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Abstract

Host shutoff is the phenomenon observed when many viruses downregulate host cellular
gene expression resulting in a global suppression of nascent protein production. A virus can
encode multiple factors that interfere at different stages of gene expression from transcription,
mRNA processing and export, to translation. While much work has been done to define those
viral factors that induce host shutoff, more needs to be done to fully characterize those host
shutoff factors and identify novel host shutoff factors that could potentially elucidate previously
unknown mechanisms underlying viral-host interactions. The development of innovative

techniques will improve our ability to elucidate novel mechanisms involved in viral host shutoff.

The work in this dissertation addresses this by developing of a novel high throughput
assay that allows for rapid, quantitative, and consecutive monitoring of host shutoff and also
studying viral host shutoff factors and screening for previously unknown host shutoff factors.
Our results demonstrated high-throughput assay utilizing a cell line stably expressing Gaussia
luciferase could be used to analyze host shutoff from a single VACV infected sample
quantitatively and in real time. Utilizing the Gaussia assay, our results showed the strongest
inhibition of protein synthesis during VACYV infection came from post-replication of the viral
genome. We also showed VACV was able to induce host shutoff while encoding inactive/deleted
decapping enzymes, suggesting other late gene viral factors may contribute to host shutoff. Next,
we developed a VACYV late gene screening assay to identify additional viral late genes that
contributed to host shutoff. The results from this screening identified eight late genes that were

possibly capable of inducing host shutoff, a function not previously defined for these genes.



Coronavirus disease 2019 is a respiratory illness caused by the novel severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). Multiple vaccines and therapies have been
developed to mitigate the risk of this disease to the public, but a better understanding of the virus
and its pathogenesis will allow for improved treatments for the current and future coronavirus
pandemics. The work in this dissertation addressed this by characterizing the host shutoff factor
nspl of SARS-CoV-2 and performed a screening to find other viral genes of SARS-CoV-2 that
contribute to host shutoff. Our results show nsp1 is capable of inducing host shutoff, and
residues R124 and K125 in the N-terminal, residues K164 H165 in the C-terminal, and residues
122-130 are critical for nspl SARS-CoV-2 host shutoff function. We then screened all the
SARS-CoV-2 viral genes for their ability to induce host shutoff utilizing our EFla-Gaussia
luciferase reporter plasmid and showed that some structural and accessory proteins were

potentially capable of inducing host shutoff as well as nsp5, the SARS-CoV-2 viral proteinase.

Taken together, this work develops new tools that can be used to study protein synthesis
suppression by viral infection and other physiologically relevant stresses, as well as identifies
new viral host shutoff factors; both of which contribute to the current understanding of virus-host

interactions.
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Abstract

Host shutoff is the phenomenon observed when many viruses downregulate host cellular
gene expression resulting in a global suppression of nascent protein production. A virus can
encode multiple factors that interfere at different stages of gene expression from transcription,
mRNA processing and export, to translation. While much work has been done to define those
viral factors that induce host shutoff, more needs to be done to fully characterize those host
shutoff factors and identify novel host shutoff factors that could potentially elucidate previously
unknown mechanisms underlying viral-host interactions. The development of innovative

techniques will improve our ability to elucidate novel mechanisms involved in viral host shutoff.

The work in this dissertation addresses this by developing of a novel high throughput
assay that allows for rapid, quantitative, and consecutive monitoring of host shutoff and also
studying viral host shutoff factors and screening for previously unknown host shutoff factors.
Our results demonstrated high-throughput assay utilizing a cell line stably expressing Gaussia
luciferase could be used to analyze host shutoff from a single VACV infected sample
quantitatively and in real time. Utilizing the Gaussia assay, our results showed the strongest
inhibition of protein synthesis during VACYV infection came from post-replication of the viral
genome. We also showed VACV was able to induce host shutoff while encoding inactive/deleted
decapping enzymes, suggesting other late gene viral factors may contribute to host shutoff. Next,
we developed a VACYV late gene screening assay to identify additional viral late genes that
contributed to host shutoff. The results from this screening identified eight late genes that were

possibly capable of inducing host shutoff, a function not previously defined for these genes.



Coronavirus disease 2019 is a respiratory illness caused by the novel severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). Multiple vaccines and therapies have been
developed to mitigate the risk of this disease to the public, but a better understanding of the virus
and its pathogenesis will allow for improved treatments for the current and future coronavirus
pandemics. The work in this dissertation addressed this by characterizing the host shutoff factor
nspl of SARS-CoV-2 and performed a screening to find other viral genes of SARS-CoV-2 that
contribute to host shutoff. Our results show nsp1 is capable of inducing host shutoff, and
residues R124 and K125 in the N-terminal, residues K164 H165 in the C-terminal, and residues
122-130 are critical for nspl SARS-CoV-2 host shutoff function. We then screened all the
SARS-CoV-2 viral genes for their ability to induce host shutoff utilizing our EF1a-Gaussia
luciferase reporter plasmid and showed that some structural and accessory proteins were

potentially capable of inducing host shutoff as well as nsp5, the SARS-CoV-2 viral proteinase.

Taken together, this work develops new tools that can be used to study protein synthesis
suppression by viral infection and other physiologically relevant stresses, as well as identifies
new viral host shutoff factors; both of which contribute to the current understanding of virus-host

interactions.
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Chapter 1 - Introduction

Virus-Host Interaction

Viruses are obligate intracellular parasites that rely on host processes for replication.
Viruses depend on host translation machinery for the synthesis of viral proteins. The process of
translation is very energy consuming, and the viral mRNA has to compete with cellular mRNA.
Most viruses have developed mechanisms to decrease the synthesis of host proteins and
prioritize viral protein synthesis, a process termed host shutoff. This not only directs the cells
energy and amino acids to synthesis of viral proteins, but also can inhibit the cell immune
response. While some viral factors are well known, many factors that contribute to host shutoff
have not been well characterized. New research into host shutoff will give one new insight into
virus-host interactions which can lead to vaccine and therapeutic developments, along with
improved oncolytic agents. The study of viruses will continue to advance the fields of cellular

biology and immunology, and many more.

Viruses may induce host shutoff at different levels of gene expression from transcription,
mRNA maturation and transport, to translation. These processes will be briefly covered here and

show how they are interconnected with one another.

The Pathway From DNA to Protein

Cells store their hereditary or genetic information in the form of nucleotide sequences in

a deoxyribonucleic acid (DNA) molecule called a gene. These cellular genes are used as a

template to synthesize the functional units of the cell in the form of a proteins or RNA. Genes



cannot synthesize proteins directly but use an RNA molecule termed messenger RNA (mRNA)
as an intermediary that is made through a process called transcription using the DNA sequence
as a template. The mRNA is then used as a template for the synthesis of proteins in a process
called translation (see Figure 1.1). This expression of cellular genes occurs by the same
mechanism in prokaryote and eukaryotic cells and is known as the central dogma of molecular
biology. While the fundamental processes are the same between prokaryote and eukaryote cells,
variations do exist such as mRNA processing, and for the rest of this introduction, gene
expression in the context of eukaryotic cells will be discussed. Many factors are involved in the
processes that make up the central dogma, I will briefly introduce transcription, mRNA
processing and export, and translation as they are well studied targets of virus host shutoff

mechanisms.

Figure 1.1
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The Pathway From DNA to Protein. The expression of cellular genes is known as the
central dogma of molecular biology. The process involves several mechanisms including
transcription, mRNA processing and export, as well as translation. Created with BioRender
(2022).

Transcription

Transcription is the process of synthesizing single stranded RNA by sequential addition
of nucleotides that are complementary DNA template by the enzyme RNA polymerase. As
mentioned previously, a gene whose functional unit is a protein will be transcribed into mRNA
by RNA polymerase II (RNAPII) and is considered a coding RNA. Some RNAs serve as
enzymatic, structural, and regulatory components in many cellular processes, termed non-coding
RNAs, and are transcribed by RNA polymerase I and III. As my focus is host shutoff, I will
focus on coding RNAs and RNAPII. Transcription by RNAPII can be divided into four distinct
stages: recruitment, initiation, elongation, and termination. RNAPII is recruited to gene promoter
by the transcription initiation complex. The transcription initiation complex is made up of
general transcription factors that recognize the promoter sequence, recruit, and position of
RNAPII at the transcription start site, and releases RNAPII from the promoter. RNAPII then
undergoes what is called promoter-proximal pause (PPP), and elongation factors are required to
release RNAPII from the PPP and help stabilize RNAPII to allow transcription of the
downstream gene. RNAPII will continue to transcribe the DNA until it reaches a termination
stop point, where it will release the nascent RNA and eventually disassociate from the DNA
template. Transcription termination is facilitated by termination factors and prevents the

expression of adjacent genes (Alberts et al., 2015).



mRNA Processing

The nascent pre-mRNA synthesized during transcription must undergo three major
processing events to be considered mature mRNA which will be exported out of the nucleus and
translated into a polypeptide. The three processing events include the addition of a 5* end
modified guanine nucleotide cap, splicing long intervening non-coding sequences called introns
out of the mRNA body, and generation of a 3’ end polyadenylation tail (poly(A) tail). While
mRNA processing was thought to occur post-transcription, and is often how it is depicted in
figures, these modifications occur co-transcriptionally and are coupled with other parts of RNA
metabolism through the flexible carboxyl-terminal domain (CTD) of RNAPII. CTD is involved
in associating different factors involved with transcription and RNA processing to RNAPII. The
addition of the 5’ cap occurs early during translation, and helps the cell recognize mRNA, as
RNAPI and IIT lack the flexible CTD, and their nascent noncoding RNA do not undergo the
same modifications. The 5’ cap binds to the cap binding complex and aids in further processing
of the mRNA, as well as nuclear export and eventually binds to translation factors to aid in
translation. Eukaryotic pre-mRNA does not contain a continuous coding region like prokaryotes,
but has long noncoding sequences called introns that interrupt the expressed coding regions
called exons. The introns must be spliced out before the mRNA can be exported and efficiently
translated. The splicing of pre-mRNA occurs co-transcriptionally after the addition of the 5° cap.
Genes can code for multiple protein products through a process called alternative splicing that
can splice the pre-mRNA different ways. The position of the 3* end poly(A) tail is encoded
within the genome and is recognized by processing factors that recognize and bind to the site as

it is transcribed and triggers cleavage of the nascent RNA by RNAPII. After cleavage of the



nascent RNA, a poly(A) polymerase will add a string of adenines. After processing, the mature
mRNA will be exported out of the nucleus into the cytosol where it will be translated into a

polypeptide (Alberts et al., 2015).

Translation

Protein synthesis, or translation, occurs outside the nucleus in the 80S eukaryotic
ribosome which is made of the 60S (large) and the 40S (small) subunits. The 40S small subunit
is recruited to mRNA as part of the 43S translation initiation complex made up of 40S small
ribosomal subunit and several eukaryotic translation initiation factors, elFs. eIF4F is responsible
for binding to the 5’ cap structure of the mRNA, while elF4A is the ATP-dependent RNA
helicase that unwinds the secondary structure of the mRNA, and elF4G that acts as a scaffolding
protein also interacts with the poly(A) binding protein promoting circularization of the mRNA.
Once 40S small ribosomal subunit is recruited to the 5’ cap it starts to scan the mRNA until it
recognizes the initiation codon through interaction with the initiator transfer RNA (tRNA). After
recognition of the start codon the 60S large subunit is recruited to the translation complex and
this process initiates translation. The ribosome reads the mRNA three nucleic acids at times
called a codon, and this codon corresponds to a specific amino acid carried by a tRNA. As the
ribosome reads the mRNA, amino acids are continuously added to the growing polypeptide chain
with the help of elongation factors. One single mRNA molecule of multiple ribosomes can
synthesize polypeptides simultaneously; this is termed a polysome. Translation release factors
recognize the stop codon causing the translational complex to dissociate and the polypeptide is

released. Ribosomes can synthesize proteins within the cytosol as free ribosomes, or on the



rough endoplasmic reticulum by membrane-bound ribosomes. Proteins translated on the rough
endoplasmic reticulum include transmembrane proteins that have one or more hydrophobic
regions that are inserted into the membrane or proteins carrying a signal peptide that will be
trafficked through the secretory pathway for secretion, or to another destination such as the
endoplasmic reticulum, Golgi, lysosome, or plasma membrane. Multiple types of
posttranslational modifications occur within the endoplasmic reticulum and the Golgi (Alberts et

al., 2015).

Suppression of Gene Expression by Notable Viruses

The gene expression regulation by virus infection occurs a number of ways, such as
degradation of cellular mRNAs, alteration of the activity of ribosome and associated factors,
competitive displacement of cellular mRNAs by viral mRNAs for translation, and many more.
Here I will cover a few notable viruses that have multiple viral factors that lead to host shutoff
and discuss important factors that may be considered for future investigations into viral induced

host shutoff (see Table 1.1).

Table 1.1

Host Shutoff Factors of Notable Viruses and Their Targeted Cellular Processes

Host Viral factors Targeted cellular processes
HSV CHPK (MCMYV) Cellular DNA replication
ICP4 Transcription initiation
ICP22 Transcription elongation
I1CP27 Transcription termination; mRNA splicing
VHS Accelerated mRNA degradation
IAV RdRp-PA Cap snatching



NS1 mRNA processing/nuclear export
PA-X Accelerated mRNA degradation
VACV K7 Histone methylation
HI mRNA splicing
D9 mRNA decapping
D10 mRNA decapping
F17 Translation initiation
VACVWR169 Translation
VACV-poly(A)- Translation
polymerase
CoV Nspl mRNA degradation, ribosome binding, mRNA export
ORF6 mRNA export
NSP14-NSP10 mRNA processing
NSP16-NSP10 mRNA splicing
HIV Vpr mRNA splicing
PR Translation initiation
Gag Translation initiation
HSV

Herpesviridae is a family of linear DNA viruses that can go through lytic and latent

infections within the host. Herpesvirus can be divided into three subfamilies—alpha, beta, and

gamma. Herpes simplex virus 1 belongs to alpha-viridae and has been shown to induce host

shutoff during the lytic phase of infection when the virus is reactivated with a 70% reduction in

protein synthesis in the first 3h (Hennig et al., 2018; Roizman & Roane, 1964). HSV-1 genome

replication, transcription, and genome packaging all occur within the nucleus, and HSV-1 does

not encode a viral RNA polymerase, so it must compete with cellular gene for RNAPII

transcription (Packard & Dembowski, 2021). HSV-1 utilizes several mechanisms to inhibit

different stages of transcription to selectively downregulate cellular gene transcription and

upregulate transcription of viral genes.



Transcription. Alterations in transcription processes during HSV infection results in a
~50% reduction in RNA synthesis (Roizmann & Roane, 1964). A major contributor to
alterations in RNA metabolism is targeting of RNAPII by HSV-1 to disrupt all four phases of
transcription: recruitment, initiation, elongation, and termination. But while specific targeting
RNAPII by viral protein has been shown, reduced activity of multiple RNA polymerases has
been observed (Preston & Newton, 1976; Spencer et al., 1997). The decreased activity of RNA
polymerases during HSV infection could not be completely attributed to the reduction of cellular
protein synthesis, suggesting factors other than RNAPII targeting, and host shutoff may be
involved (Preston & Newton, 1976). Here I will briefly summarize a few viral factors that
regulate transcription and contribute to host shutoff. Hennig et al. (2018) has a more in depth

look into HSV alterations of cellular transcription.

In addition to a decrease in cellular RNA synthesis, cellular DNA synthesis is reduced
after HSV infection (Roizman & Roane, 1964). Recently it was shown that the conserved
herpesvirus protein kinase (CHPK) M97 of mouse cytomegalovirus (mouse [3-herpesvirus)
sequesters Cyclin A in the cytosol and this interaction is required for viral inhibition of cellular
DNA replication (Bogdanow et al., 2020). The CHPKSs are included on the list core genes that
are conserved in all herpesviruses, and it would be interesting to determine if they contribute to
host shutoff. Even though B-herpesviruses induce host transcription shutoff, they do not induce a
global host shutoff of protein synthesis as discrepancies between mRNA abundance and protein
expression have been identified (Stanton et al., 2007). This discrepancy demonstrates the
complexity of regulation of cellular processes and suggests multiple factors are involved in the

regulation of synthesis of cellular proteins such as mRNA stability, and B-herpesviruses are more



selective in modulation of gene expression (Hertel & Mocarski, 2004; Stanton et al., 2007; Zhu
et al., 1998). This is supported by the fact that RNAPII levels are reduced on a majority of genes
but is actively recruited to select genes (Birkenheuer et al., 2018). A reduction in cellular DNA
synthesis would result in less transcripts for RNA polymerases, and potentially a decrease in

cellular RNA synthesis and thus contribute to a reduction in cellular gene expression.

Infected cell polypeptide 4 (ICP4) has been shown to reduce RNAPII occupancy on
cellular mRNA promoters and increase RNAPII occupancy on viral genomes and is involved in
the temporal regulation of viral gene expression (Courtney & Benyesh-Melnick, 1974; T. Rivas
et al., 2021). ICP4 has also been shown to interact with cellular transcription factors such as
transcription factor I D, a component of the RNAPII preinitiation complex, resulting in the
activation viral transcription (Dembowski & DeLuca, 2015; L. M. Wagner & DeLuca, 2013).
Dremel and DeLuca (2019) also found ICP4 selectively bound to cellular genes that are involved
in common housekeeping functions. Thus, ICP4 contributes to global reduction in cellular RNA

synthesis and activates transcription of certain cellular genes to promote viral replication.

The HSV-1 immediate-early protein ICP22 contributes to inhibition of cellular gene
expression and promotes viral gene expression through regulation of transcription elongation
(Rice & Davido, 2013). ICP22 is recruited to cellular genes where it interacts with the positive
transcription elongation factor b resulting in a decrease phosphorylation of Ser2 of the CTD
RNAPII by CDKO9 (Birkenheuer & Baines, 2020; Isa et al., 2021; Zaborowska et al., 2014).
CDKO plays a role in transcription elongation by phosphorylating RNAPII at serine 2 of the

CTD thus triggering the release of RNAPII from the PPP site allowing transcription of the



downstream gene (Carey et al., 2008). While HSV-1 targeting of RNAPII results in a global
inhibitory effect on transcription as seen with RNAPII occupancy on a majority of genes is
decreased, it has been demonstrated that RNAPII occupancy on select genes are increased and
ICP22 may stimulate selective transcription of cellular genes by stabilizing RNAPII at important
nascent RNA whose expression enhances HSV-1 replication (Birkenheuer et al., 2018;
Birkenheuer et al., 2022). ICP22 has been shown to enhance viral gene expression and Pro-Seq
data has shown ICP22 contributes to RNAPII stability at the PPP site of viral genes
(Birkenheurer et al., 2022). ICP4 has been shown to promote release of RNAPII at these PPP
sites (T. Rivas et al., 2021). This dynamic regulation of RNAPII may allow efficient transition

from early viral gene expression to activation of late gene expression.

HSV-1 infection has been shown to disrupt transcription termination of cellular genes and
lead to an increase in chromatin accessibility downstream of individual genes all of which result
in read-in transcription (Hennig et al., 2018). Of the 10,000 cellular genes studied, 53% showed
>35% readout, and this led to a greater reduction in translation rates of these genes. The aberrant
transcripts resulting from disruption in transcription termination may interfere with splicing of
the mRNA, nuclear export, or translation (Rutkowski et al., 2015). The mechanism behind
disruption of transcription termination has not been fully elucidated, but recent evidence suggests
the disruption of mRNA 3’ processing of host genes by ICP27 blocks transcription termination
(Wang et al., 2020). Other studies have suggested ICP27 was not required for disruption of
transcription termination (Rutkowski et al., 2015). Further studies elucidating the mechanisms of

viral regulation of host transcription will reveal additional factors that contribute to host shutoff.
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mRNA Processing and Trafficking. HSV-1 mutants lacking ICP27 reduced the ability
of the virus to induce host shutoff (Sacks et al., 1985). ICP27 has been shown to reduce the
amount of spliced cellular mRNAs causing an accumulation of pre-mRNA in the nucleus
(Hardwicke & Sandri-Goldin, 1994; Hardy & Sandri-Goldin, 1994). As the HSV viral genes are
intronless, with a few exceptions, targeting of the cellular splicing machinery would contribute to
host shutoff (He et al., 2021). ICP27 protein is also involved in stimulating viral gene
transcription, efficient export of viral mRNA, initiating translation of viral mRNA, and inhibition
of interferon signaling (Sandri-Goldin, 2011). Recent evidence has shown that ICP27 block of
cellular mRNA splicing may not be direct, but disruption in splicing may be due to aberrant
mRNA from a disruption in transcription termination by ICP27 inhibition of 3> mRNA
processing (Rutkowski et al., 2015; Wang et al., 2020). ICP27 demonstrates the significance of
the interconnectedness of cellular processes, and how disruption of many cellular mechanisms
can contribute to virus induced host shutoff allowing the cell to inhibit the innate immune

response allowing for efficient viral replication.

The HSV-1 UL41 gene encodes for the virion host shutoff (VHS) nuclease protein that
degrades cellular and viral mRNA facilitating a decrease in cellular protein synthesis and the
temporal regulation of viral mRNA (Hardwicke & Sandri-Goldin, 1994). VHS selectively
degrades mRNA though interaction with translation initiation factors, and this accelerated
turnover of mRNA leads to global host shutoff (Everly et al., 2002). VHS is also responsible for
limiting the accumulation of dsRNA, thus blocking the activation of protein kinase R (Dauber et

al., 2019; Sciortino et al., 2013). The gamma-herpesvirus Kaposi sarcoma-associated herpesvirus
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and Epstein-Barr virus encode SOX and BGLS5 respectively, and these proteins accelerate

mRNA degradation and induce host shutoff (Y. J. Lee & Glaunsinger, 2009; Rowe et al., 2007).

Translation. HSV-1 contains viral factors that interact with translation machinery and
stimulate translation of viral transcripts. Walsh and Mohr (2011) published a comprehensive
review of the HSV and other viral factors that interact with translation machinery (Walsh and
Mohr, 2011). While HSV-1 has viral proteins that target translation machinery and signaling
pathways such as PKR and UPR, none of these are a result of host shutoff with the exception of
VHS (Glaunsinger, 2015). Further research may elucidate new mechanisms of translation

regulation and uncover new viral factors that contribute to host shutoft.

14V

Influenza virus (IAV) is a negative strand RNA virus that replicates in the nucleus of host
cells and is known to cause global inhibition of cellular protein synthesis (Inglis, 1982). The
main mechanisms of AV induced host shutoff are blocking of mRNA processing, degradation of
RNAPII, and accelerated degradation of mRNA (H. G. Rivas et al., 2016). While some viruses
have mechanisms to translate viral mRNAs more efficiently than cellular mRNAs, it has been
shown that translation efficiency of viral and cellular mRNAs during IAV infection is similar,
thus the reduction of the concentration of cytoplasmic cellular mRNAs is thought to be the
reason for host shutoff (Burgess & Mohr, 2015). Each of the mechanisms used by IAV would
reduce the concentration of cellular mRNAs and lead to reduced cellular protein synthesis

(Inglis, 1982). Thus, AV induced shutoff demonstrates how a virus can regulate multiple
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molecular mechanisms to reduce global protein synthesis. H. G. Rivas et al. (2016) provides a

more in-depth review on IAV host shutoff.

