanism of
action of PA-X was largely unknown when | started my thesis work in May 2018. We
knew that PA-X is an endoribonuclease that induces host shutoff (Jagger et al., 2012),
that nuclear localization and the first 15 aa of the X-ORF are required for activity
(Hayashi et al., 2016; Khaperskyy et al., 2016; Oishi et al., 2015), and that PA-X
preferentially degrades host RNAs transcribed by Pol Il but not viral MRNAs
(Khaperskyy et al., 2016). My thesis work has focused on identifying which RNAs are
specifically targeted by PA-X and what their characteristics are, in order to uncover the
mechanism of action of PA-X at the molecular level. In view of the impact of PA-X
activity in vivo, studying PA-X could allow us to better understand how viral factors can

influence inflammation and disease outcome.

4.1.1. PA-X activity is linked to splicing
Based on the mechanism of action of other viral RNA degradation factors, we

hypothesized that PA-X binds specific proteins to reach its target RNAs. We took two
complementary approaches to identify these proteins: a transcriptomic approach to
identify RNAs down-regulated by PA-X, and a proteomics approach led by our
collaborators to identify proteins interacting with the X-ORF (Gaucherand et al., 2019).
The idea behind our transcriptomic approach was to identify specific features common to
RNAs down-regulated by PA-X that would hint at processes important for PA-X activity.
Our transcriptomic analysis uncovered a link between PA-X activity and splicing

(Figures 2.6, 2.7), which we validated experimentally using reporters (Figures 2.8, 2.9).
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The main targets of PA-X are thus spliced RNAs, suggesting that PA-X may be
preferentially recruited to spliced RNAs, potentially by interacting with a protein involved
in splicing. Since only Pol Il transcribed RNAs are spliced, this hypothesis would be
consistent with the previous finding that PA-X preferentially targets RNAs transcribed by
Pol Il .

One intriguing finding was that the only IFN-A2 reporters that were down-regulated
by PA-X were the ones that had an intron with the 5’ splice site consensus sequence
(Figures 2.8E-F, 2.9D-G). It suggested that splicing of only certain introns can trigger
targeting by PA-X. This could either come from increased splicing efficiency associated
with the consensus splice site sequence, or from the use of different proteins that
recognize a specific splice site to carry out splicing of the intron. Since these results
were published, | have continued to study this question using multiple approaches (see
appendix 5.1 for a detailed description). While experiments with our IFN-A2 reporter
point to splicing efficiency and the 5’ splice site sequence as being key for PA-X
targeting, these results were not as clear cut using two additional reporters. Moreover,
mutating the intron sequence of some IFN-A2 reporters to be recognized by the minor
spliceosome instead of the major spliceosome, which use different small nuclear RNAs
and proteins to splice RNAs, did not interfere with PA-X targeting (see appendix 5.1).
Overall, these experiments suggest that while PA-X activity is linked to splicing, the 5°
splice site sequence is not the only determinant for PA-X targeting, and the molecular
mechanism of how PA-X targets RNAs is more complex than just binding to a
spliceosome protein.

If not a spliceosome protein, PA-X may still interact with a protein involved in mRNA
processing that would be indirectly linked to splicing. Our collaborators carried out a

proteomic screen to look for interactors of the X-ORF (Figure 2.10). My colleague
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Rachel Levene was able to validate by co-immunoprecipitation the interaction between
PA-X and nudix hydrolase 21 (NUDT21), a member of the CFIm complex (Kim et al.,
2010) (Figure 2.12A). While NUDT21 is mostly known for its role in polyadenylation site
selection (Zhu et al., 2018), the CFIm complex is detected in proteomic analyses of the
spliceosome, and has been proposed to link splicing to polyadenylation (Rappsilber et
al., 2002; Zhou et al., 2002). In addition, a recent study showed that NUDT21 is involved
in splicing of MAT2A mRNA, independently of poly(A) site choice (Scarborough et al.,
2021). Binding to NUDT21 may thus allow PA-X to preferentially reach spliced RNAs.
Consistent with this idea, | found that knocking down the CFIm complex decreases PA-X
activity (Figure 2.12B). However, additional experiments should be carried out to more
thoroughly test the hypothesis that PA-X is recruited to the RNA through NUDT21. For
example, recruitment of PA-X to the RNA could be directly studied by RNA-
immunoprecipitation, which | was unfortunately unable to optimize. Sophisticated
microscopy experiments could also be carried out to confirm the interaction of PA-X and
NUDT21 on the RNA. Moreover, one caveat of the proteomics strategy was that both
negative controls were localized to the cytoplasm, while the wild-type X-ORF localizes to
the nucleus. This difference in localization likely led to a number of false positive hits. On
the other hand, some parts of the nucleus such as chromatin can be difficult to probe
without the use of DNase or other ways to break down DNA, which was not used in the
proteomics experiment. Any potential PA-X interactor in the chromatin fraction may thus

not have been detected.

4.1.2. The RNAs down-regulated by PA-X may not all be cleaved by PA-X
Since host shutoff by other viral RNases can trigger transcription inhibition
(Abernathy et al., 2015), one alternative hypothesis for the link between PA-X activity

and splicing is that host shutoff preferentially inhibits transcription of spliced RNAs.
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Indeed, down-regulation by PA-X could theoretically come from direct degradation of the
RNA but also from a decrease in transcription. To avoid this caveat, we used 5" RACE-
seq along with our PyDegradome pipeline to directly study cleavage by PA-X in cells
instead of measuring RNA steady state levels. Depending on the PyDegradome analysis
used (Figure 3.2D), we either found 592 or 1361 PA-X cut sites, which corresponded to
517 or 1309 different genes, respectively. Yet, in both cases, the number of distinct
RNAs cleaved by PA-X is much smaller than the > 3,000 genes down-regulated by PA-X
that we observed by RNA sequencing (Gaucherand et al., 2019). This discrepancy could
stem from a limitation of our analysis, as our results suggest that very deep sequencing
coverage may be required to reliably identify PA-X cut sites over the background of
basal RNA degradation, ideally deeper than what we used. On the other hand, our
analyses suggest that the number of cut sites identified by PyDegradome plateaus at
less than 1500 cut sites with increased input reads (Figure 3.2E), which implies that we
already have enough sequencing depth to identify most PA-X cut sites. There could
nonetheless be other limitations. For example, | have observed that cut sites are
predominantly found in RNAs that are the most abundant, as assessed by RNA
sequencing of the same samples in parallel of 5 RACE-seq (Figure 4.1A-B). This bias
could come from the inefficiency of the adapter 5’ ligation during our library protocol, or
from our PyDegradome analysis not being able to pick up low level RNAs cut over the
background. We are currently addressing the latter by incorporating a normalization step
in our PyDegradome pipeline, which normalizes the number of reads of a cut RNA by
the total level of the same RNA. We will test whether this improves cut site identification.
Alternatively, PA-X could naturally preferentially target abundant RNAs, which would
make sense from a physical perspective. The discrepancy between the number of PA-X
cut sites identified by PyDegradome and the number of RNAs down-regulated by PA-X

could also stem from the biology of PA-X. Indeed, since widespread RNA degradation
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D) DAVID was used to identify overrepresented Gene Ontology (GO) terms for biological
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concatenated (D) analysis. The Benjamini corrected p value is plotted for the 7 most
significant GO terms. (E-F) Box plot representing the number of exons for RNAs cut by
PA-X identified by PyDegradome using the shared (E) or concatenated (F) analysis that
were also detected by RNAseq, compared to the other RNAs detected by RNAseq. p

values obtained using Kolmogorov-Smirnoff test.
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triggers secondary consequences that exacerbate host shutoff (see section 1.2.4), PA-X
may only need to cleave a few abundant RNAs to trigger transcription inhibition of more
genes and global down-regulation of most RNAs. In addition, many genes can regulate
each other or are similarly regulated. An already cited example is the induction of
hundreds of ISGs upon sensing of type | and Il IFNs. In this example, cleavage of any
RNA along the IFN sensing pathway could lead to a down-regulation of all ISGs, even
though these ISGs are not directly cut by PA-X.