Transcription. IAV encodes a viral RNA-dependent RNA-polymerase (RdRp) to
transcribe viral mRNAs. The synthesis of viral mRNAs by IAV requires a mechanism called cap
snatching, where RdRp and other viral factors such as the polymerase acidic (PA) protein
associate with cellular RNAPII and cleave the 5’ capped-end of cellular mRNA along with 10-15
nucleotides that acts as a primer for viral mRNA transcription (Bouloy et al., 1979; Chan et al.,
2006; Plotch et al., 1979). The association of RARp-PA with cellular RNAPII results in reduced
RNAPII elongation and triggers cellular RNAPII degradation (Chan et al., 2006; Vreede et al.,
2010). This has been confirmed with the observation of reduced cellular RNAPII occupancy in
gene bodies relative to the transcription start site (Zhao et al., 2018). Because IAV encodes its
own viral RNA polymerase to transcribe viral mRNAs, alterations to the function of cellular
RNAPII would selectively down regulate the transcription of cellular mRNAs while not

inhibiting viral mRNA synthesis.

mRNA Processing and Trafficking. Along with decreased RNAPII occupancy of gene
bodies downstream of the transcription start site, it was also observed that IAV infection disrupts
the termination step of transcription which leads to read-in transcription, a similar effect caused
by HSV-1 resulting in aberrant transcripts that have a reduced translation efficiency (Zhao et al.,
2018). The disruption in transcription termination by IAV is caused by NS1, a multifunction
viral protein that contains two previously characterized domains, the N-terminal RNA binding

domain and the C-terminal effector domain (Qian et al., 1994). The C-terminal RNA binding
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domain of NS1 has been shown to disrupt host immune response by binding to dsSRNA and
inhibiting the activation of the OAS/RNase L pathway (Das et al., 2008). The effector domain is
responsible for binding to and blocking the function of cleavage and polyadenylation specificity
factor (CPSF), an essential component of the pre-mRNA 3’-end processing machinery
(Nemeroff et al., 1998). This prevents the cleavage of the 3’-end and addition of the poly(A) tail
to pre-mRNA which leads to read-in transcription as well as dysregulating mRNA processing
events that affect translation efficiency such as mRNA splicing and export from the nucleus
(Davidson et al., 2014). Viral pre-mRNA processing remains unaffected by this mechanism of
inhibition as their 3’ poly(A) tail is synthesized by RdRp slippage (Poon et al., 1999). This leads
to the selective nuclear export of viral mRNAs as cellular mRNA nuclear export is blocked thus
leading to host shutoff (Chen & Krug, 2000). Despite the global reduction in cellular mRNA
processing caused by read-in transcription, some genes are upregulated, suggesting their pre-
mRNA may be processed differently than other cellular mRNA. This reinforces the idea that
some cellular genes are efficiently translated during viral induced host-shutoff (Zhao et al.,

2018).

The viral endoribonuclease PA-X contributes to host shutoff by selectively degrading
host mRNAs in the nucleus (Khaperskyy et al., 2016). PA-X protein synthesis is a result of a
ribosomal frameshift during translation of the viral PA protein, and while it still contains the
endonuclease domain of PA, but its C-terminal region is encoded by the second reading frame
labelled X-ORF, which lacks the binding domain that interacts with RdRp (Firth et al., 2012;

Jagger et al., 2012). Khaperskyy et al. (2016) showed the C-terminal X-ORF is required for PA-

14



X activity, and PA-X selectively degrades RNAs transcribed by RNAPII (Khaperskyy et al.,
2016). PA-X is able to selectively degrade host mRNA by interacting with proteins involved
with cellular RNA metabolism, which allows viral mRNAs that are processed non-canonically to
escape this host shutoff mechanism. This is supported by the finding that PA-X selectively
targets spliced transcripts over intronless RNAs (Gaucherand et al., 2019). While PA-X induces
a global downregulation of host RNAs, some RNAs involved in cellular processes such as

transcription, translation, rRNA processing, ribosomal proteins, and others were PA-X resistant.

VACV

Vaccinia virus is a member of Poxviridae, a family of large double-stranded DNA viruses
that replicate entirely in the cytoplasm. Poxviruses are divided into two subfamilies based on
vertebrate and insect host range, termed Chordopoxvirinae and Entomopoxvirinae respectively
(Moss, 2013). Poxviruses can cause many diseases; most notably is smallpox caused by Variola
virus which is responsible for many millions of deaths according to the World Health
Organization and in 1980 the disease was declared eradicated through a global vaccination
program (Fenner, 1993). Poxviruses that infect both animals and humans such as ORF virus,
cowpox, and monkeypox can cause human disease, while other poxviruses such as
Capripoxvirus can infect cattle, sheep, and goat and can result in devastating economic losses
(Yang et al., 2021). VACV is the prototypic orthopoxvirus and was used as the vaccine to

eradicate smallpox.

VACYV has been shown to induce host shutoff upon infection and can start as early as 20

minutes post infection, suggesting the virion may contain factors that contribute to host shutoff
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(Moss, 1968). Several strategies used by VACV to induce host shutoff have been characterized.
VACYV can disrupt protein synthesis by targeting the transcription, mRNA processing, and
translation processes. These have been reviewed in detail previously (Dhungel et al., 2020), but

we will focus on how VACV has multiple strategies to induce shutoff.

Transcription. While many viruses target RNAPII enzymes to inhibit transcription, the
mechanism by which VACYV interferes with host transcription has yet to be fully elucidated.
Experiments utilizing radioactive prelabeled thymidine-H3 or 3H-uridine have shown that while
the DNA of the host cell is not degraded, there is a rapid inhibition of DNA and RNA synthesis
(Kit & Dubbs, 1962; Pedley & Cooper, 1984). Reduced RNA synthesis would result in a
decrease in the host mRNA pool directly affecting host protein synthesis. Whether or not
inhibition of cellular DNA synthesis contributes to host shutoff is unclear. Recently it has been
shown the VACYV infection results in increased histone methylation that is characteristic of
chromatin repressed complexes. Teferi et al. (2017) determined VACV K7 gene was the main
contributor but did not rule out other viral factors affecting histone methylation may be involved.
This finding suggests epigenetic modifications may contribute to the decrease in RNA synthesis.
Interestingly, K7 has also been shown to reduce phosphorylation of IKKa., a key part of the
interferon induction pathway, by targeting dead box protein 3 RNA helicase. A similar
mechanism was found to be utilized by the murine cytomegalovirus m139 protein (Puhach et al.,
2020; Schroder, 2010; Schroder et al., 2008). This is one example demonstrating how one viral
protein can have multiple functions, and how different viruses can share common strategies to

interact with host pathways to enhance viral replication.

16



mRNA Processing. VACV mRNA have been shown to be intronless thus inhibition of
host cell mRNA splicing machinery by VACV would selectively decrease the amount of mature
host mRNA while not regulating viral mRNA (Wittek et al., 1980). VACV targets host cell RNA
splicing machinery function by inactivating SR proteins. The host factor involved in the
dephosphorylation of SR proteins has yet to be elucidated. A good candidate would be the H1
VACYV phosphatase protein as it has been shown to be capable of dephosphorylating SR proteins
but has not been shown in the context of viral infection (Huang et al., 2002). Adenovirus has also
been shown to inactivate SR proteins in infected cells. When Adenovirus inactivated SR proteins
were incubated in conditions that reversed their phosphorylation status, their enhancing and
suppressor activity was restored completely, while VACV inactivated SR proteins were only
partially restored (Huang et al., 2002). This would suggest these viruses use different

mechanisms to target SR proteins and regulate their activity.

Rapid mRNA turnover resulting in down regulation of gene expression in VACV
infected cells is induced by VACV nudix hydrolase decapping enzymes D9 and D10 (Parrish &
Moss, 2007; Parrish et al., 2007). Evidence has shown that both proteins regulate mRNA in a cap
dependent manner (Shors et al., 1999). Both viral genes are highly conserved in most
chordopoxviruses, D10 being conserved in entomopoxviruses as well (Parrish et al., 2007). The
decapping of mRNAs by D9 and D10 makes them mRNA susceptible to degradation by the host
exonuclease Xrnl, and D9 and D10 have been shown to prevent accumulation of dsSRNA
blocking host anti-viral responses (Burgess & Mohr, 2015; S-W. Liu et al., 2015). The
conservation of two decapping enzymes by chordopoxvirus may be due the temporal regulation

of D9 and D10, with D9 expressed as an early gene, and D10 being expressed after DNA
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replication (Parrish et al., 2007). It may also be due to different mRNA targets, as both genes
contain the nudix hydrolase motif, but only share 25% sequence identity. The flanking regions of
these decapping enzymes is under investigation and are thought to regulate protein function and

mRNA targeting.

Translation. The VACV virion was shown to induce host shutoff by inhibiting the
formation of the methionyl-tRNA {Met-40S initiation complex in infected cells treated with
viral gene expression inhibitor (Person et al., 1980). It was later determined that the virion
component responsible was the 11kDa protein encoded by the F17 VACV gene (Person-
Fernandez & Beaud, 1986). F17 has also been shown to bind to and sequester the mTOR kinase
binding proteins Raptor and Rictor, causing mTOR accumulation in the Golgi preventing ISG
induction (Meade et al., 2018). It has recently been reported that F17 suppresses the cytosolic
DNA sensor cyclic-di-GMP-AMP synthase (¢cGAS), which mediates IRF responses and ISG
activation in VACV lacking F17 (Meade et al., 2019; Sun et al., 2013). Interestingly cGAS or
STING knockout did not rescue the defect seen in late-stage viral protein production or inhibit
the ISG response seen during infection with VACYV lacking F17, suggesting another mTOR
regulated process may be involved (Meade et al., 2019). Recently a highly virulent African
swine fever virus strain Armenia/07 has been shown to also regulate IFN-f production down
through inactivation of the cGAS-STING pathway (Garcia-Belmonte et al., 2019). Inhibiting
cytosolic DNA sensors that induce IFN and ISG response would be beneficial for both VACV
and ASFV as both DNA viruses replicate predominantly in the cytoplasm (Moss, 2013; Rojo et

al., 1999).
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VACYV protein 169 was recently characterized as a cytoplasmic protein that is expressed
as an early gene during viral replication and induces host shutoff by inhibiting translation of both
cap-dependent and cap-independent translation of mRNA by an unknown mechanism.
Expression of protein 169 in cells caused accumulation of 80S ribosomes and a reduction of
polysomes, an indicator of global reduction of protein synthesis. Protein 169 may selectively
inhibit host protein synthesis as it was found to be absent from viral factories where viral
transcription and translation take place (Katsafanas & Moss, 2007; Strnadova et al., 2015). It was
also shown that 169 is capable of inhibiting the synthesis of protein expression linked to immune
signaling pathways, but this inhibition was found to be due to general host shutoff, and not
selective inhibition. Surprisingly, deletion of 169 from VACV was found to increase virulence as
result of increased production of pro-inflammatory cytokines and chemokines, and enhanced

recruitment of immune cells to the site of infection (Strnadova et al., 2015).

A group of small, non-translated polyadenylated RNAs termed POLADS have been
shown to be associated with VACV induced host shutoff. It was found the poly(A) tail that was
responsible for the inhibitory phenotype, and the 5° ends did not contribute to host shutoff and
could be from both cellular and viral RNAs (Lu & Bablanian, 1996; Su & Bablanian, 1990). This
nonspecific polyadenylation is thought to be a product of the VACV poly(A) polymerase, but
evidence of this has not been shown. The size of the POLADS does play a role in the inhibition
of protein synthesis, with the larger RNAs having a greater affect when added to a cell free
system with HeLa cell mRNAs compared to the smaller POLADS. The inhibition effect of the
POLADS had a lesser effect on VACV mRNAs (Su & Bablanian, 1990). The inhibitory effect

could be reversed in the cell free system by the addition of purified poly(A) binding protein, and
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by purified initiation factor 4A(elF4A) which is the enzymatic driver of the helicase activity of
the eukaryotic initiation factor (eIF) 4F complex (Cacoullos & Bablanian, 1991; Su & Bablanian,

1990).

Coronavirus

Coronavirinae is a large group of enveloped, positive-sense single stranded RNA viruses
and have been shown to induce host shutoff upon infection through various mechanisms
including disrupting mRNA export, mRNA processing, and mRNA translation (Nakagawa et al.,
2016). Coronaviruses are be divided into four genera: alpha, beta, gamma, and delta (Fehr &
Perlman, 2015). The most notable of these viruses is SARS-CoV, MERS-CoV, and more
recently SARS-CoV-2, which shares 84% sequence identity with SARS-CoV. SARS-CoV-2
infection has shown to interfere with host translation, degrade host mRNAs, and block mRNA

export (Finkel et al., 2021)

mRNA Processing and Trafficking. ORF6 contributes to host shutoff by interacting
with components of the nuclear pore complex that facilitate RNA export such as Nup98 and
Rael, thus blocking nuclear mRNA export (Addetia et al., 2021; Kato et al., 2021; J. G. Lee et
al., 2021). While ORF6 has been shown to inhibit the host antiviral response, the blocking of
mRNA export seems to be broad and not selective, as ORF6 reduces the expression of a
fluorescent reporter plasmid (Addetia et al., 2021). ORF6 protein has also been to contribute to
viral evasion of the Type I interferon antiviral response by sequestering host nuclear import
factors and blocking the translocation of stat1/2 into the nucleus and thus preventing induction of

IFN-stimulated genes (X. Lei et al., 2020; Miorin et al., 2020). Analysis of COVID19 shows
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impaired Type I IFN response during infection and a screening of Sars-CoV-2 viral proteins
found Orf6 and Orf8 viral proteins are responsible for the strong inhibition of IFN- and NF-kB
promoter activity, as well as ISRE (Hadjadj et al., 2020; J. Y. Li et al., 2020). This is supported
by the observation of upregulation of NF-kB pathway genes from patient samples infected with
SARS-CoV-2 carrying a nucleotide deletion in ORF6 (Quéromes et al., 2021). ORF6 shows how

a virus can evade the host immune response by utilizing host shutoff mechanisms.

NSP14 protein of SARS-CoV-2 is 99% identical to NSP14 of SARS-CoV that has two
enzymatic domains: a 3’-5’ exoribonuclease responsible for proofreading RNA transcripts
created by the viral RNA-dependent RNA-polymerase and a guanine-N7-methyltransferase that
plays a role in the 5’ capping of viral mRNA. NSP10 forms a complex with NSP14 and enhances
the 3°-5° exoribonuclease activity of NSP14 (Bouvet et al., 2012; Hsu et al., 2021). Though the
mechanism has not been elucidated, NSP14 has been shown to induce host shutoff in several
human coronaviruses. NSP14 induced host shutoff can be blocked by mutations to either domain
and formation of the NSP14-NSP10 complex enhances the host shutoff. Expression of NSP14
did not change the levels or distribution of RNA within the cell, suggesting NSP14 host shutoff
mechanism of action may be at translation (Hsu et al., 2021). NSP14 was also shown to block
IFN-I dependent ISG induction, and future experiments should elucidate how NSP14 induces

host shutoff and helps SARS-CoV-2 evade host antiviral response.

The SARS-CoV-2 NSP16 gene encodes a 2’-O- methyltransferase (2°-O-MTase) that is

responsible for modifying viral mRNAs and allowing evasion of host innate immunity. The

enzymatic activity of NSP16 is dependent on NSP10, which is known to bind to zinc and RNA
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(Bobrovs et al., 2021; Chang & Chen, 2021). Recently the NSP16 protein was shown to bind
components of the spliceosome and suppress global mRNA splicing, which contributes to a
decrease in mRNA levels upon SARS-CoV-2 infection. This block in splicing was shown to
inhibit expression of ISGs using a reporter line with expression of NSP16, and an increase in
intron retention in IFN-responsive genes was observed upon SARS-CoV-2 infection (Banerjee et

al., 2020).

Translation. The non-structural protein 1 (NSP1) is a multifunctional protein and a
major contributor to o~ and -coronavirus induced host shutoff and contributes to evasion of the
host innate immunity (Nakagawa & Makino, 2021). Nspl of SARS-CoV-2 binds to the mRNA
entry channel of the 40S ribosome subunit and globally reduces nascent polypeptide synthesis
and accelerates host mRNA degradation (Rao et al., 2021; Schubert et al., 2020; Thoms et al.,
2020). In the presence of NSP1, polysome profiling showed a shift from polyribosomes to 80S
monosomes, and puromycin pulse-chase analysis showed reduced puromycin incorporation into
actively synthesized polypeptides, both hallmark characteristics of host shutoff (Schubert et al.,
2020; Thoms et al., 2020). NSP1 has also been shown to directly interact with mRNA export
machinery, and when expressed shows an increase in poly(A) RNA levels in the nucleus (K.
Zhang et al., 2021). Virus induced host shutoff is thought to not only prioritize translation of
viral mRNASs but also inhibit antiviral factors, and NSP1 has been shown to contribute to viral
evasion of the host innate immune response as seen with using an IFN-B-promoter firefly
reporter assay and measuring endogenous levels if [IFN-3 and IL-8 when cells are stimulated
with Sendai virus (Thoms et al., 2020). NSP1 expression also reduces the phosphorylation of

IRF3 and nuclear translocation and reduces the protein levels of Tyk2 and STAT2 antiviral
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factors (Kumar et al., 2021). Thus, NSP1 has multiple strategies to induce host shutoff at

different levels and down-regulates host innate immunity.

HIV

Human immunodeficiency virus type 1 (HIV-1) is an enveloped positive sense linear
RNA retrovirus and is the causative agent of AIDS. HIV is classified in a subgroup of
retroviruses, meaning its viral genome is reverse transcribed by viral reverse transcriptase and is
transported to the nucleus where it is integrated into the cellular genome as a provirus (Costin,
2007). HIV-1 encodes several mechanisms to evade host immunity and has been shown to
induce host shutoff during viral infection (Yin et al., 2020). The HIV-1 virus induced host
shutoff was shown along with a decrease in the steady state levels of cellular RNAs, suggesting

at least one mechanism works pre-translation (Agy et al., 1990).

mRNA Processing and Trafficking. The HIV-1 virion associated accessory protein Vpr
is highly conserved among HIV isolates, simian immunodeficiency virus, and other lentiviruses
and is required for efficient viral replication in macrophages and other non-dividing cells (G. Li
et al., 2009). Vpr has multiple functions during viral infection involving cytoplasmic nuclear
shuttling, induction of cell cycle arrest, regulation of apoptosis, and inhibition of cellular mRNA
splicing (Kuramitsu et al., 2005; Miyatake et al., 2016). Vpr associates with the essential splicing
factor SAP145 and has been shown to inhibit splicing of cellular mRNA in vivo and vitro

(Hashizume et al., 2007). This inhibition of splicing could lead to accelerated degradation of
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cellular mRNA and cause a decrease in the steady state levels of cellular RNAs seen during HIV

infection.

Translation. The PR protein of HIV-1 is a viral protease that cleaves the retroviral gag-,
pol, and Env-encoded proteins that are synthesized as polyprotein precursors (Cimarelli &
Luban, 1999). Viral proteases can also target host proteins to disrupt cellular functions, and the
PR protein has been shown to cleave various cellular proteins contributing to viral evasion of
host innate immunity (Rajput et al., 2011; R. N. Wagner et al., 2015). Recently, it was shown
that PR can cleave TBK1 and disrupt downstream signaling and IFN induction (Jeremiah et al.,
2021). In addition to targeting proteins involved in innate immunity signaling pathways, the
HIV-1 PR protein has also been shown to induce host shutoff by cleavage of the translation
initiation factor eIF4G and PABP (Alvarez et al., 2006; Ventoso et al., 2001). This cleavage
strongly inhibits cap-dependent translation of cellular mRNA and stimulates the cap-independent
translation of HIV-1 viral mRNAs that utilizes an internal ribosome entry site (Castell6 et al.,
2009; Locker et al., 2011). Multiple viruses have been found to encode internal ribosome entry

sites to attract initiation complexes independent of the 5’-cap.

The HIV-1 Gag polyprotein contains four major structural domains that are processed
into their mature form by the HIV-1 viral protease PR. The mature products include the
MA (matrix), CA (capsid), NC (nucleocapsid), and p6 domains (Cimarelli & Luban, 1999).
These domains interact with numerous host proteins and have a critical role early on in the viral
life cycle and during virion assembly. A comprehensive review on the HIV-1 Gag interactions

and manipulation of host proteins was recently provided by Klingler et al. (2020). The MA
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domain was shown to interact with the translation elongation factor EFla through a yest two-
hybrid screening, and this interaction was shown to disrupt translation, including translation of
viral mRNA, which is thought to release viral mRNA to be packaged into virions (Cimarelli &

Luban, 1999)

Summary and Future Directions

A virus can encode multiple factors that interfere at different stages of gene expression
from transcription, mRNA maturation and export, to translation. Each stage of gene expression
can be considered an essential process and highly interconnected with one another. The flow of
genetic information is also vital for the host cell to respond to various stresses such as viral
infection and disruption of gene expression can result in a reduced antiviral response. This makes
host shutoff factors desirable targets for the development of new therapeutics or for creating
attenuated viruses. Because viruses may employ multiple mechanisms to induce host shutoff,
more work needs to be done and new techniques developed to identify novel host shutoff factors

and characterize their role in the suppression of host translation.

The work presented in this dissertation demonstrates the efficacy of a novel high-through
put Gaussia luciferase assay as a tool to study host translation suppression by viral infection, as
well as identifies new viral host shutoff factors of VACV and SARS-CoV-2 expanding the
current understanding of virus-host interactions. Future research will continue to characterize
previously identified host shutoff factors and identify new host shutoff factors as well as new

mechanisms and pathways that viruses manipulate to suppress host cellular translation.
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Abstract

Host shutoff, characterized by a global decline of cellular protein synthesis, is
commonly observed in many viral infections, including vaccinia virus (VACV). Classic
methods measuring host shutoff include the use of radioactive or nonradioactive probes to
label newly synthesized proteins followed by radioautography or sodium dodecyl-sulfate
polyacrylamide gel electrophoresis to resolve the proteins for follow-up detection. Although
these are highly reliable methods, they are time- and labor-consuming. Here, we generated
two cell lines stably expressing secreted Gaussia luciferase. These reporter cells allow rapid,
quantitative, and consecutive monitoring of host shutoff from a single infection sample. We
evaluated host shutoff induced by wild-type and various mutant VACVs using the reporter

cell lines. The results validated the utilities of the reporter cells and quantitatively
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characterized VACV-induced host shutoff at different stages of replication. Notably, the
results also indicated additional major unidentified VACV shutoff factors. Our study provides
new tools to study host shutoff. The reporter cells are also suitable for high throughput
settings and rapid testing of clinically isolated viruses. In combination with classical methods,
these tools will greatly facilitate understanding of virus-induced host shutoff, and protein

synthesis shutoff caused by other physiologically relevant stresses.

Keywords: Gaussia luciferase, host shutoff, poxvirus, reporter cell line, vaccinia virus

Pervasive downregulation of cellular gene expression featured by a global shutdown of
nascent protein production is commonly observed when cells experience various stresses,
including many viral infections. This virus-induced reduction in global protein synthesis is
often termed “host shutoff.” Virus-encoded factors utilize various mechanisms that can
interfere at different stages of the gene expression such as transcription, mRNA processing,
mRNA stability, and translation. Virus-induced host shutoff redirects the cellular metabolites to
build viral macromolecules and can also disrupt host antiviral responses as these responses

often require the synthesis of new effector proteins (Dhungel et al., 2020).

Vaccinia virus (VACV) is the prototypic member of poxviruses that comprise a large
family of double-stranded DNA viruses (Moss, 2013). Despite the eradication of smallpox, the
most notorious poxvirus disease caused by the variola virus (Theves et al., 2016), there are still
many other poxviruses currently endemic and cause significant diseases in humans and other

animals (Erez et al., 2019; Ng et al., 2019; Reed et al., 2004; Vaughan et al., 2018). Moreover,
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poxviruses are actively developed as vaccine vectors and for oncolytic virotherapy (Altenburg
et al., 2014; Breitbach et al., 2011; Garcia-Arriaza & Esteban, 2014; Izzi et al., 2014;
Pugalenthi et al., 2015; Rerks-Ngarm et al., 2009; Wiktor et al., 1984; Wiktor et al., 1992;
Yang et al, 2021). VACV has been known to cause profound protein synthesis shutoff in
infected cells and is a model for studying virus-induced host shutoff (Becker & Joklik, 1964;
Moss, 1968; Moss & Salzman, 1968). Multiple ways by which VACYV induces host shutoff
have been identified, including transcriptional inhibition, mRNA export, mRNA stability, and
translation, as well as posttranslational protein degradation (Dhungel et al., 2020). Particularly,
two decapping enzymes, D9 and D10, that remove mRNA 5’cap and induce mRNA
degradation, are believed to be significant contributors to VACV-induced host shutoff (Cantu
et al., 2020; Cao et al., 2022; Parrish & Moss, 2006, 2007; Parrish et al., 2007). These studies

do not exclude other major host shutoff factors encoded by VACYV remaining to be identified.

Pulse labeling of nascent proteins using radioactive amino acids is the gold standard
method to measure host shutoff (Pollard, 1994). In this method, cells are first starved of amino
acids, then the addition of radioactively labeled amino acids in the culture medium for a period
of time, followed by autoradiography to quantify the radioactivity or Sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) to resolve the proteins and then visualize by
phosphoimager. However, this method involves biohazardous radioactive materials, which
require a permit and special equipment to be used in a contained environment. Moreover, it has
been shown this type of radiolabeling can cause DNA damage, induce cell cycle arrest, alter cell
morphology, and induce apoptosis (Hu & Heikka, 2000; Hu et al., 2001), which is unfavorable

for some experiments. Methods without the involvement of radioactive isotopes have been
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developed and are more frequently used. For example, click chemistry-based pulse labeling
allows the attachment of fluorophore or other reporter molecules to newly synthesized proteins
(Best, 2009). Puromycin, an aminonucleoside antibiotic that can be incorporated at the C-termini
of newly synthesized proteins, is another often used molecule to label nascent proteins to be
detected by anti-puromycin antibodies (Goodman & Hornberger, 2013; Schmidt et al., 2009).
Although these radioactive and nonradioactive methods have extensively advanced the studies
of virus-induced host shutoff, they are time- and labor-consuming. They are not well suited for
studying a large number of subjects simultaneously due to relatively complex experimental
settings. Furthermore, they are unsuitable for rapid testing of clinically isolated viruses. New

methods allowing rapid and quantitative monitoring of host shutoff are needed.

Here, we developed two cell lines stably expressing naturally secreted bioluminescent
Gaussia luciferase (GLuc), allowing monitoring host shutoff rapidly, quantitatively, and
consecutively from the media of a single infection sample. Using these reporter cell lines, we
systemically evaluated VACV-induced host shutoff. The results validated the utilities of the
reporter cells in studying host shutoff and quantitatively measured the contributions of VACV-
induced host shutoff by the events in different replication stages. The results also suggested
additional unidentified major VACYV shutoff factors. Overall, our study provided valuable tools

in host shutoff research and revealed important features of VACV-induced host shutoff.

Materials and Methods
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Cells and Viruses

A549, A549DKO (with PKR and RNase L knocked out), A549-EF 1a.- Gluc, and
A549DKO-EF1a-Gluc cells were cultured in Dulbecco’s minimal essential medium (DMEM;
Quality Biological) supplemented with 10% fetal bovine serum (FBS; Peak Serum), 2 mM
glutamine (Quality Biological), 100 U/ml of penicillin (Quality Biological), and 100 xg/ml
streptomycin (Quality Biological). The cells were grown under 5% CO; at 37°C. A549 and
A549DKO were kind gifts from Dr. Bernard Moss (R. Liu & Moss, 2016). A549-EF1a-Gluc

and A549DKO-EF1a-Gluc were generated in this study.

All VACVs used in this study are based on VACV Western Reserve (WR) strain
(ATCC VR-1354). vD9muD10mu, vD10mu, v4D10, v4D9, vD9mu, v4A23, and vVRO-G8R
were kind gifts from Dr. Moss (S-W. Liu et al., 2015; S-W. Liu et al., 2014; Warren et al.,
2012; Y. Zhang et al., 1992). Wild-type (WT) VACV, vD10mu, v4D10, v4D9, vD9mu, and
vDI9muD10mu were prepared and titrated as described elsewhere (Cantu et al., 2020; Cotter et

al., 1998; S-W. Liu et al., 2015).

VACYV infection was carried out using DMEM containing 2.5% FBS. The virus was

sonicated and diluted according to desired MOI. The medium containing viruses was added to

the cultured cells and incubated at 37°C for 1h and replaced with fresh medium.

Chemicals and Antibodies
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Puromycin (10191-150), anti-puromycin antibody (MABE343), Isopropyl beta-D-
thiogalactopyranoside (IPTG, 16758), and Cytosine- 1-#-D-arabinofuranoside (AraC, C1768)
were purchased from Sigma-Aldrich. Lipofectamine 2000 Reagent (11668-019) was purchased
from Invitrogen. Opti-MEM Reduced Serum Medium (31985-070) used in transfection was

purchased from Thermo Fisher Scientific.

Generation of Plasmid and Cells Lines With Stable Expression of Gaussia Luciferase

The pEF1a-Gluc reporter plasmid used to generate the stably expressing cell lines were
generated by inserting the constitutive cellular promoter from the human elongation factor 1
alpha (EF1a) into a Gaussia Luciferase vector containing a promoter-multiple cloning site
(pMCS) upstream of the naturally secreted bio-luminescent Gaussia luciferase gene (from
Thermo Fisher Scientific) using an In-Fusion HD cloning kit from Takara Bio (639649) per

manufacturers protocol. Correct insertion of EF1a was verified by sequencing.

To generate the stable cell lines, the resulting pEF1a-Gluc reporter plasmid was
transfected using Lipofectamine 2000 Reagent into A549 human lung carcinoma cells or
A549DKO cells per the manufacturer’s protocol. Twenty-four hours posttransfection, the
transfected cells were amplified, and 48h posttransfection or when the cells were confluent, the
media was replaced with selective media containing 0.6 ug/ml of puromycin. Cells were gently
washed with phosphate-buffered saline to remove any dead cells and selective media was
replaced every 24h. After 10 days to 2 weeks, when clusters of cells containing the antibiotic

resistance became visible, cells from single colonies were collected and amplified and the
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supernatant was collected for Gaussia Luciferase assay analysis | Nascent protein synthesis

analysis and Western blot analysis.

The puromycin labeling method to detect nascent protein synthesis was described
previously (Pant et al., 2019). About 10 ug/ml of puromycin is added to the cells for 20 min
followed by harvesting for Western blot analysis using anti-puromycin antibodies. Western blot
was carried out as described previously (Pant et al., 2021). Samples were resolved using SDS-
PAGE and transferred to a polyvinylidene difluoride membrane (PVDF). The PVDF membrane
was then blocked with 2% bovine serum albumin for 1h, incubated with primary antibodies for
45 min, washed with TBST three times, incubated with secondary antibodies for 1h, and washed
three times with TBST. All the steps were carried out at room temperature. The membrane was
developed using a chemiluminescent substrate and visualized using an Azure c300 bioimaging

system.

Gaussia Luciferase Activity Assay
Gaussia luciferase activities were measured using the Pierce Gaussia luciferase flash
assay kit (Thermo Fisher Scientific, 16158) by a luminometer, according to the manufacturer’s

instructions.

Statistical Analysis
Student’s z-test was performed to evaluate statistical differences from at least three
replicates. The following symbols were used to indicate statistical significance: ns, p > 0.05; *

0.01 <p<0.05; **0.001 <p<0.01; ***0.0001 <p <0.001; **** p <0.0001.
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Results

Generate an A549 Cell Line Stably Expressing Gaussia Luciferase

Gaussia luciferase naturally secretes into the extracellular environment (Maguire et al.,
2009; Verhaegent & Christopoulos, 2002), which can be measured by taking a small amount of
the cell culture medium at given times, allowing monitoring gene expression rapidly,
quantitatively, and consecutively from a single sample. We first constructed a reporter plasmid
by inserting the constitutive human cellular elongation factor 1 alpha (EF1a) promoter
upstream of the Gaussia luciferase gene of a plasmid vector. We then generated A549-EF1a-
Gluc stably expressing the Gaussia luciferase gene by transfecting the EF1a-Gluc reporter
plasmid into A549 cells, a human lung carcinoma cell line, and selecting clones under antibiotic
selection pressure. Lung cells are physiologically relevant as VACV replicates at high titers in
the lungs of infected animals (Sood et al., 2008). In fact, many other viruses also infect lung
cells. We isolated 12 colonies of A549-EF1a-Gluc and tested their Gaussia luciferase activities
(see Figure 2.1). While there were variations, in general, high Gaussia luciferase activities were
observed from the media of these cell colonies. No discernable differences in cell growth or

morphogenesis were noticed among these colonies.
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Figure 2.1
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Generation of A549-EF lo-Gluc Cell Line Stably Expressing Gaussia Luciferase. Twelve colonies
of A549-EF1a-Gluc cells were isolated and amplified. The Gaussia luciferase activities from the
cell culture media were measured using a luminometer. Error bars indicate standard deviations of
three replicates. C: control media.

Monitor Host Shutoff Rapidly, Quantitatively, and Consecutively From a Single

Infected Well Using AS549-EF1a-Gluc

We rationalized that the gene expression during a specific time period during VACV
infection could be measured by replacing the culture media with fresh media and incubating for
a desired period of time. The Gaussia luciferase activities from the newly added media reflect
nascent Gaussia luciferase protein during the specific time window, allowing the assessment of
VACV-induced host shutoff consecutively. We next evaluated VACV-induced host shutoff

using the #7 A549-EF 1 a-Gluc cell line clone with strong Gaussia luciferase activity at different

time points during infection. We infected A549- EF1o-Gluc with VACV, and the cell media
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was collected and replaced after each time window: —2 to 0, 1-3, 3-5, 7-9, 11-13, and 22-24
hpi (see Figure 2.2). The results showed a significant reduction of Gaussia luciferase activities
starting from the 3 to 5 hpi time window, with an over twofold reduction. The reduction folds
increased over time. During the 22—-24 hpi time window, a ~50-fold reduction was observed
(Figure 2.2-B). These results were consistent with what had been previously seen in the
literature, with a greater reduction of host protein synthesis at the later stages of VACV
infection (Beaud & Dru, 1980). We also tested the stable cell lines #1, 8, 10, and 12 for the time
window 23-24 hpi and found a significant reduction in Gaussia luciferase activities in these

cell lines (data not shown).

Figure 2.2
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Monitor VACV-Induced Host Shutoff Rapidly, Quantitatively, Consecutively, and in Real-Time
From One Single Sample Using the A549 Gaussia Luciferase Reporter Cell Line A549-EF[o.-
Gluc. (A) Schematic representation of the time course measuring Gaussia luciferase activities
during VACYV infection of A549-EF1a-Gluc cells. Two hours before each collection, the cells
were replenished with fresh media and incubated for 2h, followed by Gaussia luciferase assay.
(B) Gaussia luciferase activities in media of the cultured A549-EF1a-Gluc cells infected with
VACYV or mock-infected. Gaussia luciferase activities from several 2h windows over the course
of infection were shown. Numbers indicate the reduction of Gaussia luciferase compared to the
mock in each group. Significance was compared to the mock. (C) A549 cells were infected with
VACYV at an MOI of 5. Cells were treated with 10 pug/ml puromycin for 20 minutes before
collection at indicated time points, followed by Western blot analysis using a-puromycin and a-
GAPDH antibodies. The numbers above the lane indicate GAPDH-normalized intensities. The
image is a representative of three replicates. (D) Gaussia luciferase activities in media and cell
lysates of the cultured A549-EF1a-Gluc cells infected with VACV or mock-infected. Gaussia
luciferase activities (normalized with the total volume of samples from media and lysates) from
the indicated 2h windows during infection were shown. Error bars indicate the standard
deviations of at least three replicates: VACV, vaccinia virus. ns, p > 0.05; * 0.01 <p <0.05; **
0.001 <p<0.01; ***0.0001 <p <0.001; 0.001 <p <0.0001.

An alternative to studying nascent protein synthesis by radioactive isotope labeling
utilizes puromycin incorporation into newly synthesized, prematurely terminated proteins to
monitor protein synthesis. We carried out the puromycin labeling analysis by measuring nascent
protein synthesis during VACV infection and comparing it to the Gaussia luciferase reporter
assay. The results showed a decrease in nascent protein intensities in infected cells over the
course of VACYV infection, with the later time points showing an increased reduction compared
to the earlier time points, a trend similar to what we observed in Gaussia luciferase activities
using the A549-EF1a-Gluc reporter cell line (Figure 2.2-C). The decrease of the puromycin
signal intensities over the course of VACYV infection was less prominent than in A549-EF1a-
Gluc, indicating that the Gaussia luciferase activity measurement is more sensitive. Together,
these results validated the A549-EF1a-Gluc as an effective tool to analyze VACV-induced host

shutoff rapidly and quantitatively.
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We have previously shown that Gaussia luciferase secretion is not affected by VACV
infection of HeLa cells using a transfected plasmid (Peng et al., 2020). We measured the
Gaussia luciferase activities in media and cell lysates, respectively, to rule out the possibility
that Gaussia luciferase was retained in the A549-EF1a-Gluc cells due to VACYV infection. The
results indicated that (i) the vast majority (~99%) of Gaussia luciferase activities were in the
media, and (ii) in both the media and the cell lysates, VACV infection led to significantly
reduced Gaussia luciferase activities (Figure 2.2-D). Overall, we concluded the A549-EFla-

Gluc cell line was a valuable new tool to quantify host shutoff in virus-induced cells in real time.

Post-DNA Replication Events Dominate VACV-Induced Host Shutoff

VACYV gene expression has three stages based on their expression timing: early,
intermediate, and late. The early genes initiate their expression immediately after VACYV enters
the cells before viral DNA replication. In contrast, intermediate and late genes need to use
replicated viral DNA as templates to initiate their transcription (Moss, 2013). Multiple factors
were shown to cause VACV-induced host shutoff, including proteins incorporated in virions and
proteins expressed at the early and post-replicative (intermediate and late) stages (Dhungel et al.,
2020). We used A549-EF1a-Gluc cells to determine the contributions of different stages of
VACYV replication to the host shutoff using various VACV mutant viruses and chemicals that
block VACYV infection at specific stages of replication. UV-inactivated VACV (blocking VACV
early gene expression due to damaged viral DNA), cytosine arabinoside (AraC) treatment

(blocking VACV DNA replication; Renis & Johnson, 1962), and v4A23 (with deletion of
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intermediate transcription factor A23, blocking VACYV intermediate gene expression but
allowing viral DNA replication; Warren et al., 2012) did not cause decreased Gaussia luciferase
activities (Figure 2.3). In contrast, vVRO-G8R (with IPTG-inducible viral late transcription factor
G8) caused a significant decrease in Gaussia luciferase activities no matter whether IPTG was
added. In vVRO-G8R, VACYV late genes are expressed under the inducible control of IPTG, and
in the absence of IPTG only early and intermediate genes are expressed (Y. Zhang et al., 1992).
These results indicated that the intermediate stage events were sufficient for inducing a profound

host shutoff, while it does not exclude the contribution of the late- stage events.

Figure 2.3
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Post-DNA Replication Events Dominate VACV-Induced Host Shutoff. Gaussia luciferase
activities between 13 and 15 hpi of the cultured A549-EF1a-Gluc cells infected with indicated
viruses or treatments. Numbers indicate the reduction/increase of Gaussia luciferase activities
compared to mock. Error bars indicate the standard deviations of at least three replicates: VACV,
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vaccinia virus. ns, p > 0.05; * 0.01 <p <0.05; ** 0.001 <p <0.01. Significance was compared
to the mock.

VACYV With Inactive/Deleted Decapping Enzymes Retains the Ability to Induce

Profound Host Shutoff

VACV-encoded decapping enzymes (D9 and D10) that cause accelerated mRNA
degradation are the most well-studied VACYV host shutoff factors (Parrish & Moss, 2006, 2007;
Parrish et al., 2007; S-W. Liu et al., 2015; S-W. Liu et al., 2014). D9 has been found to be non-
essential for viral replication in cultured cells, but deletion of D10 results in smaller plaque size
and a reduction in replication (Cao et al., 2022). This correlates with our observation of early
gene expression having little effect on inducing host shutoff, (Figure 2.3) as D9 is an early viral
gene and D10 is an intermediate gene expressed post-DNA replication where we see greater host
shutoff (Parrish & Moss, 2007; Yang et al., 2010, 2011). This would suggest that the post-
replicative gene D10 plays a more critical role than D9 to induce host shutoff. We next
evaluated VACV-induced host shutoff using recombinant viruses with inactive/deleted one or
both of the decapping enzymes. vD10mu and v4D10 are recombinant VACVs with the D10
Nudix motif (the decapping activity-harboring motif) mutated and D10 knocked out,
respectively. v4D9 and vD9mu are recombinant VACVs with the D9 Nudix motif mutated and
D9 knocked out, respectively. vDImuD10mu contains inactive D9 and D10 with the Nudix
motif mutated that do not decap RNA (S-W. Liu et al., 2015; S-W. Liu et al., 2014). Gaussia
luciferase activities were measured during —2 to 0, 3-5, 7-9, 11-13, and 22-24 hpi time
windows. Although the reduction levels varied, significant reductions of Gaussia luciferase
activities were observed in all the infections with deleted or inactivated decapping enzymes at

the later stages of infections (see Figure 2.4). Interestingly, at the relatively early time windows,
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3-5 and 7-9 hpi, we observed the highest host shutoff in vAD9 and vD9mu infections when
compared to v4D10 and vD10mu infection, suggesting an earlier effect of D9 that is expressed

early VACV infection.

Although viral factors contribute to host shutoff, cellular responses to viral infections
may also contribute to this phenomenon. In the absence of active decapping enzymes during
VACYV infection, double-stranded RNAs (dsRNAs) are accumulated in infected cells, leading to
the activation of RNase L and PKR pathways that are known to induce RNA decay and inhibit
protein synthesis, respectively (R. Liu & Moss, 2016). The strong host shutoff induced by
VACYV in A549-EF1a-Gluc with inactivated/deleted decapping enzymes is at least partially due
to these mechanisms. To examine the PKR- and RNase L-independent mechanisms induced by
VACYV, we generated A549DKO-EF1a-Gluc using the A549DKO as the parental cells. The
PKR and RNase L gene loci were knocked out from the A549 by CRISPR/Cas9 (R. Liu &
Moss, 2016), providing a valuable tool to study VACYV infection as the activated PKR and
RNase L trigger RNA degradation and translation repression were excluded, allowing us to
determine if there are additional host shutoff factors whose effects may be masked when PKR
and RNase L are present. Similar experiments to Figure 2.4 were carried out using an
A549DKO-EF1a-Gluc stably expressing cell line that had comparable Gaussia luciferase
activities to that of A549-EF1a-Gluc in the mock-infection condition (see Figures 2.4-A and

2.5-A).
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Figure 2.4
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VACV With Inactive/Deleted Decapping Enzymes Still Induces Host Shutoff Profoundly in A549-
EFla-Gluc. Gaussia luciferase activities from media of cultured A549-EF10a-Gluc cells with
mock-infected (A), infected with WT-VACYV (B), D9mu (C), AD9 (D), D10mu (E), AD10 (F),
and vD9muD10mu (G) at the indicated time windows over the course of infection. Numbers
indicate the reduction of Gaussia luciferase compared to the time (-2 to 0) hpi window. Error
bars indicate the standard deviations of at least three replicates: VACV, vaccinia virus. ns, p >
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0.05; ¥ 0.01 <p <0.05; ** 0.001 <p <0.01; 0.0001 <p <0.001. Significance was compared to
the (-2 to 0) hpi time window.

Again, significant reductions of Gaussia luciferase activities were observed in all the
VACY infections at the late stages of infections (see Figure 2.5-A—G), indicating decapping-,
PKR-, and RNase L-independent mechanism(s) exist to induce host shutoff during VACV
infection. Interestingly, we also observed higher host shutoff during the 7-9 hpi time window for

A549DKO-EF1a- Gluc with vAD9 or vD9mu infection (see Figure 2.5-C-F).

Discussion

In this study, we developed two cell lines stably expressing naturally secreted Gaussia
luciferase based on the human lung carcinoma cell A549. These reporter cell lines have several
advantages over classical methods that utilize either radioactive or nonradioactive probes to label
nascent proteins in studying host shutoff. First, the detection of the secreted Gaussia luciferase is
rapid as it does not involve lengthy SDS-PAGE, radioactivity exposure, or Western blot analysis.
The secreted Gaussia luciferase can be measured directly by taking a very small amount of
culture medium and measuring bioluminescence using a luminometer. Second, while the use of
radioactive or nonradioactive probes could be quantitated or semi-quantitated based on the signal
intensities, Gaussia luciferase provides a more sensitive quantitation in a digitized manner.
Third, the Gaussia luciferase activities from different time points over the course of the
experiments can be measured from the same sample consecutively, while the classical methods

have to use different samples for different time points.
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Figure 2.5
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VACV With Inactive/Deleted Decapping Enzymes Still Profoundly Induces Host Shutoff in
A549DKO-EF 1a-Gluc Cells With Deficient PKR and RNase L Pathways. Gaussia luciferase
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activities from media of cultured A549DKO-EF1a-Gluc cells with mock-infected (A), infected
with WT-VACV (B), D9mu (C), AD9 (D), D10mu (E), AD10 (F), and vD9muD10mu (G) at the
indicated time windows over the course of infection. Numbers indicate the reduction of Gaussia
luciferase compared to the time (-2 to 0) hpi window. Error bars indicate the standard deviations
of at least three replicates: VACV, vaccinia virus. ns, p > 0.05; * 0.01 <p <0.05; ** 0.001 <p <
0.01; *** 0.0001 < p <0.001. Significance was compared to the (=2 to 0) hpi time window.

Compared to plasmid transfection-based reporter systems, the cell lines with the
luciferase gene integrated into the genome better mimics what happens to endogenous cellular
genes. The biggest caveat of these reporter cell lines is that only one promoter and gene are being
measured, which may not reflect the global picture of host shutoff under some circumstances.
Therefore, these cell lines are suitable for rapid initial investigation. They are also suitable for
high throughput screening, followed by verification by classical or alternative methods. These
cell lines are also suitable for studying the well-established host shutoff’s molecular
mechanisms. The generation of the A549DKO-EF1a-Gluc stably expressing cell line allows us
to discover new mechanisms, both viral and cellular, that contribute to host shutoff independent
of PKR and RNase L pathways, and this concept may be applied to other host shutoff factors to
further advance the field of study. Thus, the reporter cell lines add valuable new tools to monitor

host shutoff rapidly, quantitatively, consecutively, and in real-time.

Using these cell lines, we quantitatively evaluated VACV-induced host shutoff. Many
viral factors had been suggested to contribute to VACV-induced host shutoff, including factors
incorporated in the virions (Hanafusa, 1960; Person et al., 1980), proteins expressed at the early
replication stage (e.g., D9 and VACWR169; S-W. Liu et al., 2015; Parris & Moss, 2007;
Strnadova et al., 2015), and proteins expressed after viral DNA replication (e.g., D10 and F17;

Cantu et al., 2020; Parish & Moss, 2006; Parish et al., 2007; S-W. Liu et al., 2014; Meade et al.,
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2019; Person et al., 1980). They have been found to inhibit cellular transcription, interfere with
mRNA processing, speed up mRNA degradation, or suppress mRNA translation. We
comprehensively reviewed this topic recently (Dhungel et al., 2020). Interestingly, our study
using recombinant VACVs or chemical inhibitors to arrest VACV replication at various stages of
replication indicate that the events at or before viral DNA replication, including virion-
associated factors, contribute minimally to VACV-induced host shutoff, while the post-
replicative stage, including intermediate and late replication stages, dominates the host shutoff
induction (see Figure 2.3). It is also interesting that the intermediate stage is sufficient to induce
the shutoff, although it does not exclude the late events. VACV-encoded decapping enzymes, D9
and D10, which cause mRNA degradation, are significant contributors to VACV-induced host
shutoff (Parrish & Moss, 2006, 2007; Parrish et al., 2007; S-W. Liu et al., 2015; S-W Liu et al.,
2014). As D9 is expressed at the early viral replication stage and D10 is expressed at the
intermediate stage (Yang et al., 2010; Yang et al., 2011), it suggests that D10 plays a more
important role in VACV-induced host shutoff. Notably, the findings using various D9 and D10
deletion/mutation mutants indicate that VACV encodes additional major host shutoff factors as
these decapping enzymes inactivated VACV:s still cause profound Gaussia luciferase activity
downregulation in A549-EF 1 a-Gluc and A549DKO-EF1a-Gluc cells (see Figures 2.4 and 2.5).
Future investigations will identify additional host shutoff factors. The reporter cell lines
developed here in this study will be very useful tools to screen VACV post-replicative genes for

their roles in VACV-induced host shutoff.

In summary, we developed two secreted Gaussia luciferase-based cell lines that allow us

to monitor VACV-induced host shutoff rapidly, quantitatively, consecutively, and in real time.
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We used these cells lines and verified known and previously undiscovered new features of
VACV-induced host shutoff. The cell lines provide new tools to understand host shutoff and
identify additional VACV host shutoff factors, as well as shutoff caused by other virus

infections and other stresses.
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Abstract

Host shutoff is the phenomenon observed when many viruses downregulate host cellular
gene expression resulting in a global suppression of nascent protein production. A virus can
encode multiple factors that interfere at different stages of gene expression from transcription,
mRNA maturation and export, to translation. Previous work of our lab indicates additional
previously unidentified factors of vaccinia virus host shutoff that are expressed after viral DNA
replication. In this study we developed a VACV late gene screening assay to identify additional
viral late genes that contributed to host shutoff. We created a reporter plasmid that has the
constitutive human cellular elongation factor 1 alpha (EF1a) promoter inserted upstream of a
Gaussia luciferase gene of a plasmid vector (EF1a-Gaussia). Utilizing EF1a-Gaussia reporter
plasmid we identified eight VACVWR late genes that were capable of inducing host shutoff. We
also showed that these genes were capable of reducing Gaussia mRNA levels. Next, we designed
codon-optimized plasmids of four VACVWR late genes that showed strong translation inhibition
and showed that the genes were capable of inducing host shutoff outside the context of infection.
The results of this study indicate additional previously unknown VACYV host shutoff factors.
This work contributes to our understanding of viral host shutoff, and future investigations will

elucidate the mechanisms and selectivity of the suppression of cellular translation.
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Introduction
As viruses depend on host cell translation machinery to synthesize viral proteins required
for viral replication, many have developed various mechanisms to interfere with the expression of
cellular genes resulting in a global depression of host protein synthesis termed host shutoff. Host
shutoff not only has been shown to redirect cellular metabolites for viral reproduction but has also

been shown to evade the host cell antiviral responses (Dhungel et al., 2020).