There are also additional potential confounds. GO term analysis of the 517 or 1309
distinct RNAs cut by PA-X identified translation as the most enriched biological process
(Figure 4.1C-D). This enrichment is intriguing, as we previously found that RNAs
resistant to down-regulation by PA-X were enriched in GO terms such as translation,
translation initiation and structural constituent of ribosome (Figure 2.5D). One
explanation could be that these RNAs are the only abundant RNAs left in the cell for PA-
X to cleave at the time of collection, as PA-X would have down-regulated the other
RNAs, either through cleavage or secondary transcription inhibition. On the other hand,
these experiments are performed in Xrn1 knock out cells, which could also have an
effect on the transcription inhibition feedback mechanism. Indeed, silencing of Xrn1
prevented transcription inhibition in cells overexpressing muSOX (Abernathy et al.,
2015). Unfortunately, this mechanism has not been investigated in the context of IAV
infection or PA-X overexpression. It is thus difficult to predict the effect of Xrn1 knock
down in our system. Moreover, in some contexts such as during MHV68 infection,
silencing of Xrn1 is not enough to prevent transcription inhibition (Hartenian et al., 2020).
Studying the effect of PA-X on secondary transcription inhibition and/or carrying out &’
RACE-seq at earlier time points to see if different cut RNAs are detected over time
based on their abundance will help resolve these possibilities. | have attempted to probe

RNA degradation and transcription repression separately using thiol(sh)-linked alkylation
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for the metabolic sequencing of RNA (SLAM-Seq) during infection with WT or PA-X
deficient IAV (Fasching et al., 2022; Herzog et al., 2017). This method involves labeling
of nascent RNAs with 4-thiouridine (4-SU) then high-throughput sequencing to measure
the abundance of both labeled and unlabeled RNAs over time. While | was able to
confirm incorporation of 4-SU over time, | obtained very inconsistent PA-X activity at
different time points across my three replicates, which prevented me from drawing any
conclusion. This could be due to various technical errors, as well as variable cellular
stress from prolonged 4-SU treatment, especially at the 12h time point. It will be
important to try this experiment again or carry out similar types of experiments that allow
to directly look at degradation of RNAs by PA-X over time and potential transcription
inhibition separately.

Interestingly, RNAs cut by PA-X have a slightly higher number of exons than the rest
of expressed RNAs for both shared cut sites and concatenated cut sites, suggesting that
splicing may be directly involved in PA-X cleavage activity (Figure 4.1E-F). However,
this difference in exon number is small. In contrast, RNAs down-regulated by PA-X have
a much higher number of exons than PA-X resistant RNAs (Figure 2.6G), suggesting
that spliced RNAs may additionally be preferentially down-regulated by PA-X as an
indirect consequence of PA-X activity. Alternatively, there may be a smaller difference in
exon numbers when looking at cut RNAs because of a lack of statistical power from the
low number of distinct RNAs cleaved by PA-X. Our potential experimental bias towards
detecting abundant RNAs may also skew the results. Nonetheless, this result hints at a
potential link between splicing and PA-X direct degrading activity and should be more

thoroughly investigated.
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4.1.3. PA-X cleaves RNA at a preferred sequence and structure to distinguish
between host and viral mMRNAs

Although | may not have identified all PA-X cut sites transcriptome-wide, | have
identified enough high confidence sites to infer the preferred characteristics of PA-X
cleavage. Both the transcriptomic data and the experimental follow-up indicate that PA-X
cleavage is sequence specific, and that PA-X preferentially cleaves GCUG or a similar
tetramer. However, this GCUG also needs to be located in a loop within a hairpin
structure. This finding makes sense, as GCUG tetramers are ubiquitous but PA-X does
not cut RNA at every GCUG sequence. Moreover, since the loop is single-stranded, this
finding is consistent with previous in vitro results showing that PA-X preferentially
cleaves single-stranded over double-stranded RNA (Bavagnoli et al., 2015).
Interestingly, the actual location of cleavage within the GCUG sequence seem to vary
based on the RNA being cut (Figures 3.7C, 3.8C). It is unclear whether this variation is
an artefact of our method or a true characteristic of PA-X. It could potentially be
influenced by the location of GCUG relative to the hairpin loop.

| also found that the cut site specificity of PA-X is conserved across multiple 1AV
strains (Figures 3.4F-G, 3.6C). This finding makes sense biochemically, since the
RNase domain of PA-X is very well conserved across IAV strains (Figure 3.6D). Yet,
studies have reported differences in the level of down-regulation by PA-X based on the
IAV strain, with the pandemic H1N1 strain usually having stronger host shutoff activity
(Desmet et al., 2013; Hayashi et al., 2016; Nogales et al., 2018). These differences in
activity may come from differences in PA-X stability in cells (Levene et al., 2021), as well
as potential differences in PA-X interacting proteins, or an unknown function of PA-X in
certain IAV strains that has not been identified yet. Nonetheless, the fact that different
IAV strains evolved differences in PA-X activity while keeping the same PA-X cut site

specificity is a testament to the efficiency of this cut site specificity.
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It is interesting that PA and PA-X share the same RNase domain but do not seem to
have the exact same cleavage specificity. Indeed, PA preferentially cleaves RNA for
cap-snatching after a guanine residue within a 5-GC-3" motif (Datta et al., 2013). Of
note, the two nucleotides least likely to vary in the PA-X cut site motif are the first GC
dinucleotides (Figure 3.7D), so PA and PA-X may still recognize similar RNA
sequences. However, the PA cleavage preference is largely governed by binding of the
RdRp to the 5’ cap through PB2, which restricts RNA cleavage within 50 angstroms of
the cap, or 10 to 14 nucleotides (Reich et al., 2014). Cleavage is thus sequence
dependent if a GC dinucleotide is present within this length range, or in general if the
sequence of the resulting cap-snatched primer is compatible with the 3’ end of the viral
RNA segment to be transcribed (Geerts-Dimitriadou et al., 2011a, 2011b; Sikora et al.,
2015; te Velthuis and Oymans, 2018). In contrast, PA-X is not restricted to the 5’ end,
and it is still unclear if PA-X is recruited to a specific location on the RNA through
interactions with RNA processing proteins. Of note, the PA-X cut sites identified by
PyDegradome can be found throughout each exon, with no clear bias towards a specific
RNA landmark such as splice sites (Figure 4.2A). However, almost all identified cut
sites were located within exons and not introns (Figures 3.11A, 3.12A). Even inserting
what appears to be a strongly favored PA-X cut site sequence within the intron of a
reporter did not lead to cleavage in the intron (Figures 3.11D-E, 3.12D-E). Since PA-X
activity is linked to splicing, which occurs co-transcriptionally for most spliced introns
(Gaucherand et al., 2019), these data are consistent with splicing occurring very rapidly
and suggest that PA-X cleaves RNA after it has been spliced. Alternatively, in addition to
cleaving RNAs after splicing has occurred, PA-X may cut RNAs within both introns and
exons during transcription, but the resulting fragments may be degraded by Xrn2, the
host exoribonuclease responsible for the 5’ to 3’ degradation of nascent uncapped RNAs

(Nagarajan et al., 2013). Since we did not silence Xrn2, we may have missed these
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Figure 4.2: Abundance of GCUG sites mostly directs PA-X cleavage.