Vaccinia virus (VACV) is a member of Poxviridae, a family of large double-stranded
DNA viruses that replicate entirely in the cytoplasm that can divided into two subfamilies based
on vertebrate and insect host range, termed Chordopoxvirinae and Entomopoxvirinae,
respectively (Moss, 2013). Poxviruses that infect both animals and humans such as ORF virus,
cowpox and monkeypox can cause human disease, while other poxviruses such as Capripoxvirus
can infect cattle, sheep, and goats and can result in devastating economic losses (Yang et al.,
2021). VACV is known to cause host shutoff through various strategies including disruption of
transcription, mRNA processing, and translation initiation, and is a model for studying virus-
induced host shutoff (Dhungel et al., 2020). The most well studied VACYV host shutoff factor is
the decapping enzyme D10 (VACWRI115), which is known to accelerate the degradation of
mRNAs through the removal of their 5° cap. The rapid turnover of mRNA by D10 has been
shown to play a role in immune evasion as it prevents accumulation of dSRNA blocking host

anti-viral responses (Burgess & Mohr, 2015; S-W. Liu et al., 2015).
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While D10 is thought to be a major contributor to VACV-induced host shutoff, other
viral genes have been shown to induce host shutoff opening up the possibility that some viral
genes that contribute to host shutoff have yet to be identified. Recent work in our lab (Molina &
Yang, 2022) has shown that post-replicative processes are mainly responsible for host shutoff, so
we designed an assay utilizing naturally secreted Gaussia luciferase reporter plasmid based on
unique poxvirus biology to screen the post-replicative genes of VACV for their ability to induce
host shutoff. This preliminary screening identified 8 VACYV post-replicative genes that were
capable of reducing Gaussia luciferase activity by >70%. A common theme between these genes
were their association with the membrane involved in the secretory pathway. Many host shutoff
factors are involved in the induction of host shutoff either pre-translation or translation directly,
this study suggests that interference of post-translational processes such as protein trafficking
may contribute to host shutoff. We further characterized the reduction in Gaussia luciferase
activities by the post-replicative genes in an attempt to further elucidate their role in host shutoft.
The work provides the foundations to further elucidate the mechanisms of action and biological

relevance.

Results

Identification of VACYV Post-Replicative Genes That Show the Ability to Induce Host

Shutoff in a Preliminary Screening Utilizing Gaussia Luciferase Assay

To identify VACV post-replicative genes that contribute to virus-induced host shutoff,

we co-transfected virus infected HeLa cells treated with cytosine arabinoside (AraC) with a post-
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replicative viral gene and a EF1a-Gaussia luciferase reporter plasmid. AraC treatment inhibits
viral DNA replication and blocks expression of post-replicative genes, which allows expression
of only the VACVWR late gene that is co-transfected with EF1a-Gaussia. The post-replicative
genes were constructed downstream of the intermediate viral promoter GER, which allows for
expression of the gene during VACV infection when AraC is present (see Figure 3.1-A). The
benefit of this assay is that it can be utilized to screen the mechanisms of VACV viral late genes
whose functions have not been identified or fully characterized. This viral gene was co-
transfected with a reporter plasmid that has the constitutive human cellular elongation factor 1
alpha (EF1a)) promoter inserted upstream of a Gaussia luciferase gene of a plasmid vector. We
screened 54 VACV post-replicative genes—At the time of this work, our post replicative library
contained 54 out of 93 VACYV post replicative genes due to difficulty cloning (Yang et al., 2010;
see Table 3.1), and eight genes showed a 70% or greater significant reduction in Gaussia
luciferase activity including the decapping enzyme VACWRI115, or D10L, a major contributor to

VACY induced host shutoff by accelerating mRNA turnover (see Figure 3.1-B).

Table 3.1
VACWR VACV COP Relative Gau's S.ic.z Luciferase p-value Functional Category
Activities
008 CI9L 0.79 ns Truncated
020 C8L 1.09 ns Unknown
025 C3L 0.86 ns Host interaction
033 K2L 0.80 ns Host interaction
048 FIL 0.98 ns Virion Association
052 F13L 0.77 ns Virion Association
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056

063

064

066

067

F17R

E7R

E8R

EI10R

El11R

1.84

1.61

0.87

0.89

1.90
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Virion Association
Virion Association
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Relative Gaussia Luciferase

VACWR VACV COP Activities p-value Functional Category
069 O2L 0.88 ns Unknown

069.5 O3L 1.08 ns Virion Association
070 I1L 3.88 * Virion Association
071 I2L 0.42 ns Virion Association
074 ISL 0.20 *x Virion Association
075 I6L 2.94 * Virion Association
079 G3L 0.49 ns Virion Association
081 G4L 1.48 ns Virion Association
084 G6R 0.88 ns Host interaction
085 G7L 0.53 ns Virion Association
091 L4R 1.63 ns Transcription

092 L5R 0.37 ns Virion Association
093 JIR 2.03 ns Virion Association
097 JSL 0.26 ok Virion Association
099 HIL 0.50 * Transcription

100 H2R 0.43 * Virion Association
102 H4L 3.85 ns Transcription

104 H6R 0.66 * Transcription

105 H7R 1.33 ns Virion Association
107 D2R 2.21 ns Virion Association
108 D3R 1.43 ns Virion Association
115 DI0OR 0.11 koK Host interaction
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Relative Gaussia Luciferase

VACWR VACV COP Activities p-value Functional Category
120 A2L 2.38 * Transcription

121 A2.5L 3.07 ns Virion Association
125 A6L 4.86 oAk Virion Association
128 A9L 0.59 ns Virion Association
132 Al13L 0.39 ns Virion Association
133 Al4L 0.42 * Virion Association
134A Al4.5L 1.09 ns Virion Association
135 A15L 1.27 *x Virion Association
137 Al17L 0.16 ok Virion Association
139 AI9L 1.59 *x Unknown

140 A21L 0.51 * Virion Association
142 A22R 1.14 ns DNA Replication
150 A27L 0.78 ns Virion Association
151 A28L 0.82 ns Virion Association
153 A30L 0.44 k¥ Virion Association
153.5 A30.5L 0.71 ns Unknown

157 A34R 0.26 *x Virion Association
162 A38L 0.22 oAk Virion Association
163 A39R 0.26 ook Truncated

167 A42R 0.68 o Virion Association
168 A43R 0.23 *x Host interaction
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Screening Results of 54 Post-Replicative Genes in Infected HeLa Cells Treated With AraC and
Utilizing Gaussia Luciferase Assay. Gaussia luciferase activities in media of cultured HeLa cells
in a 24-well plate 24 h.p.i. with VACV at an moi of 5, treated with AraC (40mg/mL) , and co-
transfected with EF 1 a-Gaussia luciferase reporter plasmid and designated VACVWR post-
replicative gene. Significance was compared to mock. Error bars indicate the standard deviations
of at least three replicates: ns, p > 0.05; * 0.01 <p <0.05; ** 0.001 <p <0.01; *** 0.0001 <p
<0.001; 0.001 <p <0.0001.

VACWRO074 is conserved in chordopoxvirus and encodes for the ~9kDa protein I5 that is
known to associate with the membranous components of assembling and mature virions.
Deletion of I5 has been shown to be dispensable for viral replication in tissue culture (Unger et
al., 2008). VACWRO097 encodes for the ~16kDA protein J5 that is conserved in chordopoxvirus
and entomopoxivurs and shares a C-terminal transmembrane domain homologous with G9 and
A16. J5 has been shown to associate with entry fusion complex, and deletion of J5 results in
reduced virus yield, suggesting it is essential for viral replication (Wolfe et al., 2012).
VACWRI137 encodes for the ~23kDa protein A17 that is involved in the early stages of virion
assembly. A17 accumulates in the membranes of the rough endoplasmic reticulum and in the
nuclear envelope, localizes to viral crescents and associates to the membranes of immature and
intracellular mature virions. Deletion of A17 results in decreased virus yield (Rodriguez et al.,
1996). VACWR157 encodes for the viral glycoprotein A34 that is present in the outer membrane
of extracellular virus (EEV) and has been shown to play a role in the release of EEVs, EEV
infectivity, and virus virulence. Deletion of A34 results in reduced plaque size indicating reduced
infectivity (Mclntosh & Smith, 1996). VACWR162 encodes for the ~33kDA integral membrane
glycoprotein A38 with a sequence similarity to integrin-associated protein (IAP), which can
explain the reasoning behind the influx of Ca2+ into cells and induction of cell necrosis along

with reduced virus production and spread when A38 is overexpressed (Sanderson et al., 1996).
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A38 is not essential for virus virulence as deletion of the gene yielded similar production of IMV
and EEV in tissue culture and murine intranasal model (Sanderson et al., 1996). VACWR163
encode for the viral protein A39, a member of the semaphoring family involved in neuronal
development. Some members of this family function immunologically, which is supported by the
fact A39 can elicit cytokine production from monocytes (Comeau et al., 1998). VACWR168
encodes for the glycosylated transmembrane protein A43 that conserved in orthopoxviruses. A43
has been shown to localize with the Golgi, and deletion of A43 did not show reduction in growth
curves compared to WT, suggesting its nonessential for viral replication in tissue culture (Sood

& Moss, 2010).

These results expand our knowledge on the functions of these viral genes on virulence and

identifies previously unknown host shutoff factors that require further investigations to elucidate

their mechanism of action.

Figure 3.1
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Screening of VACV Post-Replicative Genes in Infected HeLa Cells Treated With AraC and
Utilizing Gaussia Luciferase Assay . (A) Schematic representing the VACV post-replicative gene
screening in infected cells treated with AraC to inhibit DNA replication, and co-transfected with
EFla-Gaussia luciferase reporter plasmid. (B) Gaussia luciferase activities in media of cultured
HeLa cells in a 24-well plate 24 h.p.i. with VACV at an moi of 5, treated with AraC (40mg/mL) ,
and co-transfected with EF1a-Gaussia luciferase reporter plasmid and designated VACVWR
post-replicative gene. Significance was compared to mock. Error bars indicate the standard
deviations of at least three replicates: ns, p > 0.05; * 0.01 <p <0.05; ** 0.001 <p <0.01; ***
0.0001 <p <0.001; 0.001 <p <0.0001.
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Post-Replicative Genes Show a Reduction in Total Gaussia Luciferase Activities and

Reduced Gaussia mRNA Levels

We wanted to further identify the mechanisms the post-replicative genes had on host
shutoff by comparing the expression of Gaussia luciferase in the media and lysate. This rules out
the possibility the Gaussia luciferase is being retained within the cell. Virus infected HeLa cells
treated with AraC 1 h.p.i. in order to inhibit expression of post replicative genes were co-
transfection with seven of the post-replicative viral genes that showed a strong reduction in
expression of the Gaussia luciferase activities. At 24 h.p.i. the media and lysate were collected
and analyzed using Gaussia luciferase assay. Consistent with previous findings (Molina & Yang,
2022), a majority of the Gaussia luciferase activities (~99%) is located in the media. While all of
the post-replicative genes showed a reduction in Gaussia luciferase in the media and overall (see
Figure 3.2-A), only four showed a decrease in intracellular Gaussia luciferase (VACWRI115
showed a 21-fold, VACWRO097 showed a 1.7-fold, VACWR157 showed a 3.14-fold, and
VACWRI163 showed a 3.12-fold reduction) while the other three showed change or even an
increase (VACWRO074 showed a 0.58 fold increase, VACWR137 showed a 0.6-fold increase,
and VACWRI168 no significant difference; see Figure 3.2-B). These results confirm that these
seven post-replicative genes show reduced Gaussia luciferase expression during the screening,
and that a majority (~99%) of the Gaussia luciferase activity is found in the media. Interestingly,
three of the seven post-replicative genes showed increase or no significant change in the
intracellular Gaussia luciferase activities, which could suggest that alterations in post-
translational processes such as protein trafficking may contribute to virus induced host shutoff.

However, the reduction of Gaussia luciferase activities were mostly due to a total reduction of
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Gaussia luciferase expression, but not because the Gaussia luciferase activities were retained in

the cells.

To further characterize the reduction in Gaussia luciferase activities, the post-replicative
screening was performed and Gaussia mRNA levels were measured utilizing quantitative real-
time PCR (qQRT-PCR). All seven post-replicative genes tested showed a significant decrease in
Gaussia mRNA levels when compared to empty vector, suggesting that the post-replicative
genes contribution to host shutoff involving the downregulation of mRNAs (see Figure 3.2-C).
These experiments provide insights into possible viral mechanisms that contribute to host shutoff

and further investigations are required to determine the exact function of individual genes.

Figure 3.2
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Comparing Gaussia Luciferase Activities in the Media and Lysate Shows an Overall Reduction
in Gaussia Luciferase Activities and gRT-PCR Shows a Reduction of Gaussia mRNA Levels of
the Post Replicative Gene Screening. Gaussia luciferase activities in (A) media and (B) cell
lysates of the cultured HeLa cells during the VACV post-replicative gene screening. (C) Gaussia
mRNA levels from isolate total RNA from cultured HeLa cells during the VACYV post-
replicative gene screening. Used as a normalization factor for different samples was 18S rRNA.
Error bars indicate the standard deviations of at least three replicates: ns, p >0.05; * 0.01 <p <
0.05; ** 0.001 <p <0.01; *** 0.0001< p <0.001; 0.001< p <0.0001.

IS and A43 Reduce Gaussia Expression in a Dose Dependent Manner
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To determine if the post-replicative genes could reduce Gaussia expression outside the
context of the screening, codon-optimized plasmids of VACWR115 (D10L), VACWRO074 (I5L),
VACWRI163 (A39R), and VACWR168 (A43R) containing a C-terminal 3x Flag tag were co-
transfected with EF1a-Gaussia luciferase reporter plasmid into HeLa cells. The reduction in
Gaussia luciferase activities by the post-replicative genes were found to be dose dependent, and
a 5:1 ratio (post-replicative gene: EFla-Gaussia reporter plasmid) of D10 showed a 47-fold
reduction in Gaussia luciferase activity, and 15 showed a 3.2-fold reduction in Gaussia luciferase

activity, and A43 showed a 1.7-fold reduction in Gaussia luciferase activity (see Figure 3.3-A).

Figure 3.3
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Post-Replicative Genes Reduce Gaussia Luciferase Expression in a Dose-Dependent Manner.
(A) Gaussia luciferase activities of plasmids containing post-replicative genes co-transfected
with EF1a-Gaussia luciferase reporter plasmid into cultured HeLa cells and cell lysate collected
for Gaussia luciferase assay 24hr post transfection. (B) Cell lysate was collected from cultured
HeLa cells transfected with plasmids containing post-replicative genes and processed for SDS-
Page and Western blot analysis. Error bars indicate the standard deviations of at least three
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replicates: ns, p > 0.05; * 0.01 < p < 0.05; ** 0.001 < p < 0.01; *** 0.0001 < p <0.001; 0.001 <
»<0.0001.

Western blot analysis was performed to analyze the post-replicative gene expression in
transient transfected HeLa cells. The bands were consistent with the expected MW of D10

(~31kDa), ISL (~11.5kDa), A39 (~36.4kDa), and A43 (~25.3kDa; see Figure 3.3-B).

To further characterize the reduction of Gaussia luciferase activity by plasmid containing
VACYV post-replicative genes, the media and lysate from co-transfected cells were collected and
Gaussia luciferase assay performed to compare the intra- and extracellular Gaussia luciferase
activity. D10 and I5 both show a reduction in Gaussia luciferase in the media and Total Gaussia
luciferase as a majority of the Gaussia luciferase is found in the extracellular environment

(~99%).

Interestingly, the intracellular Gaussia luciferase activity of D10 and IS5 are comparable
(see Figure 3.4), as D10 shows a similar reduction in both extracellular and intracellular Gaussia
luciferase activity, but I5 intracellular Gaussia luciferase activity is similar to empty vector. This
suggests that [5 may disrupt the trafficking and secretion of Gaussia luciferase, and this blockage

may have downstream effects on translation and contribute to host shutoff.
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Figure 3.4
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15 Reduces the Overall Gaussia Luciferase Activity and Extracellular Gaussia Luciferase Levels,
But Not the Intracellular Levels. Gaussia luciferase activities in (A) media and (B) cell lysates of
cultured HeLa cells co-transfected with codon optimized plasmids containing post-replicative
genes and Gaussia luciferase reporter plasmid at a 1:1 ratio.

Discussion

While VACV host shutoff factors have been extensively researched, aspects of the
mechanisms that contribute to host shutoff remain to be elucidated, and VACYV proteins that
inhibit host protein synthesis are not fully characterized. The most well studied VACV gene that
induced host shutoff is the VACV decapping enzyme D10 that accelerates mRNA turnover and
down regulated gene expression. Previous work by our lab (Molina & Yang, 2022) indicated
strong inhibition of host protein synthesis post DNA replication, and while D10 is a major
contributor to host shutoff, a reduction in protein synthesis was observed independent of D10.

In this study we wanted to investigate viral genes that are expressed post-replication for

their ability to contribute to host shutoff. We established a method to screen VACV post-

62



replicative genes utilizing AraC treatment during infection to suppress DNA replication, thus
inhibiting post-replicative gene expression, and transfecting plasmid containing post-replicative
genes downstream of the viral G8R intermediate promoter. This allows expression of individual
post-replicative genes to be further characterized. Fifty-four VACV post-replicative genes were
screened in this study and six genes showed < .50x , 2 genes showed < .40x (see Table 3.1), and
8 genes showed < .30x in relative Gaussia luciferase activity compared to empty vector (Figure
3.1-B). All 8 post-replicative genes showed a reduction in Gaussia mRNA in the post-replicative

screening (Figure 3.2-C).

To investigate the post-replicative genes outside the context of the post-replicative
screening, plasmids containing codon optimized post-replicative genes D10, I5, A39, and A43
were co-transfected with Gaussia luciferase reporter plasmid, and D10, I5, and A43 were able to
reduce Gaussia luciferase activity in a dose-dependent manner. We analyzed the intracellular
and extracellular levels of Gaussia luciferase and interestingly we found that while D10 was
capable of decreasing intracellular and extracellular Gaussia levels in a comparable fashion, I5
only showed a reduction in the extracellular Gaussia luciferase. I5 still showed a reduction in
overall Gaussia luciferase activity, as most Gaussia luciferase is secreted into the extracellular
environment. These results identify previously unknown VACYV host shutoff factors, and

potential targets for therapeutics and/or attenuated viruses for vaccine.

Future investigations should elucidate the mechanisms of the viral genes identified here at

host shutoff factors. Determining cellular proteins that interact with the host shutoff factors would

reveal how host shutoff factors induce suppression of protein synthesis. Also, future investigations
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should determine the specificity of the host shutoff. All together, these avenues would significantly
enhance our understanding of VACV host shutoff and potentially reveal novel mechanisms and

pathways that viruses manipulate to suppress cellular translation.

Materials and Methods

Cells and Viruses

HeLa cells (ATCC CCL-2) were cultured in Dulbecco’s minimal essential medium
(DMEM; Quality Biological) supplemented with 10% fetal bovine serum (FBS; Peak Serum),
2 mM glutamine (Quality Biological), 100 U/ml of penicillin (Quality Biological), and 100 pg/ml
streptomycin (Quality Biological). The cells were grown under 5% CO, at 37°C.
VACV Western Reserve (WR) strain (ATCC VR-1354) was utilized in this study and virus was
prepared and titrated as described elsewhere (Cantu et al., 2020; Cotter et al., 1998; S-W. Liu et
al., 2015). VACYV infection was carried out using DMEM containing 2.5% FBS. Virus was
sonicated and diluted according to desired MOI. Medium containing viruses was added to the

cultured cells and incubated at 37°C for 1h and replaced with fresh medium.

Chemicals and Antibodies

Cytosine-1-B-D-arabinofuranoside (AraC, C1768) was purchased from Sigma-Aldrich.
Lipofectamine 2000 Reagent (11668-019) was purchased from Invitrogen. Opti-MEM Reduced
Serum Medium (31985-070) used in transfection was purchased from Thermo Fisher Scientific.
Mouse a-Flag monoclonal antibody (used for Western blotting) was purchased from Sigma-

Aldrich (catalog no. F3165).
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Codon Optimization, Plasmid Construction, and Transfection

The plasmid vectors containing post-replicative genes under the control of the
intermediate viral promoter G8R were designed and constructed using Zero Blunt TOPO PCR
Cloning Kit from ThermoFisher (catalog # 450245) per manufacturers instruction. The plasmid
vectors expressing post-replicative genes (pcDNA3.1-I5L-3xFlag, pcDNA3.1-A39R-3xFlag,
pcDNA3.1-A43R-3xFlag) were codon optimized for expression in human cells and
manufactured by GenScript based on previously described pcDNA3.1-D10-3xFlag (35 mBio; Y.
Mohr et al., 2021). Plasmid transfections were carried out using Lipofectamine 2000 (Thermo

Fisher Scientific; catalog no. 11668019) according to the manufacturer’s instructions.

VACYV Post-Replicative Gene Screening

Cultured HeLa cells in a 24-well plate were infected with VACV WR at an MOI of 5 in
infectious media. Following 1h post infection, infectious media was replaced with infectious
media containing AraC (40mg/mL) , and co-transfected with EF 1 a-Gaussia luciferase reporter
plasmid and plasmid containing VACVWR post-replicative gene. We collected 24 h.p.i media

and performed Gaussia luciferase activity assay.

Western Blot Analysis

Western blotting was performed as described previously (Pant et al., 2021). Briefly, the
samples were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), followed by transferring to a polyvinylidene difluoride (PVDF) membrane. The PVDF
membrane was blocked with 2% bovine serum albumin (BSA) or 5% milk plus 1% BSA at room

temperature for 1h and then incubated with primary antibodies in the same blocking buffer at
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room temperature for 1h or at 4°C overnight. After washing with Tris-buffered saline with
Tween 20 (TBST) three times, membranes were incubated with secondary antibodies at room
temperature for 1h and washed three times with TBST. Before imaging, the membrane was
developed using SuperSignal West Femto maximum-sensitivity substrate (Thermo Fisher

Scientific; catalog no. 34094).

Quantitative Reverse Transcription PCR (qQRT-PCR)

Total RNA was extracted using TRIzol reagent (Ambion), followed by purification using
an Invitrogen PureLink RNA minikit (Thermo Fisher Scientific). The RNA was used to
synthesize cDNA using a SuperScript III first-strand synthesis kit (Invitrogen) according to the
manufacturer’s instructions and using random hexamer primers. Relative mRNA levels were
quantified by the CFX96 real-time PCR instrument (Bio-Rad) with All-in-One 2x quantitative
PCR (qPCR) mix (GeneCopoeia) and primers specific for indicated genes. We used 18S rRNA

as a normalization factor for different samples.

Gaussia Luciferase Activity Assay

Gaussia luciferase activities were measured using the Pierce Gaussia luciferase flash

assay kit (Thermo Fisher Scientific, 16158) by a luminometer, according to the manufacturer’s

instructions.

Statistical Analysis
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Student’s z-test was performed to evaluate statistical differences from at least three
replicates. The following symbols were used to indicate statistical significance: ns, p > 0.05;

*0.01 <p <0.05; ** 0.001 < p < 0.01; *** 0.0001 < p < 0.001; **** p < 0.0001.
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Abstract

Characterization of functions of the novel severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) genes, the cause of the respiratory illness Coronavirus disease 2019 (COVID-
19) is required for the development of therapeutics and vaccines. To develop a better
understanding of the virus and its pathogenesis, we set out to characterize the possible host
shutoff factor nspl of SARS-CoV-2 and identified other viral genes that contribute to host
shutoff. Utilizing Gaussia luciferase reporter we showed nspl of SARS-CoV and SARS-CoV-2
had the strongest reduction of reporter activities among the seven human coronaviruses. We then
created plasmids containing R124A,K125A, K164A,H165A, and A122-130 mutant nspl and
showed they reduced the ability of nsp1 to induce host shutoff, indicating the residues are critical
to nspl SARS-CoV-2 host shutoff. Next, we screened all the SARS-CoV-2 viral genes for their
ability to induce host shutoff and identified structural and accessory proteins S, E, M, and N as
potential host shutoff factors. The SARS-CoV-2 viral proteinase nsp5, responsible for processing
the mature viral replicase proteins, was also shown to induce host shutoff. Our data suggests
nsp5 may have a broad impact on reduction of host protein abundance. Characterizing SARS-

CoV-2 nspl has indicated that it may be a target for the creation of attenuated strains in the
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development of improved vaccines, and a potential target for therapeutic drugs, as it has been
shown to play a role in inhibiting the cellular immune response. Future studies should determine

how much nsp5 contributes to host shutoff and identify the cellular substrates it cleaves.