(A) Distribution along exons of PA-X cut sites (WT vs. AX) or control sites enriched in the
AX samples (AX vs. WT) as identified by PyDegradome using the shared approach
(purple or orange lines) or concatenated approach (pink or yellow lines). (B-C)
Percentages of GCUG tetramers found within human exons compared to introns (B), or
within the human transcriptome compared to the transcriptomes of the IAV strains PRS,
pH1N1 and Perth, and the two common influenza B strains B/Yamagata/16/1988 and
B/Victoria/1/2014 (C).
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fragments. It would be important to carry out northern blot or 5° RACE experiments in
Xrn1 vs. Xrn2 knock down/out cells to test this idea.

Another possible explanation for why most PA-X cut sites are in exons is that the
preferred cleavage characteristics of PA-X may bias towards cleavage of exons over
introns. Indeed, GCUG tetramers are twice as abundant in exons than in introns (Figure
4.2B). PA-X may thus still cut the RNA co-transcriptionally but preferentially recognize
GCUG sites within exons. Furthermore, this could be a way for PA-X to ensure that the
actual RNA will be degraded and not risk cleaving “decoy” introns after they are spliced
out, which would have little influence on host gene expression. In fact, GCUG is one of
the most abundant tetramers in the human transcriptome (i.e. in human mature mRNAs
and noncoding RNAs), while it is of average abundance in the human genome, which
also includes untranscribed and regulatory regions (Figures 3.13A, 3.14A). This
preference could thus ensure that on top of not cleaving unnecessary RNAs, PA-X
preferentially cleaves RNAs that code for proteins. Importantly, GCUG tetramers are of
average percentage or slightly underrepresented in the transcriptomes of multiple
human IAV strains, and the GCUG sequences that are present in these strains are
mostly predicted to be in paired regions and not hairpin loop structures (Figures 3.13C-
E, 3.14A, 3.14E). This exciting finding suggests that PA-X may have evolved its
cleavage specificity to avoid targeting viral MRNAs while preferentially targeting human
mRNAs. The fact that viruses with the STOML2 cut site sequence in the spliced M
segment can only grow to high titers in the absence of PA-X also supports this idea
(Figure 3.14F-I). Interestingly, high viral titers can still be obtained when the same PA-X
cut site sequence is inserted into the NA segment, which is not spliced (Figure 4.3A). Of
note, lower levels of NA but not HA viral mRNA were recovered after inserting the
STOML2 sequence in the NA segment (Figure 4.3B-C). However, the same low levels

were obtained in the absence of PA-X and when inserting a mutated STOML2 sequence
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Figure 4.3: Inserting a PA-X cut site sequence inside the NA segment does not
affect viral replication.

(A-C) MDCK cells were infected at MOI 0.05 with the indicated viruses. Supernatants
and RNA were collected at 1, 8, 24 and 48 hours post infection. (A) viral titers were
quantified by TCID50. n = 3. (B-C) PR8 NA (B) and HA (C) mRNA levels were quantified
by RT-qPCR, normalized by 18S rRNA levels, and plotted as mean * standard deviation.
AU, arbitrary units. n = 3. (D) Xrn1 knock out A549 cells were infected with the indicated
viruses, or mock infected for 16 hours before RNA extraction. 5’RACE was then
performed using primers specific for PR8 NA, ~150 nt downstream of the predicted cut
site inside the STOML?2 sequence. The PCR products were run on an agarose gel. The
predicted size of DNA bands coming from a cut site inside the STOML2 sequence is
indicated by the red dotted arrow. DNA bands were purified and sequenced to confirm
their identities, and image is representative of 3 experiments. (E) Viral RNA was
extracted from our viral stocks, reverse-transcribed to cDNA and PCR amplified using
primers located on either side of the STOML?2 sequence to visualize on an agarose gel
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whether the STOML?2 sequence was retained. n = 1. (F) cDNA from (D) was also PCR
amplified using the same primers to visualize whether the STOML?2 sequence was
retained. Gel image is representative of 3 experiments.

that is not cut by PA-X, suggesting that this defect comes from inserting any sequence
and not a specific sequence cleaved by PA-X. Inserting the STOML2 sequence lead to a
faint cut site inside the STOML2 sequence by 5 RACE (Figure 4.3D). However, there
was also a faint cut site at a GCUG sequence in the NA segment in the absence of the
STOML2 sequence or when inserting the mutated STOML2 sequence (Figure 4.3D).
While the band appeared faint, the two rounds of nested PCRs make our 5’ RACE
method not very quantitative, so we cannot really conclude about the abundance of this
cut site. Nonetheless, cleavage of the STOML2 sequence was not detrimental enough
for the recombinant virus to grow, as there was no enrichment of the WT virus over time
as was seen when inserting the STOML2 sequence in the M segment (Figure 4.3E-F).
This result suggests that PA-X does not cleave NA mRNA efficiently, which is consistent
with our model that spliced mMRNAs are preferentially cleaved over intronless ones, since
as far as we know NA mRNA is not spliced. Targeting spliced RNAs thus adds a second
layer of protection for viral mMRNAs, as most of them are not spliced, like NA mRNA and
viral genomic RNAs. Alternatively, PA-X may already cleave NA mRNA as part of the
normal viral life cycle, so adding a second cut site does not influence the amount of NA
being cut. This is consistent with the faint band detected by 5° RACE (Figure 4.3D). It
would be interesting to distinguish these two possibilities by determining the actual
amount of NA mRNA being cleaved by PA-X, for example using northern blotting.

This GCUG enrichment in the host transcriptome is conserved across common IAV
hosts, such as chickens, pigs and ducks (Figure 3.14D). The reason for this GCUG
enrichment in host transcripts is unknown, and is an interesting observation to follow up

on. Moreover, GCUG tetramers are also slightly underrepresented in the transcriptome
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of influenza B virus (IBV) (Figure 4.2C). Yet, influenza B viruses do not encode a PA-X
protein, suggesting that the low/average percentage of GCUG tetramers could stem
from a different pressure than PA-X that would be advantageous for all influenza viruses.
This evolutionary pressure could be the same that pushes GCUG tetramers to be
enriched in the transcriptomes of humans, birds and swine. PA-X could then have
evolved to use this difference to its advantage, as a way to distinguish between host and
viral mRNA. This distinction is reminiscent of the host self vs. non-self discrimination that
is commonly found in immune responses. Analogous to PA-X using the high percentage
of GCUG in the human transcriptome to its advantage, the host antiviral protein zinc-
finger antiviral protein (ZAP) uses the low percentage of CG dinucleotide in the human
genome to identify non-self CG rich viral RNA and prevent viral replication (Takata et al.,

2017).

Based on the results from my two manuscripts and the points raised in the
discussion, my current model of PA-X mechanism of action is that PA-X is recruited to
Pol Il transcribed spliced RNAs, potentially through interactions with the RNA processing
machinery. Once there, PA-X recognizes and cleaves the RNA within a GCUG
sequence inside the loop of a hairpin structure, if present. Viral MRNAs mostly lack
these characteristics, as they are intronless (with two exceptions) and have low GCUG
content. Therefore they are spared from cleavage by PA-X. As a result of this activity,
many RNAs are down-regulated, either through direct cleavage or potentially through
transcription inhibition, leading to host shutoff and a general blocking of the host innate

immune response and inflammation. This working model is summarized in Figure 4.4.
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Figure 4.4: Current model of PA-X molecular mechanism of action.
Based on my thesis work, my current working model RNA targeting by PA-X at the
molecular level is that PA-X is preferentially recruited to spliced RNAs through
interactions with the RNA processing machinery. Once at the RNA, PA-X can recognize
and cleave GCUG or similar sequences within loops of hairpin structures, leading to the
degradation specific host RNAs, while viral mRNAs are spared from degradation
because they mostly lack these cut site characteristics. This activity overall leads to host
shutoff. Diagram made using biorender.