Keywords: SARS-CoV-2, Coronavirus, nsp1, host shutoff, translation control, Gaussia

luciferase

Introduction

Over 81 million cases of Coronavirus disease 2019 (COVID-19) have been documented
in the United States by the Centers for Disease Control and Prevention (CDC data tracker as of
May 5, 2022) since the start of the current pandemic. This respiratory illness is caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, a recent addition to the
Coronaviridae family (Gorbalenya et al., 2020), Within the family Coronaviriade, SARS-CoV-2
belongs to the subfamily Coronavirinae, a group of enveloped, single-stranded positive sense
RNA viruses that are further classified into four genera: alpha-, beta-, gamma-, and
deltacoronavirus (Narayanan et al., 2015). The seven coronaviruses known to be pathogenic to
humans (HCoVs) belong to the alphacoronavirus and betacoronavirus genus and include:
alphacoronaviruses HCoV-229E and HCoV-NL63; and betacoronaviruses HCoV-OC43, HCoV-
HKU1, MERS-CoV, SARS-CoV, and SARS-CoV-2. While pathogenic coronaviurses
predominantly cause mild to moderate respiratory disease; MERS, SARS, and SARS-CoV-2 are
known to cause severe respiratory illness (Beyer & Forero, 2022). Multiple sequence alignment
shows SARS-CoV-2 shares a 79% sequence similarity with SARS-CoV and a ~50% sequence

similarity with MERS-CoV (Rabaan et al., 2020). The most recent COVID-19 pandemic and the
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threat of future pandemics has revealed the importance of studying the molecular mechanisms of

coronavirus replication to improve current therapeutics and treatments.
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Figure 4.1
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HCoV nspl Alignment. Multiple sequence alignment of the seven HCoVs nspls were performed
using T-Coffee and the figure was prepared using Boxshade (OnWorks®, 2022).

Like all viruses, coronaviruses depend on host translational machinery to synthesize viral
proteins required for replication. To ensure efficient viral replication, viruses employ various
mechanisms to interfere with host cell translation resulting in a global suppression of host gene
expression, termed host shutoff (Dhungel et al., 2020). The most well studied host shutoff factor
of HCoVs is the nonstructural protein 1 (nspl), the N-terminal component of the polyprotein la
(ppla) that is found in both alpha- and beta-coronaviruses (Narayanan et al., 2015). SARS-CoV

nspl utilizes a two-pronged approach to induce host shutoff by binding to the 40S ribosomal unit
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thus inactivating its translational activity and promoting cellular mRNA degradation through
recruitment of a cellular endonucleases (Kamitani et al., 2006, 2009; Narayanan et al., 2015).
The nsp1 proteins of HCoVs have different strategies to induce host shutoff, as nspl of MERS-
CoV has been shown to not tightly associate with the 40S ribosomal subunit and shows a
different cellular distribution compared to SARS-CoV (Lokugamage et al., 2015). The nsp1 of
SARS-CoV-2 shares an 84.44% sequence similarity to SARS-CoV and encodes some of the
conserved regions previously identified to be crucial for gene function (see Figure 4.3-A). We
hypothesized SARS-CoV-2 nspl may induce host shutoff and utilize similar mechanisms as

SARS-CoV.

In this study we build off the foundational studies conducted on SARS-CoV and other
coronaviruses and apply the knowledge learned to characterize the functions of SARS-CoV-2
nspl. Using Gaussia luciferase reporter plasmid we show SARS-CoV-2 nspl is capable of
suppressing host translation and can reduce the Gaussia luciferase activity to similar levels as
SARS-CoV, the two strongest host shutoff factors of the HCoVs nspls. We next created
mutations in the previously defined conserved regions of SARS-CoV-2 nspl (see Figure 4.2-B)
and showed all mutations were capable of reducing SARS-CoV-2 nsp1’s ability to induce host
shutoff. These results suggest nspl of SARS-CoV-2 utilizes a similar strategy as nspl of SARS-
CoV, which has been shown by recently published research articles (Shen et al., 2020; Thoms et
al., 2020). Even though nsp1 is the most well studied coronavirus host shutoff factor, this does
not rule out the possibility that other viral genes may contribute to SARS-CoV-2 induced host
shutoff, as SARS-CoV-2 has been shown to encode multiple mechanisms to suppress cellular

gene expression (Finkel et al., 2021). We also identified several structural and accessory viral
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genes as well as nsp5 as capable of suppressing reporter protein synthesis as potential host
shutoff factors. Taken together our results help us better understand the host interactions of
SARS-CoV-2 genes that contribute to host shutoff and identify molecular mechanisms that need
to be better understood to improve the therapeutics and treatments currently available for

COVID-19.

Results
SARS-CoV-1 and SARS-CoV-2 nsp1 Proteins Are the Strongest Host Shutoff Factors

Among Human CoVs

To determine if SARS-CoV-2 nspl could induce host shutoff and to compare it to other
HCoVs nspls, we co-transfected 293T cells with plasmids containing HCoVs nspl containing a
C-terminal flag tag and a Gaussia luciferase reporter plasmid previously described in Chapter 3.
At 24h post-transfection, media was collected and analyzed using Gaussia luciferase assay. To
test nspl protein expression, lysates were collected and processed for Western blot analysis. As
expected, the two alpha-coronaviruses HCoV-229E and HCoV-NL63 bands appeared around
~9kDa, while the beta-coronavirus bands HCOV-0OC43, HCoV-HKU1, MERS-COV, SARS-
CoV and SARS-CoV-2 bands appeared near ~20kDa (see Figure 4.2-A). All the HCoVs nspls
showed a significant reduction in Gaussia luciferase activities, with SARS-CoV and SARS-
CoV-2 showing the greatest reduction with a fold change of ~58 and ~62 respectively (see
Figure 4.2-B). These results suggest the nspl of SARS-CoV-2 can induce host shutoff with

similar strength as SARS-COV nspl.
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Figure 4.2
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SARS-CoV-1 and SARS-CoV-2 Show Similar Reduction Levels of Gaussia Luciferase Reporter
Plasmid. (A) Cell lysate was collected from cultured 293T cells transfected with plasmids
containing human coronavirus nsp1 for SDS-page and Western blot analysis. (B) Gaussia
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luciferase activities of plasmids containing human coronavirus nspl genes co-transfected with
Gaussia luciferase reporter plasmid into cultured 293T cells and cell lysate collected for Gaussia
luciferase assay 24h post transfection. Error bars indicate the standard deviations of at least three
replicates: ns, p > 0.05; * 0.01 <p <0.05; ** 0.001 <p <0.01; *** 0.0001 <p <0.001; 0.001 <
p <0.0001. The sequences for all seven HCoV nspls were obtained from GenBank and the
respective GenBank accession number is provided (see Table 4.1).

Table 4.1

Human coronavirus Sequence source

229E (alpha) >NP_073549.1 replicase polyprotein 1ab [Human coronavirus 229E]

NL63 (alpha) >YP_003766.2 replicase polyprotein 1ab [Human coronavirus
NL63]

0OC43 (beta) >YP_009555246.1 leader protein [Human coronavirus OC43]

HKUTI (beta) >YP_460018.1 nspl [Human coronavirus HKU1]

MERS (beta) >YP _009047229.1 nsp1 protein [Middle East respiratory syndrome-
related coronavirus]

SARS (beta) >NP_828860.2 nspl-ppla/pplab [Severe acute respiratory
syndrome-related coronavirus]

SARS?2 (beta) >YP_009725297.1 leader protein [Severe acute respiratory syndrome

coronavirus 2]

HCoV nspl Sequence Source

Mutations in SARS-CoV-2 Domains Previously Characterized in SARS-CoV nsp1 Show

Reduction in the Ability to Induce Host Shutoff

Next, we performed an amino acid sequence alignment between SARS-CoV-2 and

SARS-CoV and showed an 84.44% sequence similarity (see Figure 4.3-A). The shared amino
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acid sequence similarity along with the similar levels of Gaussia luciferase activity reduction, we
hypothesized the nspls from both viruses may induce shutoff by a similar mechanism. To test
this hypothesis, we generated SARS-CoV-2 nspl plasmid mutants K164A,HI65A and
R124A,K125A (see Figure 4.3-B) that have previously been characterized for SARS-CoV. K164
and H165 amino acids are only conserved in SARS-CoV and SARS-CoV-2 nspl and alanine
substitutions of these two residues inhibits nsp1 binding to the 40S ribosomal unit and reducing
its ability to induce host shutoff (Narayanan et al., 2008). The R124 and K125 amino acid
residues is part of a more conserved region found in all human betacoronaviruses nspls and
alanine substitutions show these residues help the protein induce mRNA cleavage as the protein
loses this ability when these residues are mutated (Lokugamage et al., 2012). We also created a
deletion mutant (A122-130; see Figure 4.3-B) of the conserved region LLRKxGxKG that had
been previously described to reduce the inhibition of luciferase expression as well as reduce the
virulence in mice in MHV (L. Lei et al., 2013). To determine if the nspl of SARS-CoV-2 and
SARS-CoV have similar characteristics, we co-transfected SARS-CoV-2 nspl WT and mutant
plasmids into 293T cells along with a Gaussia luciferase reporter plasmid and collected the
media 24 hrs post-transfection to perform Gaussia luciferase assay (see Figure 4.3-D). To test
nspl mutant protein expression, lysates were collected and processed for Western blot analysis

(see Figure 4.3-C).

Figure 4.3
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Gaussia Luciferase Reporter Assay Shows Mutations in SARS-Cov-2 Nspl Reduce the Ability to
Induce Host Shutoff. (A) Amino acid sequences of SARS-CoV-1 nspl (NP_828860.2) and
SARS-CoV-2 nspl (YP_009725297.1) were aligned using NCBI Multiple Sequence Protein
Blast. (B) Schematic of the SARS-CoV-2 nspl mutants in plasmid. (C) Cell lysate was collected
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from cultured 293T cells transfected with plasmids containing mutated SARS-CoV-2 nspl for
SDS-page and Western blot analysis. (D) Gaussia luciferase activities of plasmids containing
mutated SARS-CoV-2 nspl genes co-transfected with EF1a-Gaussia luciferase reporter plasmid
into cultured 293T cells and cell lysate collected for Gaussia luciferase assay 24hr post

transfection. Error bars indicate the standard deviations of at least three replicates: ns, p > 0.05;
*0.01 <p<0.05; **0.001 <p <0.01; *** 0.0001 <p <0.001; 0.001< p <0.0001.

The results show the R124A,K125A nspl mutant retained its ability to reduce Gaussia
luciferase activity, but this reduction was suppressed when compared to WT nspl. The
K164A,H165A nspl mutant and the A122-130 nsp1 mutant showed a complete inhibition of the
proteins ability to induce host shutoff. These results suggest SARS-COV-2 nspl does share
similar mechanism to induce host shutoff as SARS-CoV, as it has been shown that the K164
H165 residues of SARS-CoV are responsible for the protein binding to the 40S ribosomal unit,
and alanine substitutions of these resides suppresses nspl’s ability to inhibit translation of
cellular proteins, while the residues responsible for mRNA cleavage, R124 and K125, do not
have as strong of a role as the 40S binding residues. Taken together, these results suggest the
nspl protein of SARS-CoV-2 can inhibition protein synthesis, and that it may do so in a similar

fashion.

Identification of Additional SARS-CoV-2 Shut Off Factors That Show the Ability to Induce

Host Shutoff in Screening Utilizing Gaussia Luciferase Assay

Previous reports have shown other SARS-CoV genes may contribute to host shutoff
during viral replication, and because SARS-CoV and SARS-CoV-2 viral genomes share ~79
sequence similarity, we hypothesized other SARS-CoV-2 viral genes may also contribute to the
suppression of cellular protein synthesis. Upon viral infection, the SARS-CoV-2 viral genome is

translated into two polypeptide precursors ORFla and ORF1b. The precursors undergo

78



proteolytic processing by viral proteinases to generate the nonstructural proteins 1-16. The rest
of the viral genome is made up of structural proteins and accessory proteins that are translated
directly from the viral genome or viral subgenomic mRNAs (Nakagawa et al., 2016). The
accessory proteins are encoded in individual ORFs 2-10, and the structural proteins are made up
of the nucleocapsid protein (N), membrane protein (M), envelope protein (E), and the spike
protein (S; see Figure 4.4-A). To screen the SARS-CoV-2 viral genes for their contribution to
host shutoff, we co-transfected a plasmid containing each gene with a Gaussia luciferase plasmid
reporter and collected the media after 24h for Gaussia luciferase assay. Nsp1 showed the highest
reduction in Gaussia luciferase activity with a ~79 fold reduction (see Figure 4.4-B). Structural
proteins S, E, M, and N showed a reduction in Gaussia luciferase activity with a 1.8-, 2.2-, 3.6-,
and 2.2-fold change reduction respectively. Surprisingly nsp5 showed a ~44-fold reduction when
co-transfected with the Gaussia luciferase reporter plasmid. Nsp5 is a viral proteinase and is
responsible for processing the mature viral replicase proteins (Roe et al., 2021). Previous reports
have shown nsp5 assists SARS-CoV-2 evade the host innate immune response by targeting RIG-
1 and the mitochondrial antiviral signaling (MAVS) protein (Y. Liu et al., 2021). Our data
suggests nspS may play a bigger role in induction of viral host shutoff, which is not an
uncommon mechanism as other viral genes such poliovirus proteases 2Apro and 3Cpro, and
HIV-1 PR target host proteins as well as their viral precursor substrates (Alvarez et al., 2006;

Burgess et al., 2018).

Figure 4.4
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Screening of SARS-CoV-2 Genes Utilizing Gaussia Luciferase Assay. (A) Schematic of SARS-
CoV-2 genome with proteins annotated (B) Gaussia luciferase activities of plasmids containing
SARS-CoV-2 genes co-transfected with EF1a-Gaussia luciferase reporter plasmid into cultured
293T cells and cell lysate collected for Gaussia luciferase assay 24hr post transfection. Error bars
indicate the standard deviations of at least three replicates: ns, p > 0.05; * 0.01 < p <0.05; **

vector

0.001 <p<0.01; ***0.0001 <p <0.001; 0.001 <p <0.0001.

Table 4.2

SARS-CoV-2 9% Identity to SARS-COV  Relative Gaussia Luciferase Activities p-Value

Orflab
nspl
nsp2

86.19
84.44
68.34

80
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0.51
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nsp3 75.97

nsp4 80.00 0.51 *
nspS 96.08 0.02 ok
nsp6 88.15 1.23 ns
nsp7 98.80 1.17 ns
nsp8 97.47 1.25 ns
nsp9 97.35 1.27 ns
nspl0 97.12

nspll 2.61 ns
nspl2 96.35 0.72 ns
nspl3 99.83 1.34 ok
nspl4 95.07 3.72 *
nspl5 88.73 1.99 *x
nspl6 93.29 1.61 *x
S 75.76 0.54 *
Orf3a 72.36 1.40 *
E 94.74 0.45 *
M 96.00 0.26 *x
Orf6 68.85 0.73 ns
Orf7a 85.25 1.12 ns
Orf7b 85.37 2.77 *x
Orf8 0.81 ns
N 90.52 0.44 *
Orf10

Host Shutoff Functional Screening of SARS-Cov-2 Proteins. The complete results from the
preliminary screening of Figure 4.4. Gaussia luciferase activities of plasmids containing SARS-
CoV-2 genes co-transfected with EFla-Gaussia luciferase reporter plasmid into cultured 293T
cells and cell lysate collected for Gaussia luciferase assay 24h post transfection. Error bars indicate
the standard deviations of at least three replicates: ns, p > 0.05; * 0.01 <p <0.05; ** 0.001 <p <
0.01; ***0.0001 <p <0.001; 0.001 <p <0.0001.
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Discussion

The ongoing COVID-19 pandemic and the risk of future outbreaks highlight the need to
characterize SARS-CoV-2 interaction with the host and studying host shutoff can elucidate the
mechanisms required for viral replication that can be used as a target to improve the currently
available therapeutics and treatments for COVID-19. The most well studied human coronavirus
host shutoff factor is nsp1, and fundamental research on SARS-CoV and other HCoVs have
provided a foundation to understand the mechanisms of SARS-COV-2 viral replication. To
elucidate whether nspl of SARS-CoV-2 could induce host shutoff, we used a EFla-Gaussia
luciferase reporter plasmid and showed SARS-CoV-2 could significantly reduce the Gaussia
luciferase activity, and this reduction was comparable to SARS-CoV. We next performed an
amino acid alignment of SARS-CoV and SARS-CoV-2 nspl and showed an 84.44% sequence
similarity. This along with the similarity in Gaussia luciferase reduction, we hypothesized the
genes may utilize similar mechanisms to suppress host cellular protein synthesis. To investigate
the similarities between SARS-CoV and SARS-CoV-2 nspl, we generated SARS-CoV-2
plasmids containing mutations to previously identified amino acid residues critical for the host
shutoff function of SARS-CoV nspl. These results showed the same amino acid residues
involved in host shutoff for SARS-CoV nspl are also important for the host shutoff function of
SARS-CoV-2 nspl. These results suggest SARS-CoV and SARS-CoV-2 may utilize similar

mechanisms to induce host shutoff.

82



Recently published papers characterizing the host shutoff of SARS-CoV-2 nspl are
consistent with our findings. The lysine 164 located in the C-terminal was shown to be critical to
binding of the 40S ribosome, and mutations at this residue inhibited the protein from interacting
with the 40S ribosome and showed a reduction in inhibition of host protein synthesis (Shen et al.,
2020). Structural analysis by cryo-electron microscopy revealed the C-terminal of nspl SARS-
CoV-2 binds to and blocks the mRNA entry channel (Schubert et al., 2020; Thoms et al., 2020).
The N-terminal R124 K125 and A122-130 residues were found to be critical for the stabilization
of the C-terminal ribosome binding (Mendez et al., 2021). The 5” untranslated region of SARS-
CoV-2 viral genomic and subgenomic mRNA was shown to stimulate translation of viral
transcripts, and the R124 K125 residues along with R99 were found to be required for SARS-
CoV-2 leader sequence mediated translation in the presence of nspl (Mendez et al., 2021;
Schubert et al., 2020). Characterizing SARS-CoV-2 nspl has indicated that it may be a target for
the creation of attenuated strains in the development of improved vaccines, and a potential target
for therapeutic drugs, as it has been shown to play a role in inhibiting the cellular immune

response (Beyer & Forero, 2022; de Lima Menezes et al., 2021).

To further characterize SARS-CoV-2 host shutoff factors, we performed a screening of
the non-structural, structural, and accessory proteins to determine their effects to virus induced
host shutoff. We also observed a reduction in Gaussia luciferase activities in the structural and
accessory proteins S, E, M, and N. The SARS-CoV-2 viral proteinase nsp5 responsible for
processing the mature viral replicase proteins showed a strong reduction in Gaussia luciferase
activities. Previous reports have shown that nsp5 assists SARS-CoV-2 evade the host innate

immune response by targeting RIG-1 and the mitochondrial antiviral signaling (MAVS) protein
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(Y. Liu et al., 2021). Our data suggests nspS may have a broad impact on reduction of host
protein abundance, which is not an uncommon mechanism for viral proteases as the poliovirus
proteases 2Apro and 3Cpro, and HIV-1 PR target host proteins as well as their viral precursor
substrates (Alvarez et al., 2006; I. Mohr, 2016). These results identified additional viral factors
that may contribute to SARS-CoV-2 host shutoff, and that the viral proteinase nsp5 may target
host cellular proteins along with its precursors viral protein substrates. More investigations into
nsp5 will elucidate whether this viral proteinase targeting of host proteins is specific or broader
than originally hypothesized. Elucidating additional host shutoff factors of SARS-CoV-2 and
fully characterizing the viral mechanisms that contribute to efficient viral replication will provide
a foundation for future viral pandemic research and improve the therapeutics and treatments for

the current pandemic.

Materials and Methods

Cells and Viruses

293T cells were cultured in Dulbecco’s minimal essential medium (DMEM; Quality
Biological) supplemented with 10% fetal bovine serum (FBS; Peak Serum), 2 mM glutamine
(Quality Biological), 100 U/ml of penicillin (Quality Biological), and 100 pg/ml streptomycin

(Quality Biological). The cells were grown under 5% CO, at 37°C.

Chemicals and Antibodies

Lipofectamine 2000 Reagent (11668-019) was purchased from Invitrogen. Opti-MEM

Reduced Serum Medium (31985-070) used in transfection was purchased from Thermo Fisher

84



Scientific. Mouse a-Flag monoclonal antibody (used for Western blotting) was purchased from
Sigma-Aldrich (catalog no. F3165). Anti-DAPDH antibody (G-9) RP conjugated was purchased

from Santa Cruz Biotechnology (sc-365062 HRP).

Codon Optimization, Plasmid Construction, and Transfection

The plasmid vectors expressing HCoV nspl (pcDNA3.1-HCoV-229E-3xFlag and
pcDNA3.1-HCoV-NL63-3xFlag, pcDNA3.1-HCoV-0OC43-3xFlag, pcDNA3.1-HCoV-HKU1-
3xFlag, pcDNA3.1-MERS-CoV-3xFlag, pcDNA3.1-SARS-CoV-3xFlag, and pcDNA3.1-SARS-
CoV-2-3xFlag) were codon optimized for expression in human cells and manufactured by
GenScript based on previously described pcDNA3.1-D10-3xFlag (Cantu et al., 2020). The
SARS-CoV-2 nspl substitution and deletion mutants were constructed using the Q5 Site-
Directed Mutagenesis Kit (New England Biolabs , E0554S) per manufacturer instructions. The
pCDH plasmids expressing SARS-CoV-2 genes were a gift from Pei-Hui Wang, Shandong
University. Plasmid transfections were carried out using Lipofectamine 2000 (Thermo Fisher

Scientific; catalog no. 11668019) according to the manufacturer’s instructions.

Western Blot Analysis

Western blotting was performed as described previously (Pant et al., 2021). Briefly, the
samples were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), followed by transferring to a polyvinylidene difluoride (PVDF) membrane. The PVDF
membrane was blocked with 2% bovine serum albumin (BSA) or 5% milk plus 1% BSA at room
temperature for 1h and then incubated with primary antibodies in the same blocking buffer at

room temperature for 1h or at 4°C overnight. After washing with Tris-buffered saline with
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Tween 20 (TBST) three times, membranes were incubated with secondary antibodies at room
temperature for 1h and washed three times with TBST. Before imaging, the membrane was
developed using SuperSignal West Femto maximum-sensitivity substrate (Thermo Fisher

Scientific; catalog no. 34094).

Gaussia Luciferase Activity Assay
Gaussia luciferase activities were measured using the Pierce Gaussia luciferase flash
assay kit (Thermo Fisher Scientific, 16158) by a luminometer, according to the manufacturer’s

instructions.

Statistical Analysis
Student’s z-test was performed to evaluate statistical differences from at least three
replicates. The following symbols were used to indicate statistical significance: ns, p > 0.05; *

0.01 <p<0.05; **0.001 <p<0.01; ***0.0001 <p <0.001; 0.001 <p <0.0001.
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Chapter 5 - Conclusion

The findings presented in this dissertation provide valuable tools that can be used to
elucidate host shutoff mechanisms and identifies novel host shutoff factors that could lead to
discovering new mechanisms involved in host shutoff. The results increase our understanding of
viral host shutoff factors which may contribute to the development of better therapeutics as
deletion of host shutoff factors have been shown to stimulate a more robust immune response

during viral infection and result in viral attenuation (Burgess et al., 2018; Dunagan et al., 2021).

Previous methods to measure host shutoff in virus infected samples have extensively
advanced the current field of virology. While some our considered the gold standard, they do
contain limitations such as changing the cellular environment and being too labor consuming for
rapid clinical testing. In Chapter 2 of this dissertation, we set out to develop a new high-
throughput assay to analyze host shutoff by utilizing a cell line stably expressing Gaussia
luciferase. The novel method allowed us to measure host shutoff in VACV infected cells
quantitatively and in real-time from a single infected sample. We demonstrated the utility of
Gaussia luciferase assay in VACV infected cells and showed the strongest inhibition of
translation came from post-replication of the viral genome, which agreed with the current body
of knowledge. The results indicated Gaussia luciferase is sensitive to changes involved in virus-
host interactions, and this reporter could be used to study gene expression, promoter activity, and
signal transduction in viral infection. This assay has practical application outside of viral
infection, as inhibition and/or dysregulation of translation can be found in various pathologies
such as cancer (Chu et al., 2016). Thus, the work done here contributes beyond the field of

virology and has the potential to impact many areas of study.
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Table 1.1 in Chapter 1 lists notable viruses that employ multiple mechanisms that
contribute to host shutoff and demonstrates the complexity and interconnectivity of various
cellular processes such as transcription, mMRNA processing and export, and translation. This
creates an opportunity for viral genes that act on other cellular processes to contribute to
inhibition of translation. While multiple VACYV factors have been suggested to contribute to host
shutoff, how much they contribute and whether additional host shutoff factors exist has not been
fully addressed. Our work in Chapter 2 suggests VACV encodes previously unidentified late
gene viral factors contribute to host shutoff. In Chapter 3 of this dissertation, we developed a
VACYV late gene screening assay to identify additional VACYV late genes that contribute to host
shutoff. The benefit of this assay is it can be utilized to screen the mechanisms of VACV viral
late genes other than host shutoff whose functions have not been identified or fully characterized.
Our preliminary screening identified eight late genes that were capable of inducing host shutoff,
a function not previously defined for these genes (Dhungel et al., 2020). One reason our results
could differ from previous data is the novel use of the Gaussia luciferase assay to measure host
shutoff. This study suggests disruption of post-translational processes such as protein trafficking
may contribute to host shutoff. This raises two questions: What cellular proteins are impacted by
disruption of protein processing and trafficking? and what is the mechanism responsible for
inducing the host shutoff? The results identified in this dissertation could lead to the discover of
new viral mechanism that contributes to host shutoff. We provide a unique method to measure
host shutoff and its regulation by post-translational mechanisms such as trafficking, and future
studies involving Gaussia luciferase could answer questions about its reliability as a reporter for

the high-throughput screening assay to identify novel host shutoff factors.
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Multiple vaccines and therapies have been developed to mitigate the risk of Coronavirus
disease 2019, a respiratory illness caused by the novel severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). A better understanding of the virus and its pathogenesis will allow
for the development of improved treatments for the current and future coronavirus pandemics.
As SARS-CoV-2 is a newly discovered virus, extensive research remains to characterize and
understand how the virus interacts with the host cell. In Chapter 4, we set out to characterize the
possible host shutoff factor nspl of SARS-CoV-2. The results showed nspl SARS-CoV-2 could
induce host shutoff, and the conserved amino acid motifs are essential for this function. This
work is consistent with the data of recently published articles and supports the use of the Gaussia
luciferase reporter to measure host shutoff. The limitation of this work is these experiments were
done with plasmid expression, future studies characterizing nsp1 within the context of viral
infection will provide a truer picture of its contribution to viral replication. Characterizing
SARS-CoV-2 nspl as a host shutoff factor identifies it as a target for the creation of attenuated
strains in the development of improved vaccines, and a potential target for therapeutic drugs, as
it has been shown to play a role in inhibiting the antiviral immune response (Beyer et al., 2020;

de Lima Menezes et al., 2021).

Multiple viral genes of SARS-CoV-1 have been implicated in contributing to host
shutoff. Whether or not additional viral genes encoded by SARS-CoV-2 contribute to host
shutoff remains unknown. To identify additional SARS-CoV-2 host shutoff factors, we
performed a screening of all the SARS-CoV-2 viral genes to measure their ability to induce host

shutoff. The results suggest a few structural and accessory proteins are capable of inducing host
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shutoff, as well as the viral proteinase nsp5 responsible for processing the mature viral replicase
proteins (Roe et al., 2021). While previous data has suggested nsp5 target specific protein
involved in the host innate immune responses, our data suggests nspS may have a broad impact
on suppression of protein synthesis, which is not an uncommon mechanism for viral proteases as
the poliovirus proteases 2Apro and 3Cpro, and HIV-1 PR target host proteins as well as their
viral precursor substrates (Alvarez et al., 2006; 1. Mohr, 2016). Two questions remain
unanswered: What cellular proteins does nsp5 cleave? and Does this cleavage inhibit translation
of newly synthesized proteins or alter the existing pool? Structural studies of nsp5 could identify
protein domains involved in its cleavage and identify a new target for virus specific inhibitory
drugs. As multiple viruses utilize viral proteases, a conserved protein domain provides the
opportunity for broad-acting antiviral agents. This work identifies nsp5 as a potential host shutoff
factor and future studies should characterize the underlying mechanism and identify its cellular

substrates.

Together, the work in this dissertation furthers our understanding of how viruses interact
with the host cell to induce host shutoff. Our results identify potential viral specific targets for
the development of improved attenuated viruses for vaccines or oncolytic viruses. Future studies
should elucidate the underlying mechanisms of the host shutoff factors, IS of VACV and nsp5 of
SARS-CoV-2, identified in this dissertation, and potentially identify unknown connections
between translation regulation and various cellular processes such as those involved in the
central dogma, the immune response, or metabolism. The continued development of the methods
introduced in this dissertation as well as future technology and techniques utilized to characterize

viral host shutoff will be beneficial to the field of virology, as well as various pathologies that
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alter cellular translation, and to the field of cellular biology. All these avenues addressed in this
dissertation will improve our understanding of how viruses interact with their host and allow us

to better serve the public.

91



References
Adams, J., Feuerborn, M., Molina, J. A., Wilden, A. R., Adhikari, B., Budden, T., & Lee, S. Y.
(2019). Autophagy-lysosome pathway alterations and alpha-synuclein up-regulation in
the subtype of neuronal ceroid lipofuscinosis, CLNS5 disease. Scientific Reports, 9(1),

Article 151. https://doi.org/10.1038/s41598-018-36379-z

Addetia, A., Lieberman, N. A. P., Phung, Q., Hsiang, T. Y., Xie, H., Roychoudhury, P.,
Shrestha, L., Loprieno, M. A., Huan, M-L., Gale, M., Jr., & Greninger, A. L. (2021).
SARS-CoV-2 ORF6 disrupts bidirectional nucleocytoplasmic transport through
interactions with Rael and Nup98. mBio, 12(2), €00065-21.

https://doi.org/10.1128/mBi0.00065-21

Agy, M. B., Wambach, M., Foy, K., & Katze, M. G. (1990). Expression of cellular genes in CD4
positive lymphoid cells infected by the human immunodeficiency virus, HIV-1: Evidence
for a host protein synthesis shut-off induced by cellular mRNA degradation. Virology,

177(1), 251-258. https://doi.org/10.1016/0042-6822(90)90478-a

Alberts, B., Johnson, A., Lewis, J., Morgan, D., Raff, M., Roberts, K., & Walters, P. (2015).
Molecular biology of the cell (6th ed.). Garland Science.

Altenburg, A. F., Kreijtz, J. H., deVries, R. D., Song, F., Fux, R., Rimmelzwaan, G. F., Sutter,
G., & Volz, A. (2014). Modified vaccinia virus ankara (MVA) as production platform
for vaccines against influenza and other viral respiratory diseases. Viruses, 6(7), 2735—

2761. https://doi.org/10.3390/v6072735

Alvarez, E., Castello, A., Menéndez-Arias, L., & Carrasco, L. (2006). HIV protease cleaves
poly(A)-binding protein. Biochemical Journal, 396(2), 219-226.

https://doi.org/10.1042/BJ20060108

92



Banerjee, A. K., Blanco, M. R., Bruce, E. A., Honson, D. D., Chen, L. M., Chow, A., Bhat, P.,
Ollikainen, N., Quinodoz, S. A., Loney, C., Thai, J., Miller, A. D., Lin, A. E., Schmidt,
M. M., Stewart, D. G., Goldfarb, D., De Lorenzo, G., Rihn, S. J., Voorhees, R. M. . ..
Guttman, M. (2020). SARS-CoV-2 disrupts splicing, translation, and protein trafficking
to suppress host defenses. Cell, 183(5), 1325-1339.

https://doi.org/10.1016/1.cell.2020.10.004

Beaud, G, & Dru, A. (1980). Protein synthesis in vaccinia virus-infected cells in the presence of
amino acid analogs: a translational control mechanism. Virology, 100(1), 10-21.

https://doi.org/10.1016/0042-6822(80)90547-4

Becker, Y., & Joklik, W. K. (1964). Messenger RNA in cells infected with vaccinia virus.
Proceedings of the National Academy of Sciences of the United States of America, 51,

577-585. https://doi.org/10.1073/pnas.51.4.577

Best, M. D. (2009). Click chemistry and bioorthogonal reactions, unprecedented selectivity in
the labeling of biological molecules. Biochemistry, 48(28), 6571-6584.

https://doi.org/10.1021/bi9007726

Beyer, D. K., & Forero, A. (2022). Mechanisms of antiviral immune evasion of SARS-CoV-2.
Journal of Molecular Biology, 434(6), Article 167265.

https://doi.org/10.1016/j.imb.2021.167265

BioRender. (2022). Create professional science figures in minutes [Computer software].

https://biorender.com/

Birkenheuer, C. H., & Baines, J. D. (2020). RNA polymerase II promoter-proximal pausing and
release to elongation are key steps regulating herpes simplex virus 1 transcription.

Journal of Virology, 94(5), 1-27. https://doi.org/10.1128/JVI1.02035-19

93



Birkenheuer, C. H., Danko, C. G., & Baines, J. D. (2018). Herpes simplex virus 1 dramatically
alters loading and positioning of RNA polymerase II on host genes early in infection.

Journal of Virology, 92(8), 1-18. https://doi.org/10.1128/JVI1.02184-17

Birkenheuer, C. H., Dunn, L., Dufour, R., & Baines, J. D. (2022). The ICP22 protein of herpes
simplex virus 1 decreases RNA polymerase processivity. Journal of Virology, 96(5),

e02191-21. https://doi.org/10.1128/jvi.02191-21

Bobrovs, R., Kanepe, 1., Narvaiss, N., Patetko, L., Kalnins, G., Sisovs, M., Bula, A. L.,
Grinberga, S., Boroduskis, M., Ramata-Stunda, A., Rostoks, N., Jirgensons, A., Tars, K.,
& Jaudzems, K. (2021). Discovery of SARS-CoV-2 Nsp14 and Nsp16 methyltransferase
inhibitors by high-throughput virtual screening. Pharmaceuticals (Basel), 14(12), 1-15.

https://doi.org/10.3390/ph14121243

Bogdanow, B., Schmidt, M., Weisbach, H., Gruska, 1., Vetter, B., Imami, K., Ostermann, E.,
Brune, W., Selbach, M., Hagemeier, C., & Wiebusch, L. (2020). Cross-regulation of viral

kinases with cyclin A secures shutoff of host DNA synthesis. Nature Communications,

11(1), 1-13. https://doi.org/10.1038/s41467-020-18542-1

Bouloy, M., Morgan, M. A., Shatkin, A. J., & Krug, R. M. (1979). Cap and internal nucleotides
of reovirus mRNA primers are incorporated into influenza viral complementary RNA
during transcription in vitro. Journal of Virology, 32(3), 895-904.

https://doi.org/10.1128/JV1.32.3.895-904.1979

Bouvet, M., Imbert, 1., Subissi, L., Gluais, L., Canard, B., & Decroly, E. (2012). RNA 3’-end
mismatch excision by the severe acute respiratory syndrome coronavirus nonstructural

protein nsp10/nsp14 exoribonuclease complex. Proceedings of the National Academy of

94



Science of the United States of America, 109(24), 9372-9377.

https://doi.org/10.1073/pnas.1201130109

Breitbach, C. J., Burke, J., Jonker, D., Stephenson, J., Haas, A. R., Chow, L. Q. M., Nieva, J.,
Hwang, T-H., Moon, A., Patt, R., Pelusio, A., Le Boeuf, F., Burns, J., Evgin, L., De
Silva, N., Cvancic, S., Robertson, T., Je, J-E., Lee, . . . Kim, D. H. (2011). Intravenous
delivery of a multi-mechanistic cancer-targeted oncolytic poxvirus in humans. Nature,
477(7362), 99-102.

Burgess, H. M., & Mohr, I. (2015). Cellular 5°-3> mRNA exonuclease Xrnl controls double-
stranded RNA accumulation and anti-viral responses. Cell Host & Microbe, 17(3), 332—

344. https://doi.org/10.1016/j.chom.2015.02.003

Burgess, H. M., Pourchet, A., Hajdu, C. H., Chiriboga, L., Frey, A. B., & Mohr, 1. (2018).
Targeting poxvirus decapping enzymes and mRNA decay to generate an effective

oncolytic virus. Molecular Therapy Oncolytics, 8, 71-81.

https://doi.org/10.1016/1.0mt0.2018.01.001

Cacoullos, N., & Bablanian, R. (1991). Polyadenylated RNA sequences produced in vaccinia
virus-infected cells under aberrant conditions inhibit protein synthesis in vitro. Virology,

184(2), 747-751. https://doi.org/10.1016/0042-6822(91)90445-h

Cantu, F., Cao, S., Hernandez, C., Dhungel, P., Spradlin, J., & Yang, Z. (2020). Poxvirus
encoded decapping enzymes promote selective translation of viral mRNAs. PLoS

Pathogens, 16, €1008926. https://doi.org/10.1371/journal.ppat. 1008926

Cao, S., Molina, J. A., Cantu, F., Hernandez, C., & Yang, Z. (2022). A poxvirus decapping
enzyme colocalizes with mitochondria to regulate RNA metabolism and translation and

promote viral replication. mBio, 13(3). https://doi.org/10.1128/mbio.00300-22

95



Carey, M., Peterson, C. L., & Smale, S. T. (2008). Transcriptional regulation in eukaryotes:
Concepts, strategies, and techniques (2nd ed.). Cold Spring Harbor Laboratory Press.

Castello, A., Franco, D., Moral-Lépez, P., Berlanga, J. J., Alvarez, E., Wimmer, E., & Carrasco,
L. (2009). HIV-1 protease inhibits Cap- and poly(A)-dependent translation upon elF4GI
and PABP cleavage. PLoS One, 4(11), €7997.

https://doi.org/10.1371/journal.pone.0007997

Chan, A. Y., Vreede, F. T., Smith, M., Engelhardt, O. G., & Fodor, E. (2006). Influenza virus
inhibits RNA polymerase II elongation. Virology, 351(1), 210-217.

https://doi.org/10.1016/1.virol.2006.03.005

Chang, L. J., & Chen, T. H. (2021). NSP16 2°-O-MTase in coronavirus pathogenesis: Possible
prevention and treatments strategies. Viruses, 13(4), 1-12.

https://doi.org/10.3390/v13040538

Chen, Z., & Krug, R. M. (2000). Selective nuclear export of viral mRNAs in influenza-virus-

infected cells. Trends in Microbiology, 8(8), 376—383. https://doi.org/10.1016/s0966-

842x(00)01794-7

Chu, J., Cargnello, M., Topisirovic, 1., & Pelletier, J. (2016). Translation initiation factors:
Reprogramming protein synthesis in cancer. Trends in Cell Biology, 26(12), 918-933.

https://doi.org/10.1016/j.tcb.2016.06.005

Cimarelli, A., & Luban, J. (1999). Translation elongation factor 1-alpha interacts specifically
with the human immunodeficiency virus type 1 Gag polyprotein. Journal of Virology,

73(7), 5388-5401. https://doi.org/10.1128/JV1.73.7.5388-5401.1999

Comeau, M. R., Johnson, R., DuBose, R. F., Petersen, M., Gearing, P., VandenBos, T., Park, L.,

Farrah, T., Buller, R. M., Cohen, J. L., Stockbine, L. D., Rauch, C., & Spriggs, M. K.

96



(1998). A poxvirus-encoded semaphorin induces cytokine production from monocytes
and binds to a novel cellular semaphorin receptor, VESPR. Immunity, 8(4), 473—-482.

https://doi.org/10.1016/s1074-7613(00)80552-x

Costin, J. M. (2007). Cytopathic mechanisms of HIV-1. Virology Journal, 4, Article 100.

https://doi.org/10.1186/1743-422X-4-100

Cotter, C. A., Earl, P. L., Wyatt, L. S., & Moss, B. (1998). Preparation of cell cultures and
vaccinia virus stocks. Current Protocols Protein Science, 89, Unit 5.12.

https://doi.org/10.1002/0471140864.ps0512s13

Courtney, R. J., & Benyesh-Melnick, M. (1974). Isolation and characterization of a large
molecular-weight polypeptide of herpes simplex virus type 1. Virology, 62(2), 539-551.

https://doi.org/10.1016/0042-6822(74)90414-0

Das, K., Ma, L. C., Xiao, R., Radvansky, B., Aramini, J., Zhao, L., Marklund, J., Kuo, R-L.,
Twu, K. Y., Arnold, E., Krug, R. M., & Montelione, G. T. (2008). Structural basis for
suppression of a host antiviral response by influenza A virus. Proceedings of the National
Academy of Science of the United States of America, 105(35), 13093—13098.

https://doi.org/10.1073/pnas.0805213105

Dauber, B., Saffran, H. A., & Smiley, J. R. (2019). The herpes simplex virus host shutoff (vhs)
RNase limits accumulation of double stranded RNA in infected cells: Evidence for
accelerated decay of duplex RNA. PLoS Pathogens, 15(10), e1008111.

https://doi.org/10.1371/journal.ppat. 1008111

Davidson, L., Muniz, L., & West, S. (2014). 3’ end formation of pre-mRNA and phosphorylation
of Ser2 on the RNA polymerase I CTD are reciprocally coupled in human cells. Genes

Dev, 28(4), 342-356. https://doi.org/10.1101/gad.231274.113

97



de Lima Menezes, G., & da Silva, R. A. (2021). Identification of potential drugs against SARS-
CoV-2 non-structural protein 1 (nspl). Journal of Biomolecular Structure and Dynamics,

39(15), 5657-5667. https://doi.org/10.1080/07391102.2020.1792992

Dembowski, J. A., & DeLuca, N. A. (2015). Selective recruitment of nuclear factors to

productively replicating herpes simplex virus genomes. PLoS Pathogens, 11(5),

€1004939. https://doi.org/10.1371/journal.ppat.1004939

Dhungel, P., Cantu, F. M., Molina, J. A., & Yang, Z. (2020). Vaccinia virus as a master of host
shutoff induction: Targeting processes of the central dogma and beyond. Pathogens, 9(5),

400. https://doi.org/10.3390/pathogens9050400

Dremel, S. E., & DeLuca, N. A. (2019). Herpes simplex viral nucleoprotein creates a competitive
transcriptional environment facilitating robust viral transcription and host shut off. eLife,

8, e51109. https://doi.org/10.7554/eLife.51109

Dunagan, M. M., Hardy, K., & Takimoto, T. (2021). Impact of Influenza A virus shutoff proteins

on host immune responses. Vaccines, 9(6), 629. https://doi.org/10.3390/vaccines9060629

Erez, N., Achdout, H., Milrot, E., Schwartz, Y., Wiener-Well, Y., Paran, N., Politi, B., Tamir,
H., Israely, T., Weiss, S., Beth-Dinn, A., Shifman, O., Israeli, O., Yitzhaki, S., Shapira,
S. C., Melamed, S., & Schwartz, E. (2019). Diagnosis of imported Monkeypox, Israel,
2018. Emerging Infectious Diseases, 25(5), 980-983.

https://doi.org/10.3201/eid2505.190076

Everly, D. N., Feng, P., Mian, 1. S., & Read, G. S. (2002). mRNA degradation by the virion host
shutoff (Vhs) protein of herpes simplex virus: Genetic and biochemical evidence that Vhs
is a nuclease. Journal of Virology, 76(17), 8560—8571.

https://doi.org/10.1128/jvi.76.17.8560-8571.2002

98



Fehr, A. R., & Perlman, S. (2015). Coronaviruses: An overview of their replication and
pathogenesis. In H. J. Maier, E. Bickerton, & P. Britton (Eds.), Coronaviruses: Methods
in molecular biology (Book series, Vol. 1282, pp. 1-23). Humana Press.

https://doi.org/10.1007/978-1-4939-2438-7 1

Fenner, F. (1993). Smallpox: Emergence, global spread, and eradication. History and Philosophy

of the Life Sciences, 15(3), 397—420. https://pubmed.ncbi.nlm.nih.gov/7529932/

Finkel, Y., Gluck, A., Nachshon, A., Winkler, R., Fisher, T., Rozman, B., Mizrahi, O., Lubelsky,
Y., Zuckerman, B., Slobodin, B., Yahalom-Ronen, Y., Tamir, H., Ulitsky, L., Israely, T.,
Paran, N., Schwartz, M., & Stern-Ginossar, N. (2021). SARS-CoV-2 uses a multipronged
strategy to impede host protein synthesis. Nature, 594(7862), 240-245.

https://doi.org/10.1038/s41586-021-03610-3

Firth, A. E., Jagger, B. W., Wise, H. M., Nelson, C. C., Parsawar, K., Wills, N. M., Napthine, S.,
Taubenberger, J. K., Digard, P., & Atkins, J. F. (2012). Ribosomal frameshifting used in

influenza A virus expression occurs within the sequence UCC_UUU_CGU and is in the

+1 direction. Open Biology, 2(10), 120109. https://doi.org/10.1098/rsob.120109
Garcia-Arriaza, J., & Esteban, M. (2014). Enhancing poxvirus vectors vaccine immunogenicity.
Human Vaccines & Immunotherapeutics, 10(8), 2235-2244.

https://doi.org/10.4161/hv.28974

Garcia-Belmonte, R., Pérez-Nuiiez, D., Pittau, M., Richt, J. A., & Revilla, Y. (2019). African
swine fever virus Armenia/07 virulent strain controls interferon beta production through
the cGAS-STING pathway. Journal of Virology, 93(12), €02298-18.

https://doi.org/10.1128/JV1.02298-18

99



Gaucherand, L., Porter, B. K., Levene, R. E., Price, E. L., Schmaling, S. K., Rycroft, C. H.,
Kevorkian, Y., McCormick, C., Khaperskyy, D. A., & Gaglia, M. M. (2019). The
influenza a virus endoribonuclease PA-X usurps host mRNA processing machinery to
limit host gene expression. Cell Reports, 27(3), 776—792.

https://doi.org/10.1016/j.celrep.2019.03.063

Glaunsinger, B. A. (2015). Modulation of the translational landscape during herpesvirus

infection. Annual Review of Virology, 2(1), 311-333. https://doi.org/10.1146/annurev-

virology-100114-054839

Goodman, C. A., & Hornberger, T. A. (2013). Measuring protein synthesis with SUnSET, a
valid alternative to traditional techniques? Exercise and Sport Sciences Reviews, 41(2),

107-115. https://doi.org/10.1097/JES.0b013e3182798a95

Gorbalenya, A. E., Baker, S. C., Baris, R. S. de Groot, R. J., Drosten, C., Gulyaeva, A. A.,
Haagmans, B. L., Lauber, C., Leontovich, A. M., Neuman, B. W., Penzar, D., Perlman,
S., Poon, L. L., Samborskiy, D., Sidorov, I. A., Sola, 1., & Ziebuhr, J. (2020). Severe
acute respiratory syndrome-related coronavirus: The species and its viruses — a statement

of the coronavirus study group. bioRyiv, 1. https://doi.org/10.1101/2020.02.07.937862

Hadjadj, J., Yatim, N., Barnabei, L., Corneau, A., Boussier, J., Smith, N., Péré¢, H., Charbit, V.,
Bondet, V., Chenevier-Gobeaux, C., Breillat, P., Carlier, N., Gauzit, R., Morbieu, C.,
Péne, F., Marin, N., Roche, N., Szwebel, T-A., Merkling, S. H., . . . Terrier, B. (2020).
Impaired type I interferon activity and inflammatory responses in severe COVID-19

patients. Science, 369(6504), 718—724. https://doi.org/10.1126/science.abc6027

100



Hanafusa T. (1960). Alteration of nucleic acid metabolism of host cells by active and
inactivated forms of vaccinia virus. Biken'’s Journal, 3(4), 313-327.

https://doi.org/10.18910/83079

Hardwicke, M. A., & Sandri-Goldin, R. M. (1994). The herpes simplex virus regulatory protein
ICP27 contributes to the decrease in cellular mRNA levels during infection. Journal of

Virology, 68(8), 4797-4810. https://doi.org/10.1128/JV1.68.8.4797-4810.1994

Hardy, W. R., & Sandri-Goldin, R. M. (1994). Herpes simplex virus inhibits host cell splicing,
and regulatory protein ICP27 is required for this effect. Journal of Virology, 68(12),

7790-7799. https://doi.org/10.1128/JVI1.68.12.7790-7799.1994

Hashizume, C., Kuramitsu, M., Zhang, X., Kurosawa, T., Kamata, M., & Aida, Y. (2007).
Human immunodeficiency virus type 1 Vpr interacts with spliceosomal protein SAP145
to mediate cellular pre-mRNA splicing inhibition. Microbes and Infection, 9(4), 490-497.

https://doi.org/10.1016/;.micinf.2007.01.013

He, T., Wang, M., Cheng, A., Yang, Q., Jia, R., Wu, Y., Huang, J., Tian, B., Liu, M., Chen, S.,
Zhao, X-X., Zhu, D., Zhang, S., Ou, X., Mao, S., Gao, Q., & Sun, D. (2021). DPV UL41
gene encoding protein induces host shutoff activity and affects viral replication.
Veterinary Microbiology, 255, Article 108979.

https://doi.org/10.1016/1.vetmic.2021.108979

Hennig, T., Michalski, M., Rutkowski, A. J., Djakovic, L., Whisnant, A. W., Friedl, M. S., Jha,
B. A., Baptista, M. A. P., L’Hernault, A., Erhard, F., Délken, L., & Friedel, C. C. (2018).
HSV-1-induced disruption of transcription termination resembles a cellular stress

response but selectively increases chromatin accessibility downstream of genes. PLoS

Pathogens, 14(3), e1006954. https://doi.org/10.1371/journal.ppat. 1006954

101



Hertel,

Hsu, J.