4.2. Implications of using the mRNA processing machinery as a targeting

strategy

All viral RNA degradation-dependent host shutoff factors, i.e. the viral RNases PA-X,
vhs, SOX, muSOX and BGLF5, the host RNase inducing protein nsp1 and the viral
decapping enzymes D9, D10, ASFV-DP and L375, specifically target RNAs transcribed
by Pol Il (Gaucherand and Gaglia, 2022). This ensures the degradation of host mRNAs
to prevent protein expression and thus induce host shutoff. Therefore, all these viral
proteins need a mechanism to find the correct RNAs. Our results indicate that PA-X may
solve this problem by binding to a protein involved in mRNA processing that will guide it

to Pol Il transcribed RNAs. This mechanism provides an efficient strategy to specifically

target coding RNAs to induce host shutoff.
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Additional advantages can come from hijacking the mRNA processing machinery.
Targeting RNAs during processing could allow PA-X to degrade RNAs early in their life
cycle. Degrading RNAs early could in turn provide a way to free up more resources for
the virus than if the RNAs were degraded in the cytoplasm, which is the case for other
viral RNases such as vhs and SOX. For example, degrading host mRNAs in the nucleus
could allow to reallocate RNA nuclear export proteins to export viral mMRNAs instead. In
addition, many RNAs are naturally cleaved in the nucleus as part of their normal
processing, for example for polyadenylation and splicing. Some faulty mRNAs are also
cleaved and degraded during transcription as part of quality check pathways. Cleavage
by PA-X may thus not be detected as aberrant right away if it occurs in an environment
where RNA cleavage is common.

In addition to directing PA-X to its target RNAs, binding to an mRNA processing
machinery protein could modulate host gene expression by interfering with the normal
activity of that protein. Similar mechanisms have been uncovered for other viral proteins.
For example, as mentioned previously, IAV NS1 binding to the CPSF complex prevents
cleavage and polyadenylation of nascent RNAs, which in turn decreases protein
expression (Nemeroff et al., 1998). Interfering with mRNA processing could thus
exacerbate host shutoff by PA-X. Moreover, since mRNA processing is co-transcriptional
and many proteins involved in mMRNA processing bind to the Pol Il CTD, PA-X could be
in complex with Pol Il and interfere with Pol Il elongation. Consistent with a co-
transcriptional activity of PA-X, some PA-X can be found within the chromatin fraction
(Figure 4.5A). Moreover, in one preliminary experiment, | observed that PA-X co-
immunoprecipitated with the Ser2P elongating/terminating form of Pol I, although the
interaction could only be detected in the presence of DNase, which liberates chromatin-
associated proteins (Figure 4.5B), and not RNase (Figure 4.5C). However, | was not

able to detect an interaction in two following replicates, nor through co-
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Figure 4.5: PA-X may be in complex with elongating Pol .

(A) PA-X-myc expressing human embryonic kidney (HEK)293T cells were fractionated
then run on a western blot to observe localization of PA-X. Tubulin was used as a
cytoplasmic marker, Lamin A/C as a chromatin marker, and HNRNPC as a general
nuclear marker. (B-C) PA-X-myc was immunoprecipitated from the nuclei of PA-X-myc
expressing HEK293T cells, with or without DNase (B) or RNase (C) treatment. The
elongating/termination isoform of Pol Il was detected using Ser2P antibodies.
immunoprecipitation of the Ser2P or Ser5P active forms of Pol Il. | also attempted to
perform ChIP to test whether PA-X was associated with transcription, but the results
were inconclusive. It is thus still unclear whether PA-X binds Pol Il and could directly
interfere with transcription.

One consequence of binding an mRNA processing factor, and potentially Pol Il, is
that this interaction may recruit PA-X to nascent RNAs. In such a system, RNAs that are
induced upon infection, such as antiviral genes, would be the ones preferentially
targeted by PA-X. Consistent with this idea, in our previous RNA sequencing analysis
we found that PA-X preferentially down-regulated genes involved in the type | IFN
pathway (Figure 4.6). However, these genes were not enriched in the analysis of RNAs
cleaved by PA-X (Figure 4.1C-D). Moreover, RNA half-life combined with fractionation
experiments suggest that PA-X does not degrade RNAs in the chromatin fraction (see

appendix 5.2 for more details). These results argue against PA-X degrading nascent

RNAs during transcription, although it is possible that RNAs are degraded so rapidly in
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Figure 4.6: PA-X globally reduces host gene expression but preferentially targets
the type I IFN pathway.

RNA sequencing from (Gaucherand et al., 2019) re-analyzed to compare cells infected
with IAV PR8 WT vs. AX. Top: data for all RNAs; bottom: RNAs in the MSigDB hallmark
type | IFN response gene set (Liberzon et al., 2015). The underlying distribution for type
I IFN is significantly different from all RNAs based on Kolgorov-Smirnoff test (p <
0.0001). Inset: GO term analysis of RNAs down-regulated more than 2-fold by PA-X. p
value computed by the DAVID program with Benjamini correction (Huang et al., 2009a,
2009b). Antiviral immunity pathways are shown in red to highlight their enrichment.

the chromatin fraction that | was not able to detect any change. Moreover, one could still
imagine a model where PA-X is recruited to these RNAs after they are processed or
exported to the cytoplasm. This model would still be consistent with fully cytoplasmic PA-
X mutants being inactive and fully cytoplasmic RNAs not being targeted by PA-X
(Hayashi et al., 2016; Khaperskyy et al., 2016; Oishi et al., 2015), as PA-X would still
need to travel to the nucleus to find its target RNAs. Moreover, | have always been
puzzled by the fact that microscopy images show PA-X predominantly in the nucleus,
whereas fractionation experiments by our group and others show similar amounts of PA-

X in the cytoplasm and the nucleus (Figure 4.5A) (Hayashi et al., 2016). A mechanism

of action that involves shuttling may explain this discrepancy, although it could also stem
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from limitations of the two techniques. Alternatively, since splicing is also important for
export of MRNAs (Khan et al., 2022), PA-X could be recruited to mRNAs by a protein
involved in linking splicing to mMRNA export, and cleave RNAs as they are exported to
the cytoplasm. PA-X could thus be located at the nuclear pore and appear nuclear by
microscopy but could leak out of the nucleus during the fractionation process. Both
hypotheses would be interesting to test to really pinpoint the molecular mechanism of

action of PA-X.

4.3. Implications of cleaving RNA with a sequence and structure specificity

The determination of where an RNase cleaves RNA is based on where it binds the
RNA and/or on the sequence and structure of the RNA at the cut site. This is true for
host shutoff viral RNases. For example, HSV vhs is thought to cleave RNA near the
translation initiation site because of its binding to translation initiation factors (Shiflett and
Read, 2013), or near AREs when recruited to ARE-containing mRNAs (Esclatine et al.,
2004a). Conversely, KSHV SOX recognizes a specific motif and cleaves RNA at a
specific sequence and structure (Gaglia et al., 2015; Mendez et al., 2018). Similarly, PA
in complex with PB1 and PB2 binds the 5’ cap, which restricts RNA cleavage 10-14 bp
downstream of the 5’ cap (Fodor and Velthuis, 2020), while PA-X preferentially cleaves
at the specific GCUG sequence when this sequence is found within the loop of a hairpin
structure. Similar examples can be found within cellular RNases. For example, the
cellular RNase DICER involved in micro (mi)RNA and small interfering (si)RNA
generation binds to specific structures in the RNA, leading to a specific cleavage site
(MacRae et al., 2007; Nguyen et al., 2022). The fungal o—sarcin cleaves 28S ribosomal
RNA at GAGA sequences within loops (Endo et al., 1990). Cutting an RNA based on its
specific sequence and structure vs. where the RNase binds the RNA could have

different targeting implications. For example, using a degenerate sequence and structure
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specificity means a wide range of RNAs can be targeted. In contrast, having a
combination of binding to a specific protein or location on the RNA and cleaving at a
specific sequence and structure could bring about more specificity to ensure that only
useful RNAs are cut. This level of specificity is likely beneficial for a virus to reach a
balance between cleaving as many RNAs as possible without wasting precious
resources on cleaving RNAs that do not need to be cleaved.