Hu, V.

Hu, V.

L., & Mocarski, E. S. (2004). Global analysis of host cell gene expression late during
cytomegalovirus infection reveals extensive dysregulation of cell cycle gene expression
and induction of pseudomitosis independent of US28 function. Journal of Virology,

78(21), 11988-12011. https://doi.org/10.1128/JV1.78.21.11988-12011.2004

C-C., Laurent-Rolle, M., Pawlak, J. B., Wilen, C. B., & Cresswell, P. (2021).
Translational shutdown and evasion of the innate immune response by SARS-CoV-2
NSP14 protein. Proceedings of the National Academy of Science of the United States of

America, 118(24), €2101161118. https://doi.org/10.1073/pnas.2101161118

W., & Heikka, D. S. (2000). Radiolabeling revisited: Metabolic labeling with (35)S-
methionine inhibits cell cycle progression, proliferation, and survival. Federation of
American Societies for Experimental Biology Journal, 14(3), 448—454.

https://doi.org/10.1096/fasebj.14.3.448

W., Heikka, D. S., Dieffenbach, P. B., & Ha, L. (2001). Metabolic radiolabeling,
experimental tool or Trojan horse? 3°S-methionine induces DNA fragmentation and p53-

dependent ROS production. Federation of American Societies for Experimental Biology

Journal, 15(9), 1562—1568. https://doi.org/10.1096/].01-0102com

Huang, T. S., Nilsson, C. E., Punga, T., & Akusjdrvi, G. (2002). Functional inactivation of the

SR family of splicing factors during a vaccinia virus infection. EMBO Reports, 3(11),

1088-1093. https://doi.org/10.1093/embo-reports/kvi217

Inglis, S. C. (1982). Inhibition of host protein synthesis and degradation of cellular mRNAs

during infection by influenza and herpes simplex virus. Molecular and Cellular Biology,

2(12), 1644—1648. https://doi.org/10.1128/mcb.2.12.1644-1648.1982

102



Isa, N. F., Bensaude, O., Aziz, N. C., & Murphy, S. (2021). HSV-1 ICP22 is a selective viral
repressor of cellular RNA polymerase [I-mediated transcription elongation. Vaccines,

9(10), 1054. https://doi.org/10.3390/vaccines9101054

Izzi, V., Buler, M., Masuelli, L., Giganti, M. G., Modesti, A., & Bei, R. (2014). Poxvirus-based
vaccines for cancer immunotherapy: New insights from combined cytokines/co-
stimulatory molecules delivery and “uncommon” strains. Anticancer Agents in Medical

Chemistry, 14(2), 183—189. https://doi.org/10.2174/18715206113136660376

Jagger, B. W., Wise, H. M., Kash, J. C., Walters, K. A., Wills, N. M., Xiao, Y. L., Dunfee, R. L.,
Schwartzman, L. M., Ozinsky, A., Bell, G. L., Dalton, R. M., Lo, A., Efstathiou, S.,
Atkins, J. F., Firth, A. E., Taubenberger, J. K., & Digard, P. (2012). An overlapping
protein-coding region in influenza A virus segment 3 modulates the host response.

Science, 337(6091), 199-204. https://doi.org/10.1126/science.1222213

Jeremiah, S. S., Miyakawa, K., Matsunaga, S., Nishi, M., Kudoh, A., Takaoka, A., Sawasaki, T.,
& Ryo, A. (2021). Cleavage of TANK-binding kinase 1 by HIV-1 protease triggers viral

innate immune evasion. Frontiers in Microbiology, 12, 643407.

https://doi.org/10.3389/fmicb.2021.643407

Kamitani, W., Huang, C., Narayanan, K., Lokugamage, K. G., & Makino, S. (2009). A two-
pronged strategy to suppress host protein synthesis by SARS coronavirus Nsp1 protein.
Nature Structural & Molecular Biology, 16(11), 1134-1140.

https://doi.org/10.1038/nsmb.1680

Kamitani, W., Narayanan, K., Huang, C., Lokugamage, K., Ikegami, T., Ito, N., Kubo, H., &
Makino, S. (2006). Severe acute respiratory syndrome coronavirus nspl protein

suppresses host gene expression by promoting host mRNA degradation. Proceedings of

103



the National Academy of Sciences of the United States of America, 103(34), 12885—

12890. https://doi.org/10.1073/pnas.0603144103

Kato, K., Ikliptikawati, D. K., Kobayashi, A., Kondo, H., Lim, K., Hazawa, M., & Wong, R. W.
(2021). Overexpression of SARS-CoV-2 protein ORF6 dislocates RAE1 and NUP98
from the nuclear pore complex. Biochemical and Biophysical Research Communications,

536, 59-66. https://doi.org/10.1016/j.bbrc.2020.11.115

Katsafanas, G. C., & Moss, B. (2007). Colocalization of transcription and translation within
cytoplasmic poxvirus factories coordinates viral expression and subjugates host
functions. Cell Host & Microbe, 2(4), 221-228.

https://doi.org/10.1016/j.chom.2007.08.005

Khaperskyy, D. A., Schmaling, S., Larkins-Ford, J., McCormick, C., & Gaglia, M. M. (2016).
Selective degradation of host RNA polymerase II transcripts by influenza A virus PA-X
host shutoff protein. PLoS Pathogens, 12(2), e1005427.

https://doi.org/10.1371/journal.ppat.1005427

Kit, S., & Dubbs, D. R. (1962). Biochemistry of vaccinia-infected mouse fibroblasts (strain L-
M). II. Properties of the chromosomal DNA of infected cells. Virology, 18(2), 286-293.

https://doi.org/10.1016/0042-6822(62)90015-6

Klingler, J., Anton, H., Réal, E., Zeiger, M., Moog, C., Mély, Y., & Boutant, E. (2020). How
HIV-1 gag manipulates its host cell proteins: A focus on interactors of the nucleocapsid

domain. Viruses, 12(8), 888. https://doi.org/10.3390/v12080888

Kumar, A., Ishida, R., Strilets, T., Cole, J., Lopez-Orozco, J., Fayad, N., Felix-Lopez, A., Elaish,
M., Evseev, D., Magor, K. E., Mahal, L. K., Nagata, L. P., Evans, D. H., & Hobman, T.

C. (2021). SARS-CoV-2 nonstructural protein 1 inhibits the interferon response by

104



causing depletion of key host signaling factors. Journal of Virology, 95(13), €0026621.

https://doi.org/10.1128/JVI.00266-21

Kuramitsu, M., Hashizume, C., Yamamoto, N., Azuma, A., Kamata, M., Tanaka, Y., & Aida, Y.
(2005). A novel role for Vpr of human immunodeficiency virus type 1 as a regulator of
the splicing of cellular pre-mRNA. Microbes Infect, 7(9-10), 1150-1160.

https://doi.org/10.1016/j.micinf.2005.03.022

Lee, J. G., Huang, W., Lee, H., van de Leemput, J., Kane, M. A., & Han, Z. (2021).
Characterization of SARS-CoV-2 proteins reveals Orf6 pathogenicity, subcellular
localization, host interactions and attenuation by Selinexor. Cell & Bioscience, 11(1),

Article 58. https://doi.org/10.1186/s13578-021-00568-7

Lee, Y. J., & Glaunsinger, B. A. (2009). Aberrant herpesvirus-induced polyadenylation
correlates with cellular messenger RNA destruction. PLoS Biology, 7(5), €1000107.

https://doi.org/10.1371/journal.pbio.1000107

Lei, L., Ying, S., Baojun, L., Yi, Y., Xiang, H., Wenli, S., Zounan, S., Deyin, G., Qingyu, Z.,
Jingmei, L., & Guohui, C. (2013). Attenuation of mouse hepatitis virus by deletion of the
LLRKxGxKG region of Nspl. PLoS One, 8(4), e61166.

https://doi.org/10.1371/journal.pone.0061166

Lei, X., Dong, X., Ma, R., Wang, W., Xiao, X., Tian, Z., Wang, C., Wang, Y., Li, L., Ren, L.,
Guo, F., Zhao, Z. Zhou, Z., Xiang, Z., & Wang, J. (2020). Activation and evasion of type
I interferon responses by SARS-CoV-2. Nature Communications, 11(1), Article 3810.

https://doi.org/10.1038/s41467-020-17665-9

105



Li, G., Bukrinsky, M., & Zhao, R. Y. (2009). HIV-1 viral protein R (Vpr) and its interactions
with host cell. Current HIV Research, 7(2), 178—183.

https://doi.org/10.2174/157016209787581436

Li, J. Y., Liao, C. H., Wang, Q., Tan, Y. J,, Luo, R., Qiu, Y., & Ge, X. Y. (2020). The ORF®6,
ORF8 and nucleocapsid proteins of SARS-CoV-2 inhibit type I interferon signaling

pathway. Virus Research, 286, 198074. https://doi.org/10.1016/j.virusres.2020.198074

Liu, R., & Moss, B. (2016). Opposing roles of double-stranded RNA effector pathways and viral
defense proteins revealed with CRISPR-Cas9 knockout cell lines and Vaccinia virus

mutants. Journal of Virology, 90(17), 7864—7879. https://doi.org/10.1128/jvi.00869-16

Liu, S-W., Katsafanas, G. C., Liu, R., Wyatt, L. S., & Moss, B. (2015). Poxvirus decapping
enzymes enhance virulence by preventing the accumulation of dsSRNA and the induction
of innate antiviral responses. Cell Host & Microbe, 17(3), 320-331.

https://doi.org/10.1016/j.chom.2015.02.002

Liu, S-W., Wyatt, L. S., Orandle, M. S., Minai, M., & Moss, B. (2014). The D10 decapping
enzyme of vaccinia virus contributes to decay of cellular and viral mRNAs and to
virulence in mice. Journal of Virology, 88(1), 202-211.

https://doi.org/10.1128/jvi.02426-13

Liu, Y., Qin, C., Rao, Y., Ngo, C., Feng, J. J., Zhao, J., Zhao, J., Zhang, S., Wang, T-Y .,
Carriere, J., Savas, A. C., Zarinfar, M., Rice, S., Yang, H., Yuan, W., Camarero, J. A.,
Yu, J., Chen, X. S., Zhang, C., & Feng, P. (2021). SARS-CoV-2 Nsp5 demonstrates two
distinct mechanisms targeting RIG-I and MAVS to evade the innate immune response.

mBio, 12(5), €0233521. https://doi.org/10.1128/mBi0.02335-21

106



Locker, N., Chamond, N., & Sargueil, B. (2011). A conserved structure within the HIV gag open
reading frame that controls translation initiation directly recruits the 40S subunit and

elF3. Nucleic Acids Research, 39(6), 2367-2377. https://doi.org/10.1093/nar/gkq1118

Lokugamage, K. G., Narayanan, K., Huang, C., & Makino, S. (2012). Severe acute respiratory
syndrome coronavirus protein nsp1 is a novel eukaryotic translation inhibitor that
represses multiple steps of translation initiation. Journal of Virology, 86(24), 13598—

13608. https://doi.org/10.1128/JVI1.01958-12

Lokugamage, K. G., Narayanan, K., Nakagawa, K., Terasaki, K., Ramirez, S. 1., Tseng, C. T., &
Makino, S. (2015). Middle east respiratory syndrome coronavirus nspl inhibits host gene
expression by selectively targeting mRNAs transcribed in the nucleus while sparing
mRNAs of cytoplasmic origin. Journal of Virology, 8§9(21), 10970—10981.

https://doi.org/10.1128/JV1.01352-15

Lu, C., & Bablanian, R. (1996). Characterization of small nontranslated polyadenylylated RNAs

in vaccinia virus-infected cells. Proceedings of the National Academy of Science of the

United States of America, 93(5), 2037-2042. https://doi.org/10.1073/pnas.93.5.2037

Maguire, C. A., Deliolanis, N. C., Pike, L., Niers, J. M., Fat, L-A., Sena-Esteves, M., &
Tannous, B. A. (2009). Gaussia luciferase variant for high-throughput functional
screening applications. Analytical Chemistry, 81(16), 7102-7106.

https://doi.org/10.1021/ac901234r

Mclntosh, A. A., & Smith, G. L. (1996). Vaccinia virus glycoprotein A34R is required for
infectivity of extracellular enveloped virus. Journal of Virology, 70(1), 272-281.

https://doi.org/10.1128/JVI1.70.1.272-281.1996

107



Meade, N., Furey, C., Li, H., Verma, R., Chai, Q., Rollins, M. G., DiGiuseppe, S., Naghavi, M.
H., & Walsh, D. (2018). Poxviruses evade cytosolic sensing through disruption of an
mTORCI1-mTORC?2 regulatory circuit. Cell, 174(5), 1143—-1157.

https://doi.org/10.1016/1.cell.2018.06.053

Meade, N., King, M., Munger, J., & Walsh, D. (2019). mTOR dysregulation by vaccinia virus
F17 controls multiple processes with varying roles in infection. Journal of Virology,

93(15), €00784-19. https://doi.org/10.1128/JV1.00784-19

Mendez, A. S., Ly, M., Gonzalex-Sanchez, A. M., Hartenian, E., Ingolia, N. T., Cate, J. H., &
Glausinger, B. A. (2021). The N-terminal domain of SARS-CoV-2 nsp1 plays key roles
insuppression of cellular gene expression and preservation of viral gene express. Cel/

Reports, 37(3), Article 109841. https://doi.org/10.1016/j.celrep.2021.109841

Miorin, L., Kehrer, T., Sanchez-Aparicio, M. T., Zhang, K., Cohen, P., Patel, R. S., Cupic, A.,
Makio, T., Mei, M., Moreno, E., Danziger, O., White, K. M., Rathnasinghe, R., Uccellini,
M., Gao, S., Aydillo, T., Mena, 1., Yin, X., Martin-Sancho, L., . . . Garcia-Sastre, A.
(2020). SARS-CoV-2 Orf6 hijacks Nup98 to block STAT nuclear import and antagonize
interferon signaling. Proceedings of the National Academy of Science of the United States

of America, 117(45), 28344-28354. https://doi.org/10.1073/pnas.2016650117

Miyatake, H., Sanjoh, A., Murakami, T., Murakami, H., Matsuda, G., Hagiwara, K., Yokoyama,
M., Sato, H., Miyamoto, Y. Dohmae, N., & Aida, Y. (2016). Molecular mechanism of
HIV-1 Vpr for binding to importin-a. Journal of Molecular Biology, 428(13), 2744—

2757. https://doi.org/10.1016/1.jmb.2016.05.003

Mohr, 1. (2016). Closing in on the causes of host shutoff. eLife, 5, €20755.

https://doi.org/10.7554/eLife.20755

108



Mohr, Y., Qin, C., Rao, Y., Ngo, C., Feng, J. J., Zhao, J., Zhang, S., Wang, T-Y ., Carriere, J.,
Savas, A. C., Zarinfar, M., Rice, S., Yang, H., Yuan, W., Camarero, J. A., Yu, J., Chen,
X.S., Zhang, C., & Feng, P. (2021). SARS-CoV-2 Nsp5 demonstrates two distinct
mechanisms targeting RIG-I and MAVS to evade the innate immune response. mBio,

12(5), €0233521. https://doi.org/10.1128/mBi0.02335-21

Molina, J. A., & Yang, Z. (2022). Rapid and quantitative evaluation of vaccinia virus-induced
host shutoff using newly generated cell lines stably expressing secreted Gaussia
luciferase. Journal of Medical Virology, 94(8), 3811-3819.

https://doi.org/10.1002/jmv.27773

Moss, B. (1968). Inhibition of HeLa cell protein synthesis by the vaccinia virion. Journal of

Virology, 2(10), 1028—1037. https://doi.org/10.1128/jvi.2.10.1028-1037.1968

Moss, B. (2013). Poxviridae: The viruses and their replication. In D. M. Knipe & P. M. Howley
(Eds.), Fields virology (6" ed., Vol 2, pp. 2129-2159). Lippincott Williams & Wilkins.

Moss, B., & Salzman, N. P. (1968). Sequential protein synthesis following vaccinia virus

infection. Journal of Virology, 2(10), 1016—1027. https://doi.org/10.1128/jvi.2.10.1016-
1027.1968

Nakagawa, K., & Makino, S. (2021). Mechanisms of coronavirus Nsp1-mediated control of host

and viral gene expression. Cells, 10(2), 300. https://doi.org/10.3390/cells10020300
Nakagawa, K., Lokugamage, K. G., & Makino, S. (2016). Viral and cellular mRNA translation

in coronavirus-infected cells. In J. Ziebuhr (Ed.), Coronaviruses: Advances in virus

research (Vol. 96, pp. 165-192). Elsevier. https://doi.org/10.1016/bs.aivir.2016.08.001
Narayanan, K., Huang, C., Lokugamage, K., Kamitani, W., Ikegami, T., Tseng, C. T., & Makino,

S. (2008). Severe acute respiratory syndrome coronavirus nspl suppresses host gene

109



expression, including that of type I interferon, in infected cells. Journal of Virology,

82(9), 4471-4479. https://doi.org/10.1128/JV1.02472-07

Narayanan, K., Ramirez, S. 1., Lokugamage, K. G., & Makino, S. (2015). Coronavirus
nonstructural protein 1: Common and distinct functions in the regulation of host and viral
gene expression. Virus Research, 202, 89—100.

https://doi.org/10.1016/j.virusres.2014.11.019

Nemeroff, M. E., Barabino, S. M., Li, Y., Keller, W., & Krug, R. M. (1998). Influenza virus NS1
protein interacts with the cellular 30 kDa subunit of CPSF and inhibits 3’ end formation

of cellular pre-mRNAs. Molecular Cell, 1(7), 991-1000. https://doi.org/10.1016/s1097-

2765(00)80099-4

Ng, O. T., Lee, V., Marimuthu, K., , Vasoo, S., Chan, G., & Sin Leo, Y. (2019). A case of
imported Monkeypox in Singapore. The Lancet Infectious Diseases, 19(11), 1166.

https://doi.org/10.1016/S1473-3099(19)30537-7

OnWorks®. (2022). Boxshade — Online in the cloud. https://www.onworks.net/os-

distributions/programs/boxshade-online

Packard, J. E., & Dembowski, J. A. (2021). HSV-1 DNA replication-coordinated regulation by

viral and cellular factors. Viruses, 13(10), 2015. https://doi.org/10.3390/v13102015

Pant, A., Cao, S., & Yang, Z. (2019). Asparagine is a critical limiting metabolite for Vaccinia
virus protein synthesis during glutamine deprivation. Journal of Virology, 93(13),

€01834-18. https://doi.org/10.1128/jvi.01834-18

Pant, A., Dsouza, L., Cao, S., Peng, C., & Yang, Z. (2021). Viral growth factor- and STAT3

signaling-dependent elevation of the TCA cycle intermediate levels during vaccinia virus

110



infection. PLoS Pathogens, 17(2), €1009303.

https://doi.org/10.1371/journal.ppat.1009303

Parrish, S., & Moss, B. (2006). Characterization of a vaccinia virus mutant with a deletion of
the D10R gene encoding a putative negative regulator of gene expression. Journal of

Virology, 80(2), 553-561. https://doi.org/10.1128/jvi.80.2.553-561.2006

Parrish, S., & Moss, B. (2007). Characterization of a second vaccinia virus mRNA-decapping
enzyme conserved in poxviruses. Journal of Virology, 81(23), 12973—12978.

https://doi.org/10.1128/JVI.01668-07

Parrish, S., Resch, W., & Moss, B. (2007). Vaccinia virus D10 protein has mRNA decapping
activity, providing a mechanism for control of host and viral gene expression.
Proceedings of the National Academy of Science of the United States of America, 104(7),

2139-2144. https://doi.org/10.1073/pnas.0611685104

Pedley, S., & Cooper, R. J. (1984). The inhibition of HeLa cell RNA synthesis following
infection with vaccinia virus. Journal of General Virology, 65(10), 1687-1697.

https://doi.org/10.1099/0022-1317-65-10-1687

Peng, C., Zhou, Y., Cao, S., Pant, A., Campos Guerro, M. L., McDonald, P., Roy, A., & Yang,
Z. (2020). Identification of vaccinia virus inhibitors and cellular functions necessary for
efficient viral replication by screening bioactives and FDA-approved drugs. Vaccines,

8(3), 401. https://doi.org/10.3390/vaccines8030401

Person, A., Ben-Hamida, F., & Beaud, G. (1980). Inhibition of 40S—Met-tRNAM¢t ribosomal
initiation complex formation by vaccinia virus. Nature, 287(5780), 355-357.

https://doi.org/10.1038/287355a0

111



Person-Fernandez, A., & Beaud, G. (1986). Purification and characterization of a protein
synthesis inhibitor associated with vaccinia virus. Journal of Biological Chemistry,

261(18), 8283-8289. http://dx.doi.org/10.1016/S0021-9258(19)83908-X

Plotch, S. J., Bouloy, M., & Krug, R. M. (1979). Transfer of 5’-terminal cap of globin mRNA to
influenza viral complementary RNA during transcription in vitro. Proceedings of the

National Academy of Science of the United States of America, 76(4), 1618—1622.

https://doi.org/10.1073/pnas.76.4.1618

Pollard, J. W. (1994). The in vivo isotopic labeling of proteins for polyacrylamide gel

electrophoresis. Methods in Molecular Biology, 32, 67—72. https://doi.org/10.1385/0-

89603-268-x:67

Poon, L. L., Pritlove, D. C., Fodor, E., & Brownlee, G. G. (1999). Direct evidence that the
poly(A) tail of influenza A virus mRNA is synthesized by reiterative copying of a U track
in the virion RNA template. Journal of Virology, 73(4), 3473-3476.

https://doi.org/10.1128/JV1.73.4.3473-3476.1999

Preston, C. M., & Newton, A. A. (1976). The effects of herpes simplex virus type 1 on cellular

DNA-dependent RNA polymerase activities. Journal of General Virology, 33(3), 471—

482. https://doi.org/10.1099/0022-1317-33-3-471

Pugalenthi, A., Mojica, K., Ady, J. W., Johnsen, C., Love, D., Chen, N. G., Aguilar, R. J.,
Szalay, A. A., & Fong, Y. (2015). Recombinant vaccinia virus GLV-1h68 is a
promising oncolytic vector in the treatment of cholangiocarcinoma. Cancer Gene

Therapy, 22(12), 591-596. https://doi.org/10.1038/cgt.2015.60

Puhach, O., Ostermann, E., Krisp, C., Frascaroli, G., Schliiter, H., Brinkmann, M. M., & Brune,

W. (2020). Murine cytomegaloviruses m139 targets DDX3 to curtail interferon

112



production and promote viral replication. PLoS Pathogens, 16(10), e1008546.

https://doi.org/10.1371/journal.ppat. 1008546

Qian, X. Y., Alonso-Caplen, F., & Krug, R. M. (1994). Two functional domains of the influenza
virus NS1 protein are required for regulation of nuclear export of mRNA. Journal of

Virology, 68(4), 2433-2441. https://doi.org/10.1128/JV1.68.4.2433-2441.1994

Quéromes, G., Destras, G., Bal, A., Regue, H., Burfin, G., Brun, S., Fanget, R., Morfin, F.,
Valette, M., Trouillet-Assant, S., Lina, B., Frobert, E., & Josset, L. (2021).
Characterization of SARS-CoV-2 ORF6 deletion variants detected in a nosocomial

cluster during routine genomic surveillance, Lyon, France. Emerging Microbes &

Infections, 10(1), 167-177. https://doi.org/10.1080/22221751.2021.1872351

Rabaan, A. A., Al-Ahmed, S. H., Haque, S., Sah, R., Tiwari, R., Malik, Y. S., Dhama, K., Yatoo,
M. 1, Bonilla-Aldana, D. K., & Rodriguez-Morales, A. J. (2020). SARS-CoV-2, SARS-
CoV, and MERS-COV: A comparative overview. Le Infezioni in Medicina, 28(2), 174—

184. https://pubmed.ncbi.nlm.nih.gov/32275259/

Rajput, A., Kovalenko, A., Bogdanov, K., Yang, S-H., Kang, T-B., Kim, J-C., Du, J., &
Wallach, D. (2011). RIG-I RNA helicase activation of IRF3 transcription factor is
negatively regulated by caspase-8-mediated cleavage of the RIP1 protein. Immunity,

34(3), 340-351. https://doi.org/10.1016/j.immuni.2010.12.018

Rao, S., Hoskins, 1., Tonn, T., Garcia, P. D., Ozadam, H., Sarinay Cenik, E., & Cenik, C.
(2021). Genes with 5' terminal oligopyrimidine tracts preferentially escape global
suppression of translation by the SARS-CoV-2 Nspl protein. RNA, 27(9), 1025-1045.

https://doi.org/10.1261/rna.078661.120

113



Reed, K. D., Melski, J. W., Graham, M. B., Regnery, R. L., Sotir, M. J., Wegner, M. V.,
Kazmierczak, J. J., Stratman, E. J., Li, Y., Fairley, J. A., Swain, G. R., Olson, V. A.,
Sargent, E. K., Kehl, S. C., Frace, M. A., Kline, R., Foldy, S. L., Davis, J. P., & Damon,
I. K. (2004). The detection of monkeypox in humans in the Western Hemisphere. New

England Journal of Medicine, 350(4), 342-350. https://doi.org/10.1056/nejmoa032299

Renis, H. E., & Johnson, H. G. (1962). Inhibition of plaque formation of vaccinia virus by
cytosine arabinoside hydrochloride. Bacteriol Proc, 45, 140.