It is interesting that the KSHV RNase SOX, which has a PD-D/E-XK nuclease fold
like PA-X, also cuts RNA at a specific sequence within the loop of a hairpin structure
(Gaglia et al., 2015). This specificity is not just a characteristic of PD-D/E-XK nucleases,
as the human endoribonuclease MCPIP1/Regnase-1 also cleaves RNAs within a hairpin
loop structure but its RNase activity is due to a PIN domain (Wilamowski et al., 2018).
Cutting RNA within exposed loops may thus be a common easy way for RNases to
access single-stranded RNA. Accordingly, other host shutoff RNases may also cut RNA
at a specific sequence within hairpin loop structures. To study this question, | have
carried out 5’ RACE-seq on cells expressing HSV-1 vhs, SARS-CoV nsp1, SARS-CoV-2
nsp1, or RFP as a negative control. My results are still preliminary, but they argue for a
specific sequence at the cleavage site for each protein (see appendix 5.3 for more
details). More work is needed to validate these cut sites and investigate whether the
cleavages are truly sequence specific and/or whether a structure is also involved.
Nonetheless, it is interesting to think that all these RNases have evolved to cleave RNA
at a specific sequence, but not the same sequence. Analyzing these specific sequences

in each context could inform us on the biological consequences of having this specificity.
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4.4. Future Work
As discussed throughout this chapter, many questions are still unanswered about the
molecular mechanism of action of PA-X, and how it influences infection and disease. |

will summarize the most important ones here and highlight their implications.

4.4.1. Does PA-X activity directly and/or indirectly inhibit host transcription?

Since both RNA degradation and transcription may be altered during host shutoff,
measuring steady state levels may not appropriately capture the dynamics of direct RNA
degradation by PA-X. However, one should first test whether transcription is indeed
inhibited following PA-X overexpression or as a consequence of PA-X activity during
infection. If so, conclusions about the degradation of specific RNAs by PA-X should be
drawn only from assays that can directly probe RNA degradation, or separate RNA
degradation from transcription. Here we have used 5’ RACE-seq to directly identify PA-X
cut sites throughout the transcriptome, but other techniques may also be appropriate to
directly analyze RNA fragments. Other options can be to block transcription and follow
RNA degradation over time, or to label nascent RNAs to differentiate them from pre-
existing RNAs that are being degraded. Conversely, general transcription inhibition could
be investigated directly through ChIP-seq experiments or other high throughput
transcription monitoring methods. If transcription is indeed inhibited upon PA-X
expression, it would also be interesting to test whether this is solely stemming from the
previously described secondary consequence of host shutoff or if PA-X additionally
inhibits transcription through interactions with the mRNA processing machinery.
Moreover, different mMRNAs could be affected by one process of transcription inhibition

or the other, or both.
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4.4.2. How does the mechanism of action of PA-X allow for immunomodulation?

In view of the striking in vivo phenotype of PA-X deficient viruses, PA-X activity is
able to somehow regulate inflammation and the innate immune response. Yet, how PA-
X achieves this specificity is currently unknown. While antiviral genes such as the type |
IFN pathway are particularly down-regulated by PA-X (Figure 4.6), | did not find an
enrichment for antiviral RNAs being cleaved by PA-X (Figure 4.1C-D). Moreover,
antiviral genes do not have higher numbers of exons compared to other genes.
Therefore, there is so far no obvious connection between the immune response
selectivity of PA-X and its mechanism of RNA targeting. One possibility is that
immunomodulation could be a secondary effect of PA-X. For example, if transcription
inhibition indeed occurs following PA-X expression, this would prevent transcription of
antiviral genes, even though their RNAs are not directly cleaved by PA-X. PA-X could
also degrade mRNAs involved in the transcription of antiviral genes instead of the
antiviral mRNA directly. For example, PA-X is known to down-regulate the histone
deacetylase HDAC4, which controls the expression of a few ISGs (Galvin and Husain,
2019). Another possibility is that PA-X could directly inhibit the transcription of certain
genes, including antiviral genes, for example by binding and preventing the activity of an
mMRNA processing protein. Alternatively, PA-X could use a yet unknown mechanism to
specifically target the IFN pathway, similar to its previously reported mechanism of NF-
kb inhibition (Hu et al., 2020) or through an RNase activity independent mechanism such
as the suppression of Ankrd17-mediated immune responses (Li et al., 2021). More work
is needed to identify the mechanism by which PA-X preferentially down-regulates
antiviral genes. Moreover, it is still unclear how PA-X down-regulation of specific antiviral
genes at the molecular level leads to a broadly immunomodulatory phenotype in vivo,
since the host immune response against IAV also involves many uninfected immune

cells.
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One important question that also remains is why infection with a PA-X deficient virus
leads to increased immunopathology and death in animal models for some IAV strains
but not for others, especially since sequence analysis indicates that there is a strong
evolutionary pressure to retain PA-X in all IAV strains (Shi et al., 2012). It would be
interesting to compare which RNAs are preferentially targeted in each case and see if
this correlates with the immune phenotype observed. One possible model is that
different IAV strains use different strategies to increase transmission based on their PA-
X activity, either by increasing symptoms or preventing early death of the host. While
very few studies have investigated the effect of PA-X on IAV transmission, there is
evidence that an optimized PA-X sequence can increase transmission. For example,
truncation of the X-ORF to 41 aa increases viral transmission in pigs (Xu et al., 2016),
and a specific R195K amino acid change in the PA-X protein of some avian IAV strains
appears to increase transmission to mammals (Sun et al., 2020). However, no study has

tested whether infection with a PA-X deficient IAV affects transmission.

4.4.3. Where PA-X is active in the cell?

PA-Xis thought to cleave RNAs in the nucleus, as PA-X mutants that are fully
cytoplasmic are not active and fractionation experiments show down-regulation of RNAs
in the nuclear fraction (Hayashi et al., 2016; Khaperskyy et al., 2016; Oishi et al., 2015).
However, some PA-X activity has been reported on transfected RNAs, which only enter
the cytoplasm (Hayashi et al., 2016). Moreover, | was not able to detect direct PA-X
activity in the nucleoplasm and chromatin fractions (see appendix 5.2). One limitation of
all these experiments is that they were done in cells overexpressing PA-X (and with
different levels of overexpression between studies), but not confirmed in infected cells
where levels of PA-X may be lower. | also previously mentioned the discrepancy

between microscopy images that place PA-X primarily in the nucleus, and fractionation
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experiments that show equal distribution of PA-X in the nucleus and cytoplasm (Figure
4.5A) (Hayashi et al., 2016; Khaperskyy et al., 2016). It would thus be important to more
thoroughly investigate the location of PA-X inside the cell, and where RNA cleavage
occurs. High resolution microscopy could be used along RNA FISH to pinpoint the
precise location of PA-X in relation to target RNAs. Another possibility would be to carry
out a version of a proximity ligation assay with one probe attached to an antibody
recognizing PA-X and the second probe attached to a DNA oligonucleotide that
hybridizes to a target RNA (Zhang et al., 2016). This method would allow to detect
transient interactions between PA-X and RNA and localize them within the cell.
Determining where PA-X is active within the cell may also provide information on the role
of splicing in PA-X activity. Finally, better controlled BiolD interactome studies could be
used to identify PA-X interactors that are critical for activity or that explain the

localization of PA-X within the cell.

4.4.4. What is the cleavage specificity of other viral RNases?

Our transcriptome-wide study of PA-X cut sites has shown that the cut site sequence
and structure specificity of an RNase can play a critical functional role, allowing the
preferential targeting of host RNAs for PA-X. Moreover, our PyDegradome pipeline has
proven an easy and effective method to identify this cleavage specificity. It will thus be
important to continue identifying the cleavage specificity of other viral and host RNases.
My preliminary data suggests PyDegradome was able to identify specific vhs and nsp1
cut sites throughout the transcriptome (see appendix 5.3). These sites will still need to
be experimentally validated to confirm they are true cut sites. In addition, the
requirements for the specific sequences enriched at the cut sites will also need to be
tested using reporters, as well as potential structural requirements. Finally, these results

will be critical to settle whether vhs only cleaves near the translations start site, as was
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shown in vitro (Shiflett and Read, 2013), or if vhs also cleaves at other locations inside
the RNA, as was suggested in cells expressing vhs (Gaglia et al., 2012). Finally, since
the PyDegradome analysis was performed in an overexpression system, it will also be
important to validate our results in infected cells and in a more biologically relevant cell
type where the viral protein levels may be lower or differentially expressed over time as

a normal part of the viral life cycle.

Prior to these studies, little was known about the mechanism of action of PA-X at the
molecular level. Overall, my work has uncovered a two-step selection process by which
PA-X effectively targets host mRNAs to induce host shutoff. Our finding that PA-X uses
its cleavage specificity to distinguish between host and viral MRNAs was particularly
surprising and exciting, as it shows that IAV can discriminate self vs. non-self similar to
host cells. Future work should focus on completing this mechanism to determine how
PA-X is physically recruited to its target RNAs, where the cleavage activity occurs, and
what consequences ensue in terms of transcription inhibition and how this mechanism is

linked to the striking immunomodulatory role of PA-X in vivo.

4.5. Author contribution
Rachel Levene carried out the co-immunoprecipitation experiments pictured in Figure
4.4B-C that | used to stain for Pol Il. Marta Gaglia collected and analyzed the RNAseq
data used to plot Figure 4.5. All other experiments and analyses were conducted by Lea

Gaucherand.
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Chapter 5. Appendix

5.1. PA-X activity is not linked to the consensus splice site sequence

Through transcriptomic studies, we identified a link between PA-X activity and
splicing. In addition, our experimental validation data using IFN-A2 as a reporter hinted
at the 5’ splice site being important for PA-X targeting. Indeed, while an intronless IFN-
A2 reporter was not efficiently down-regulated by PA-X, the addition of introns 1, 3 or 5
was sufficient to rescue down-regulation of the mRNA by PA-X (Figures 2.8E, 2.9D).
These introns have a 5’ splice site that matches the consensus sequence AG|GT. In
contrast, the addition of introns 2 or 4, whose 5’ splice site does not match the
consensus, did not lead to mMRNA down-regulation by PA-X unless their 5’ splice site
sequence was mutated to AG|GT (Figures 2.8F, 2.9G). Since the 5’ splice site
sequence dictates the binding efficiency of some splicing factors, these results could
indicate a mechanistic link between how PA-X targets RNAs and these specific splicing
factors. However, having a consensus 5’ splice site also increases splicing efficiency,
which could help targeting by PA-X by other means. | thus wanted to investigate further
this link to the splice site sequence.

To test the importance of the 5’ splice site, | first tested the effect of mutating the 5°
splice site sequence of intron 3 away from the consensus sequence. As expected, |
found that the mutation slightly decreases the targeting of IFN-A2 single intron construct
mRNA by PA-X (Figure 5.1A). Of note, this mutation concurrently decreased the
splicing efficiency of intron 3, as assessed by PCR across the intron (Figure 5.1B).
Second, | tested whether the 3’ splice site sequence could also have an effect on PA-X
activity. The rationale behind this experiment is that if targeting is solely dependent on
the 5’ splice site sequence, mutating the 3’ splice site should not interfere with targeting,

although it may decrease splicing efficiency. | used the MaxEnt splicing score algorithm

169



A IFNL2 mRNAlevels B

:.<: Intron 3 splicing PCR
s 1= No Pos int3
S8 IFNL2 RT ctrl cDNA Gen int3 5ss-int2
L 8+
g PA-X T - 4 -+ - 4
83 ~ " le— unspliced
s spliced
S =
28 4 -
o g C Intron 2 splicing PCR
%g . Int2  Int2 Int2 no pos.
s ;: IFN-A2 cDNA Gen Int2 3'ss 5'ss 5+3'ss RT ctrl
% PA-X - + - + - + - 4+ - + - +
| — <€— spliced
E D Intron 3 splicing PCR
Int3 no pos.
IFNL2 mRNA levels IFN-A2 cDNA Gen Int3  3'ss RT ctrl
4 *x PA-X - + - + - + - +

L —

YT s ¢ ¢ vy s b=

w

-

IFNL2 mRNA levels IFNL2 mRNA levels

15+ 41

normalized by luciferase
N

mRNA expression relative to no PA-X

X X
& &
o
1 L9 293
819 §3
>
0 53 532
§3 §3
g3 51 23
<5 ::)g
g 0 g O
& S &
& S )
00 \Q

Figure 5.1: PA-X activity may be linked to splicing efficiency and not 5’ splice site
sequence.

(A) mRNA levels of reporters expressing IFN-A2 from the cDNA, genomic locus, or
constructs with intron 3 with its original 5’ splice site sequence or mutated to the intron 2
5’ splice site sequence, normalized to luciferase expression in HEK293T cells
transfected for 24hrs with PA-X. (B-D) Splicing PCR across intron 2 (C) or intron 3 (B, D)
run on an agarose gel to assess splicing efficiency of each IFN-A2 construct. (E) mRNA
levels of reporters expressing IFN-A2 from the cDNA, genomic locus, or constructs with
introns 2 or 3 with and without mutations in the 5’ splice site (to consensus sequence)
and 3’ splice site (to non-consensus sequence), normalized to luciferase expression in
HEK293T cells transfected for 24hrs with PA-X. (F) mRNA levels of reporters expressing
IFN-A2 from the cDNA, genomic locus, or constructs with introns 2 (left) or 3 (right) with
and without mutations in their splicing sequence to be recognized by the minor
spliceosome (U12), normalized to luciferase expression in HEK293T cells transfected for
24hrs with PA-X. *, p<0.05; **, p<0.01; ns, not significant; One-way ANOVA with
Dunnett’s multiple comparison test. n = 3.

(Yeo and Burge, 2004) to design mutations in the 3’ splice site of 3 constructs (intron 2

only, intron 2 with the 5’ splice site consensus sequence, and intron 3 only) that lower
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the splice site quality score of the target introns (Table 5.1), which should be indicative
of splicing efficiency. Down-regulation by PA-X was unchanged for most of these
constructs (Figure 5.1E). The exception was mutating the 3’ splice site of the single
intron 2 construct, which lead to less down-regulation of the RNA by PA-X (Figure 5.1E).
However, these changes are consistent with PA-X activity being linked to splicing
efficiency, rather than splice site sequences. Indeed, only mutating the 3’ splice site of
intron 2 lead to a noticeable decrease in splicing efficiency (Figure 5.1C, red stars),
whereas the 3’ splice site mutations did not seem to affect the splicing efficiency of the
other constructs (Figure 5.1C-D). Finally, | tested the need for a specific 5’ splice site
interacting protein by fully mutating the 5’, branchpoint and 3’ splice site sequences of
introns 2 and 3 so that they would now be recognized and spliced by the minor
spliceosome, as opposed to the major spliceosome. Introns recognized by the minor
spliceosome represent less than 0.5% of introns in the human genome and are called
U12-type introns because they can use different small nuclear RNAs and proteins for
splice site recognition (Turunen et al., 2013). The U12 mutations lead to a decrease in
splicing efficiency for both introns but did not significantly affect targeting of the IFN-A2
single intron construct MRNAs by PA-X (Figure 5.1F). This was also supported by a
preliminary analysis of our RNAseq data, in which | did not observe any difference in PA-
X targeting between genes that contain introns that are spliced by the major vs. minor
spliceosome. While | do not have the confirmation that these mRNAs are indeed spliced
by the minor spliceosome, these preliminary experiments go against the need for a
specific splicing factor unique to the major spliceosome to recognize the consensus 5’
splice site sequence and drive targeting by PA-X.

To make sure that these results were not artifacts of using a specific gene like IFN-A2, |
repeated these experiments with two additional model transcripts, TMEM141 and

PSME1, that are also targeted by PA-X based on our RNAseq results. | picked these
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genes because they have 10 and 4 introns respectively, yet the size of their genomic
locus is less than 3 kb so | was able to clone the entire locus in an expression plasmid.
PSME1 is also an ISG, so it is relevant for IAV infection. In both cases, the spliced
transcript was more down-regulated by PA-X than the intronless transcript, confirming
our original finding that PA-X activity is linked to splicing (Figure 5.2A, D). Of note, the
PSME1 cDNA construct was already efficiently targeted by PA-X. However, no PSME1
intron addition was able to rescue the level of PA-X targeting observed with the PSME1
genomic construct (Figure 5.2E). This result was probably because none of the introns
(apart from intron 6) are spliced efficiently in the single intron constructs (Figure 5.2F),
even though introns 5 and 7 possess the consensus 5’ splice site sequence (Table 5.2).
As for TMEM141, there was no correlation between consensus 5’ splice site sequence,
splicing efficiency and down-regulation by PA-X (Table 5.2, Figure 5.2B-C). Indeed, for
the only introns 2 and 4 that have the consensus 5’ splice site sequence, the single
intron 2 construct was not spliced efficiently but efficiently down-regulated by PA-X,
while the single intron 4 construct was spliced efficiently but not down-regulated by PA-
X.

All these results are summarized in Tables 5.1 and 5.2. Overall, these experiments
suggest that while PA-X activity is linked to splicing, the 5’ splice site sequence is not the
only determinant for PA-X targeting, and the molecular mechanism of how PA-X targets
RNAs appears more complex than just binding to a spliceosome protein or having a high

splicing efficiency.
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Figure 5.2: The 5’ splice site sequence and splicing efficiency are not the only
determinant for PA-X targeting.

(A-B) TMEM141 mRNA levels of reporters expressing TMEM141 from the cDNA or
genomic locus (n = 6) (A), or constructs with single introns (n = 2) (B), normalized to
luciferase expression in HEK293T cells transfected for 24hrs with PA-X. (D-E) PSME1
mRNA levels of reporters expressing PSME1 from the cDNA or genomic locus (n = 4)
(D), or constructs with single introns (n = 2) (E), normalized to luciferase expression in
HEK293T cells transfected for 24hrs with PA-X. *, p<0.05; ****, p<0.0001; Unpaired T
test. (C, F) Splicing efficiency for each intron as assessed by splicing PCR across
introns then run on an agarose gel. n = 2.
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Table 5.1: Summary of IFN- A2 constructs and results.

Constructs 5 ss 5’ Splicing 3’ ss 3’ Splicing Splicing PA-X
sequence | score* sequence score* vs Gen (gel targetin
PSME1 Int5 | AAG|GT 8.4 AG|GTC 9.0
PSME1 Int6 | CTG|GT 8.7 AG|GTC 10.1
PSME1 Int7 | CAG|GT 9.2 AG|GAG 11.8 Same
PSME1 Int8 | TAA|GT 6.4 AG|GTA 10.5
PSME1 Int9 | GTG|GT 7.2 AG|GGT 4.1
PSME1 TAT|GT 24 AG|GCT 8.6
Int10
TMEM141 CCG|GT 8.2 AG|GGA 7.1
Int1
TMEM141 CAG|GT 9.9 AG|GCA 5.3 Same Yes
Int2
TMEM141 TGG|GT 3.8 AG|TTG 8.4 Yes
Int3
TMEM141 CAG|GT 9.2 AGIJATC 124 Same
Int4
*As assessed by the MaxEnt splicing score program (Yeo and Burge, 2004).
Table 5.2: Summary of PSME1 and TMEM141 constructs and results.
IFN-A2 5 ss 5’Splicing 3’ ss 3'Splicing | Splicing Splicing PA-X
construct | sequence| score* sequence score* Vs Vs targeting
Genomic | Genomic
Sgelg SqPCRz
Int1 TAG|GT 8.8 AG|ACA 7.5 Same Not tested | Yes
Int2 TTA|GT 5.8 AG|GAA 9.2 Same
Int2 5 mut | CAG|GT 10.7 AG|GAA 9.2 Same Yes
Int23 mut | TTA|GT 5.8 AGJ|CAA 6.5
Int2 5+3 | CAG|GT 10.7 AG|CAA 6.5 Same Same Yes
mut
Int2 U12 AAGIAT AC|GTT Not tested
Int3 CAG|GT 9.2 AG|GTG Same Same Yes
Int3 5’mut- | TTA|GT 5.8 AG|GTG
int2
Int3 3’ mut | CAG|GT 9.2 AG|CAA 7.7 Same Same Yes
Int3 U12 AAGIAT AC|GTT Not tested Yes
Int4 TGT|GT 5.8 AGIJATC 12.3
Int4 5 mut | CAG|GT 10.7 AG|ATC 12.3 Same Yes
Int5 AAG|GT 10.5 AG|GAG 11.2 Same Not tested | Yes

*As assessed by the MaxEnt splicing score program (Yeo and Burge, 2004).

5.2. PA-X does not appear to degrade RNAs in the chromatin fraction

Microscopy images show that PA-X is primarily found within the nucleus (Khaperskyy

et al., 2016). While fractionation experiments show PA-X both in the nucleus and the

cytoplasm, PA-X mutants that are primarily cytoplasmic have decreased or no activity

(Hayashi et al., 2016; Khaperskyy et al., 2016; Oishi et al., 2018a, 2015). Moreover, PA-
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X expression leads to down-regulation of mMRNAs in the nucleus (Hayashi et al., 2016;
Khaperskyy et al., 2016). These results strongly suggest a nuclear activity of PA-X. More
specifically, our data indicate that PA-X activity is linked to splicing, which is mostly co-
transcriptional, and that PA-X interacts with the CFIm complex, which is involved in
splicing and cleavage and polyadenylation (Gaucherand et al., 2019). In addition, my
preliminary data indicate that some PA-X can be found within the chromatin fraction
(Figure 4.5A) and may interact with elongating/terminating Pol Il (Figure 4.5B). | thus
hypothesized that PA-X was active in the chromatin fraction and actively degrading
nascent RNAs during transcription.

To study this question, | induced PA-X expression from an integrated doxycycline-
inducible transcript in human embryonic kidney (HEK)293T cells for 4 hours. | then
blocked transcription with actinomycin D and followed the degradation of MRNAs over
time in the cytoplasmic, nucleoplasmic and chromatin fraction (Figure 5.3A). | confirmed
efficient fractionation using GAPDH mRNA as a cytoplasmic marker, MALAT1 long non-
coding (Inc) RNA as a nuclear marker and GAPDH pre-mRNA as a chromatin marker
(Figure 5.3B). As expected, the mRNA levels of the PA-X target G6PD decreased faster
in the presence than in the absence of PA-X in the total fraction, while PA-X did not
affect the PA-X resistant intronless TERC IncRNA (Figure 5.3C, total). The same was
true in the cytoplasmic fraction (Figure 5.3C, cytoplasm). Degradation in the
nucleoplasm was hard to assess due to nuclear retention of mMRNAs, a known secondary
consequence of PA-X activity (Khaperskyy et al., 2014). Indeed, increased mRNA levels
are seen in the nucleoplasm in the presence of PA-X for both G6PD and TERC RNA
(Figure 5.3C, nucleoplasm). However, there was no difference in RNA half-life in the
presence of PA-X in the chromatin fraction (Figure 5.3C, chromatin). To check if this

was because PA-X was active on pre-mRNA instead of mature mRNA, | used one
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Figure 5.3: PA-X does not appear to degrade RNAs in the chromatin fraction.

(A) Experimental setup: PA-X inducible HEK293T cells were treated with no or low levels
of doxycycline for 4h to induce PA-X expression, then treated with actinomycin D to
block transcription. Cells were collected at Oh, 3h and 6h after addition of actinomycin D,
then fractionated. RNA was extracted and levels were measured by RT-qPCR. (B)
Marker RNA levels for each fraction at Oh without PA-X to control for efficient
fractionation: GAPDH for cytoplasm, MALAT1 for nucleoplasm and GAPDH pre-mRNA
(with one primer in an intron and one primer in an exon) for chromatin. (C-D) RNA levels
over time in each fraction for PA-X targets G6PD (C), G6PD pre-mRNA (C) or PA-X
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resistant TERC (D), normalized to levels without PA-X. n = 3 except for 1h time course n
=2

intronic and one exonic primer to measure G6PD pre-mRNA levels. However, there was
also no difference when measuring G6PD pre-mRNA half-lives in both the total and
chromatin fractions, even at earlier time points after addition of actinomycin D (Figure
5.3D).

Overall, these results suggest that PA-X does not directly degrade RNAs in the
chromatin fraction but appears active in the cytoplasmic fraction. However, there are
caveats to this interpretation, especially since chromatin-associated RNA is already very
short-lived. Nuclear retention of RNAs could be partly responsible for the decrease in
cytoplasmic RNAs observed upon PA-X expression. The previously observed nuclear
down-regulation of RNAs could also come from a block in transcription, either as a
secondary consequence of RNA depletion in the cytoplasm or through a yet unknown
additional effect of PA-X on transcription. Alternatively, these experiments could point to
a model where PA-X is loaded on the RNA in the nucleus, but is only active in the
cytoplasm. One important question would also be to know how fast RNAs are degraded
by host exonucleases after PA-X cleavage, as this could influence our fractionation

results.

5.3. Preliminary cut site preference results for vhs and nsp1

Our results indicate that the two viral host shutoff RNases KSHV SOX and IAV PA-X
cleave RNAs at a preferred sequence and structure (Gaglia et al., 2015). In addition, cut
site specificity can play an important functional role, such as to distinguish between host
and viral mRNAs in the case of PA-X. | thus hypothesized that other viral RNases would
also cut RNAs at a preferred sequence and/or structure. To test this, | selected the HSV-

1 RNase vhs, as well as the SARS-CoV and SARS-CoV-2 nsp1 proteins, which are
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thought to induce host shutoff through an unknown host RNase. | overexpressed either
of these viral proteins, or RFP as negative control, in HEK293T cells for 24 hours, then
collected RNA and carried out 5 RACE-seq to identify cut sites transcriptome wide.

| first confirmed that the viral proteins were active by monitoring mRNA and protein
levels of a co-transfected GFP reporter. GFP mRNA was indeed down-regulated upon
expression of vhs and nsp1 compared to the control RFP expressing cells (Figure
5.4A). As a result, GFP protein levels were also reduced upon expression of vhs and
nsp1 (Figure 5.4B). Of note, in the case of nsp1, the observed decrease in protein
levels likely comes from both mRNA degradation and translation inhibition (Narayanan et
al., 2015; Yuan et al., 2021). While host shutoff by SARS-CoV-2 nsp1 appeared stronger
than by SARS-CoV nsp1, this could be due to a lower level of SARS-CoV nsp1
expression (Figure 5.4B). | then used our PyDegradome pipeline to identify cut sites
transcriptome-wide. Of note, the results depicted here were obtained using a faster
version of PyDegradome that only looks for cut sites in the transcriptome, since RNA
cleavage upon expression of vhs and nsp1 primarily occurs in the cytoplasm. Similar
results were obtained using the version of PyDegradome used in Chapter 3 that looks
for cut sites in both exons and introns. Using the shared cut sites approach (Figure
3.2D), PyDegradome identified 1800, 648 and 1818 high confidence cut sites following
vhs, SARS-CoV nsp1 and SARS-CoV-2 expression, respectively, that were shared
amongst three biological replicates (Figure 5.4C). In contrast, a lot fewer RFP specific
fragments were shared amongst the three biological replicates, increasing our
confidence that PyDegradome identified true cut sites (Figure 5.4D). Interestingly, the
two different nsp1 samples had a high percentage of overlap in their cut sites, while
there was almost no overlap between nsp1 and vhs cut sites (Figure 5.4E). This result is
consistent with both nsp1 proteins activating the same host RNase to induce host

shutoff, and again increases our confidence that we have identified true cut sites. As a
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Figure 5.4: Preliminary studies suggest that vhs and nsp1 expression lead to
sequence specific cut sites.

Inducible shXrn1 HEK293T cells were treated with 0 or 1ug/ml doxycycline for 3-4 days
to knock down Xrn1, then transfected with the HSV-1 RNase vhs, the SARS-CoV or
SARS-CoV-2 nsp1 protein that activates an unknown host RNase, or RFP as control.
GFP was also co-transfected to monitor host shutoff activity. (A) In cells not treated with
doxycycline, GFP mRNA levels were measured by qRT-PCR, normalized by 18S and
plotted as fold change compared to RFP control. n = 2 (B) In cells with Xrn1 knock down,
GFP protein levels were measured by western blot. Anti myc antibodies were used to
confirm myc-tagged nsp1 expression. Image representative of 2 experiments. (C-D)
Venn diagrams of the number of cut sites identified by PyDegradome for each replicate.
(C) Left diagram shows vhs specific fragments, middle diagram SARS-CoV nsp1 specific
fragments and right diagram SARS-CoV-2 nsp1 specific fragments. (D) As controls, RFP
specific fragments were also identified as compared to vhs (left), SARS-CoV nsp1
(middle) and SARS-CoV-2 nsp1 (right). (E) Venn diagram showing the number of cut
sites shared between vhs, SARS-CoV nsp1 and SARS-CoV-2 nsp1. (F) WebLogo
(Crooks et al., 2004) representation of base enrichment around vhs (top), SARS-CoV
nsp1 (middle) or SARS-CoV-2 nsp1 (bottom) for shared cut sites predicted by
PyDegradome.

consequence, similar bases were enriched around the cut sites for the two nsp1
proteins, with a “CGGGG” motif right downstream of the cleavage site (Figure 5.4F,
middle and bottom). Long GC-rich stretches were also observed on either side of this
motif, which could be indicative of a base-pairing structure (Figure 5.4F, middle and
bottom). In contrast, the bases “GA” or “GGA” were enriched right before the cleavage
site in vhs shared cut sites (Figure 5.4F, top).

While still preliminary, these results argue for at least a sequence preference at the
cut site for both vhs and the host RNase induced by nsp1. Future work will need to
validate these results experimentally, as well as investigate the need for a specific
structure and the potential functional importance of these preferred cut site

characteristics.

5.4. Author contribution

All experiments and analyses in this chapter were conducted by Léa Gaucherand.
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