Rerks-Ngarm, S., Pitisuttithum, P., Nitayaphan, S., Kaewkungwal, J., Chiu, J., Paris, R.,
Premsri, N., Namwat, C., de Souza, M., Adams, E., Benenson, M., Gurunathan, S.,
Tartaglia, J., McNeil, J. G., Francis, D. P., Stablein, D., Birx, D. L., Chunsuttiwat, S.,
Khamboonruang, C., . . . Kim, J. H. (2009). Vaccination with ALVAC and AIDSVAX
to prevent HIV-1 infection in Thailand. New England Journal of Medicine, 361(23),

2209-2220. https://doi.org/10.1056/nejmoa0908492

Rice, S. A., & Davido, D. J. (2013). HSV-1 ICP22: Hijacking host nuclear functions to enhance

viral infection. Future Microbiology, 8(3), 311-321. https://doi.org/10.2217/fmb.13.4

Rivas, H. G., Schmaling, S. K., & Gaglia, M. M. (2016). Shutoff of host gene expression in
influenza A virus and herpesviruses: Similar mechanisms and common themes. Viruses,

8(4), Article 102. https://doi.org/10.3390/v8040102

Rivas, T., Goodrich, J. A., & Kugel, J. F. (2021). The herpes simplex virus 1 protein ICP4 acts as
both an activator and a repressor of host genome transcription during infection.

Molecular and Cellular Biology, 41(10), e0017121. https://doi.org/10.1128/MCB.00171-

21

114



Rodriguez, D., Risco, C., Rodriguez, J. R., Carrascosa, J. L., & Esteban, M. (1996). Inducible
expression of the vaccinia virus A17L gene provides a synchronized system to monitor
sorting of viral proteins during morphogenesis. Journal of Virology, 70(11), 7641-7653.

https://doi.org/10.1128/JV1.70.11.7641-7653.1996

Roe, M. K., Junod, N. A., Young, A. R., Beachboard, D. C., & Stobart, C. C. (2021). Targeting
novel structural and functional features of coronavirus protease nsp5 (3CLP™, MP™).

Journal of General Virology, 102(3), 001558. https://doi.org/10.1099/jgv.0.001558

Roizman, B., & Roane, P. R., Jr. (1964). The multiplication of herpes simplex virus. II. the
relation between protein synthesis and the duplication of viral DNA in infected HEp-2

cells. Virology, 22(2), 262-269. https://doi.org/10.1016/0042-6822(64)9001 1-x

Rojo, G., Garcia-Beato, R., Vinuela, E., Salas, M. L., & Salas, J. (1999). Replication of African
swine fever virus DNA in infected cells. Virology, 257(2), 524-536.

https://doi.org/10.1006/viro.1999.9704

Rowe, M., Glaunsinger, B., van Leeuwen, D., Zuo, J., Sweetman, D., Ganem, D., Middeldorp, J.,
Wiertz, E. J. H. J., & Ressing, M. E. (2007). Host shutoff during productive Epstein-Barr
virus infection is mediated by BGLFS5 and may contribute to immune evasion.
Proceedings of the National Academy of Science of the United States of America, 104(9),

3366-3371. https://doi.org/10.1073/pnas.0611128104

Rutkowski, A. J., Erhard, F., L’Hernault, A., Bonfert, T., Schilhabel, M., Crump, C., Rosenstiel,
P., Efstathiou, S., Zimmer, R., Friedel, C. C., & Dolken, L. (2015). Widespread
disruption of host transcription termination in HSV-1 infection. Nature Communications,

6, Article 7126. https://doi.org/10.1038/ncomms8126

115



Sacks, W. R., Greene, C. C., Aschman, D. P., & Schaffer, P. A. (1985). Herpes simplex virus
type 1 ICP27 is an essential regulatory protein. Journal of Virology, 55(3), 796—805.

https://doi.org/10.1128/JV1.55.3.796-805.1985

Sanderson, C. M., Parkinson, J. E., Hollinshead, M., & Smith, G. L. (1996). Overexpression of
the vaccinia virus A38L integral membrane protein promotes Ca2+ influx into infected

cells. Journal of Virology, 70(2), 905-914. https://doi.org/10.1128/JV1.70.2.905-

914.1996
Sandri-Goldin, R. M. (2011). The many roles of the highly interactive HSV protein ICP27, a key
regulator of infection. Future Microbiology, 6(11), 1261-1277.

https://doi.org/10.2217/fmb.11.119

Schmidt, E. K., Clavarino, G., Ceppi, M., & Pierre, P. (2009). SUnSET, a non-radioactive
method to monitor protein synthesis. National Methods, 6(4), 275-277.

https://doi.org/10.1038/nmeth.1314

Schréder, M. (2010). Human DEAD-box protein 3 has multiple functions in gene regulation and
cell cycle control and is a prime target for viral manipulation. Biochem Pharmacol, 79(3),

297-306. https://doi.org/10.1016/].bcp.2009.08.032

Schroder, M., Baran, M., & Bowie, A. G. (2008). Viral targeting of DEAD box protein 3 reveals
its role in TBK1/IKKepsilon-mediated IRF activation. EMBO Journal, 27(15), 2147—

2157. https://doi.org/10.1038/emboj.2008.143

Schubert, K., Karousis, E. D., Jomaa, A., Scaiola, A., Echeverria, B., Gurzeler, L-A.,
Leibundgut, M., Thiel, V., Miihlemann, O., & Ban, N. (2020). SARS-CoV-2 Nsp1 binds
the ribosomal mRNA channel to inhibit translation. Nature Structural & Molecular

Biology, 27(10), 959-966. https://doi.org/10.1038/s41594-020-0511-8

116



Sciortino, M. T., Parisi, T., Siracusano, G., Mastino, A., Taddeo, B., & Roizman, B. (2013). The
virion host shutoff RNase plays a key role in blocking the activation of protein kinase R
in cells infected with herpes simplex virus 1. Journal of Virology, 87(6), 3271-3276.

https://doi.org/10.1128/JV1.03049-12

Shen, Z., Chen, C., Yang, Y., Xie, Z., Ao, Q., Lv, L., Zhang, S., Chen, H., Hu, R., Chen, H., &
Peng, G. (2020). A novel function of African swine fever virus pE66L in inhibition of
host translation by the PKR/elF2a pathway. Journal of Virology, 95(5).

https://doi.org/10.1128/JV1.01872-20

Shors, T., Keck, J. G., & Moss, B. (1999). Down regulation of gene expression by the vaccinia
virus D10 protein. Journal of Virology, 73(1), 791-796.

https://doi.org/10.1128/JV1.73.1.791-796.1999

Sood, C. L., & Moss, B. (2010). Vaccinia virus A43R gene encodes an orthopoxvirus-specific
late non-virion type-1 membrane protein that is dispensable for replication but enhances
intradermal lesion formation. Virology, 396(1), 160-168.

https://doi.org/10.1016/1.virol.2009.10.025

Sood, C. L., Ward, J. M., & Moss, B. (2008). Vaccinia virus encodes I5, a small hydrophobic

virion membrane protein that enhances replication and virulence in mice. Journal of

Virology, 82(20), 10071-10078. https://doi.org/10.1128/JVI.01355-08
Spencer, C. A., Dahmus, M. E., & Rice, S. A. (1997). Repression of host RNA polymerase 11
transcription by herpes simplex virus type 1. Journal of Virology, 71(3), 2031-2040.

https://doi.org/10.1128/JV1.71.3.2031-2040.1997

Stanton, R. J., McSharry, B. P., Rickards, C. R., Wang, E. C., Tomasec, P., & Wilkinson, G. W.

(2007). Cytomegalovirus destruction of focal adhesions revealed in a high-throughput

117



western blot analysis of cellular protein expression. Journal of Virology, 8§1(15), 7860—

7872. https://doi.org/10.1128/JV1.02247-06

Strnadova, P., Ren, H., Valentine, R., Mazzon, M., Sweeney, T. R., Brierley, 1., & Smith, G. L.
(2015). Inhibition of translation initiation by protein 169: A vaccinia virus strategy to
suppress innate and adaptive immunity and alter virus virulence. PLoS Pathogens, 11(9),

e1005151. https://doi.org/10.1371/journal.ppat.1005151

Su, M. J., & Bablanian, R. (1990). Polyadenylated RNA sequences from vaccinia virus-infected
cells selectively inhibit translation in a cell-free system: Structural properties and

mechanism of inhibition. Virology, 179(2), 679—-693. https://doi.org/10.1016/0042-

6822(90)90135-¢

Sun, L., Wu, J., Du, F., Chen, X., & Chen, Z. J. (2013). Cyclic GMP-AMP synthase is a
cytosolic DNA sensor that activates the type I interferon pathway. Science, 339(6121),

786-791. https://doi.org/10.1126/science.1232458

Teferi, W. M., Desaulniers, M. A., Noyce, R. S., Shenouda, M., Umer, B., & Evans, D. H.
(2017). The vaccinia virus K7 protein promotes histone methylation associated with
heterochromatin formation. PLoS One, 12(3), €0173056.

https://doi.org/10.1371/journal.pone.0173056

Théves, C., Crubézy, E., & Biagini, P. (2016). History of smallpox and its spread in human

populations. Microbiology Spectrum, 4(4). https://doi.org/10.1128/microbiolspec.poh-

0004-2014
Thoms, M., Buschauer, R., Ameismeier, M., Koepke, L., Denk, T., Hirschenberger, M., Kratzat,
H., Hayn, M., Mackens-Kiani, T., Cheng, J., Straub, J. H., Sturzel, C. M., Frohuch, T.,

Berninghausen, O., Becker, T., Kirchhoff, F., Sparrer, K. M. J., & Beckmann, R. (2020).

118



Structural basis for translational shutdown and immune evasion by the Nsp1 protein of

SARS-CoV-2. Science, 369(6508), 1249—-1255. https://doi.org/10.1126/science.abc8665

Unger, B., Nichols, R. J., Stanitsa, E. S., & Traktman, P. (2008). Functional characterization of
the vaccinia virus I5 protein. Virology Journal, 5, Article 148.

https://doi.org/10.1186/1743-422X-5-148

Vaughan, A., Aarons, E., Astbury, J., Balasegaram, S., Beadsworth, M., Beck, C. R., Chand,
M., O’Connor, C., Dunning, J., Ghebrehewet, S., Harper, N., Howlett-Shipley, R.,
Thekweazu, C., Jacobs, M., Kaindama, L., Katwa, P., Khoo, S., Lamb, L., . . . Wilburn,
J. (2018). Two cases of monkeypox imported to the United Kingdom. September 2018.

Eurosurveillance, 23(38), 1800509. https://doi.org/10.2807/1560-

7917.ES.2018.23.38.1800509

Ventoso, I., Blanco, R., Perales, C., & Carrasco, L. (2001). HIV-1 protease cleaves eukaryotic
initiation factor 4G and inhibits cap-dependent translation. Proceedings of the National
Academy of Science of the United States of America, 98(23), 12966—12971.

https://doi.org/10.1073/pnas.231343498

Verhaegent, M., & Christopoulos, T. K. (2002). Recombinant Gaussia luciferase.
Overexpression, purification, and analytical application of a bio-luminescent reporter for
DNA hybridization. Analytical Chemistry, 74(17), 4378—4385.

https://doi.org/10.1021/ac025742k

Vreede, F. T., Chan, A. Y., Sharps, J., & Fodor, E. (2010). Mechanisms and functional
implications of the degradation of host RNA polymerase II in influenza virus infected

cells. Virology, 396(1), 125—-134. https://doi.org/10.1016/j.virol.2009.10.003

119



Wagner, L. M., & DeLuca, N. A. (2013). Temporal association of herpes simplex virus ICP4
with cellular complexes functioning at multiple steps in Polll transcription. PLoS One,

8(10), €78242. https://doi.org/10.1371/journal.pone.0078242

Wagner, R. N., Reed, J. C., & Chanda, S. K. (2015). HIV-1 protease cleaves the serine-threonine

kinases RIPK1 and RIPK2. Retrovirology, 12, Article 74. https://doi.org/10.1186/s12977-

015-0200-6
Walsh, D., & Mohr, I. (2011). Viral subversion of the host protein synthesis machinery. Nature

Reviews Microbiology, 9(12), 860—875. https://doi.org/10.1038/nrmicro2655

Wang, X., Hennig, T., Whisnant, A. W., Erhard, F., Prusty, B. K., Friedel, C. C., Forouzmand,
E., Hu, W., Erber, L., Chen, Y., Sandri-Goldin, R. M., Délken, L., & Shi, Y. (2020).
Herpes simplex virus blocks host transcription termination via the bimodal activities of

ICP27. Nature Communications, 11(1), Article 293. https://doi.org/10.1038/s41467-019-

14109-x

Warren, R. D., Cotter, C. A., & Moss, B. (2012). Reverse genetics analysis of poxvirus
intermediate transcription factors. Journal of Virology, 86(17), 9514-9519.

https://doi.org/10.1128/jvi.06902-11

Wiktor, T. J., Macfarlan, R. 1., Reagan, K. J., Dietzschold, B., Curtis, P. J., Wunner, W. H.,
Kieny, M. P., Lathe, R., Lecocq, J. P., & Mackett, M. (1984). Protection from rabies by
a vaccinia virus recombinant containing the rabies virus glycoprotein gene. Proceedings
of the National Academy of Sciences of the United States of America, 81(22), 7194—

7198. https://doi.org/10.1073/pnas.81.22.7194

Wiktor, T. J., Macfarlan, R. 1., Reagan, K. J., Dietzschold, B., Curtis, P. J., Wunner, W. H.,

Kieny, M. P., Lathe, R., Lecocq, J. P., & Mackett, M. (1992). Protection from rabies by

120



a vaccinia virus recombinant containing the rabies virus glycoprotein gene. 1984.
Biotechnology, 24, 508-512.

Wittek, R., Cooper, J. A., Barbosa, E., & Moss, B. (1980). Expression of the vaccinia virus
genome: Analysis and mapping of mRNAs encoded within the inverted terminal

repetition. Cell, 21(2), 487-493. https://doi.org/10.1016/0092-8674(80)90485-7

Wolfe, C. L., Ojeda, S., & Moss, B. (2012). Transcriptional repression and RNA silencing act
synergistically to demonstrate the function of the eleventh component of the vaccinia
virus entry-fusion complex. Journal of Virology, 86(1), 293-301.

https://doi.org/10.1128/JVI.05935-11

Yang, Z., Bruno, D. P., Martens, C. A., Porcella, S. F., & Moss, B. (2010). Simultaneous high-
resolution analysis of vaccinia virus and host cell transcriptomes by deep RNA

sequencing. Proceedings of the National Academy of Sciences of the United States of

America, 107(25), 11513—11518. https://doi.org/10.1073/pnas.1006594107

Yang, Z., Gray, M., & Winter, L. (2021). Why do poxviruses still matter? Cell & Bioscience,

11(1), Article 96. https://doi.org/10.1186/s13578-021-00610-8
Yang, Z., Reynolds, S. E., Martens, C. A., Bruno, D. P., Porcella, S. F., & Moss, B. (2011).

Expression profiling of the intermediate and late stages of poxvirus replication. Journal

of Virology, 85(19), 9899—9908. https://doi.org/10.1128/JVI1.05446-11
Yin, X., Langer, S., Zhang, Z., Herbert, K. M., Yoh, S., Konig, R., & Chanda, S. K. (2020).
Sensor sensibility—HIV-1 and the innate immune response. Cells, 9(1), Article 254.

https://doi.org/10.3390/cells9010254

Zaborowska, J., Baumli, S., Laitem, C., O’Reilly, D., Thomas, P. H., O’Hare, P., & Murphy, S.

(2014). Herpes simplex virus 1 (HSV-1) ICP22 protein directly interacts with cyclin-

121



dependent kinase (CDK)9 to inhibit RNA polymerase II transcription elongation. PLoS

One, 9(9), €107654. https://doi.org/10.1371/journal.pone.0107654

Zhang, K., Miorin, L., Makio, T., Dehghan, 1., Gao, S., Xie, Y., Zhong, H., Esparaza, M.,
Kehrer, T., Humar, A., Hobman, T. C., Ptak, C., Gao, B., Minna, J. D., Chen, Z., Garcia-
Sastre, A., Ren, Y., Wozniak, R. W., & Fontoura, B. M. A. (2021). Nspl protein of
SARS-CoV-2 disrupts the mRNA export machinery to inhibit host gene expression.

Science Advances, 7(6), eabe7386. https://doi.org/10.1126/sciadv.abe7386

Zhang, Y., Keck, J. G., & Moss, B. (1992). Transcription of viral late genes is dependent on
expression of the viral intermediate gene G8R in cells infected with an inducible
conditional-lethal mutant vaccinia virus. Journal of Virology, 66(11), 6470-6479.

https://doi.org/10.1128/jvi.66.11.6470-6479.1992

Zhao, N., Sebastiano, V., Moshkina, N., Mena, N., Hultquist, J., Jimenez-Morales, D., Ma, Y.,
Rialdi, A., Albrecht, R., Fenouil, R., Sanchez-Aparicio, M. T., Ahyllon, J., Ravisankar,
S., Haddad, B., Yuin Ho, J. S., Low, D., Jin, J., Yurchenko, V., Prinjha, R. K., . ..
Marazzi, 1. (2018). Influenza virus infection causes global RNAPII termination defects.

Nature Structural & Molecular Biology, 25(9), 885—893. https://doi.org/10.1038/s41594-

018-0124-7

Zhu, H., Cong, J. P., Mamtora, G., Gingeras, T., & Shenk, T. (1998). Cellular gene expression
altered by human cytomegalovirus: Global monitoring with oligonucleotide arrays.
Proceedings of the National Academy of Science of the United States of America, 95(24),

14470-14475. https://doi.org/10.1073/pnas.95.24.14470

122



Appendix — Summary of My Contributions

The following scientific article includes work done during my time in the Lee lab. My
contributions include Figure 1B, Figure 5, and Figure S1. I also contributed to various revisions
of the manuscript. I have permission to include this scientific article that [ am a primary author

on in the appendix.

The work was published in Scientific Reports and permissions for reproduction was

granted through unrestricted use policy.

Adams, J., Feuerborn, M., Molina, J. A., Wilden, A. R., Adhikari, B., Budden, T., & Lee, S. Y.
(2019). Autophagy-lysosome pathway alterations and alpha-synuclein up-regulation in the

subtype of neuronal ceroid lipofuscinosis, CLN5 disease. Scientific Reports, 9(1), Article 151.
https://doi.org/10.1038/s41598-018-36379-z

123



SCIE

OPEN :

NTIFIC REPQRTS

Autophagy-lysosome pathway

alterations and alpha-synuclein
_up-regulation in the subtype of

Recened: 12 March 2018
Accepted: 20 Movember 2018
Published onling: 17 January 2019

‘neuronal ceroid lipofuscinosis,
CLNS5 disease

Jessie Adams®?, Melissa Feverborn®?, Joshua A. Molina®, Alexa R. Wilden®, Babita Adhikari®,
: Theodore Budden'® & StellaY. Lee(®!

MNewronal ceroid l pofuse inoses (NCLs) are a group of inherted nevrodegen erative lysosomal sto rage

: disorders. CLMN5 deficency causes a subtype of NCL, refermed to as CLNS disease. CLNS is a soluble

¢ lysosomal protein with an unclear function in the cell. Increased levels of the auto phagy marker protein
: LC3-Il hawve been reported in several subtypes of MCLs. In this report, we examine whether autophagy

. isaltered in CLMS disease. We found that the basal level of LG-1l was elevated in both CLMS disease

: patient fibroblasts and CLN5-deficient Hela cells. Further analysis using tandem flucrescant mRFF-

: (GFP-LC3 showed the autophagy flux was inoreased. We found the alpha-synuclein {o-syn) gene SNCA

¢ was highly up-regulated in CLNS disease patient fibroblasts. The aggregated form of m-syn s well

: known for its role in the pathogenicity of Parkinson’s disease. Higher ou-syn protein levels confirmed

¢ the SNCA up-regulation in both patient cells and CLNS knockdown Hela cells. Furthermiore, oe-£yn was
. localized to the vicinity of lysosomes in CLNS defident cells, indicating it may have a lysosome-ralated
¢ function. Intriguingly, knoclkdng down SNCA reversed lysosomal perinuclear clustening caused by CLNS
© deficiency. These results suggest rx-syn may affect lysosomal dustering in non-neuronal cells, similar to
S its rolein presynaptic vesicles in neurans,

+ Meuronal cerold lpofuscinoses {MCLs) are 2 group of progressive neurodegenerative ysosomal disorders that
¢ predominantly atfect children'. There are thirfieen genetically distinct subtypes of the MCLs that are named based
: on the genes 1n which the mutations have been identified”. Intriguingly, these genes encode a vanety of unrelated
¢ proteins that are kecalized to variess cellular compartments, Detrimental mutations in any of these genes cause
: the protelnaceous bulldups of subunit C of the mitochondrial ATP synthase and/or saposin A and [V in lysosomal
. compartments* . The stmilar phenotype assoctated with these mutations suggests that the NCL-related proteins
+ are Involved tna common cellular pathway or contribute to processes that are functionally nked, resulting in
: similar lysosomal dysfunction and waste scoumalation.

Macroautophagy (hereafter referred to as awtophagy) 1s part of the lysosemal degradation system. In contrast

¢ to the endocytlc degradation pathway, the autophagy process brings intracellular matertal, such as long-lved
: cyfosclic proteins and unwanted organelles, to lvsosomes for disposal. The autophagy pathway s therefore Insepa-
: rable from lysosome functions. Abnormal sutophagy has been assoclated with several neurodegenerative diseases
: and lysosomal storage disorders™ . In WCLs, an altered or impaired autophagy pathway has also been implicated.
: Forexample, higher basal levels of LC3-11, a marker for autophagosome formation, have been ebserved in murine
: meedels of various subtypes of NCL, including CLN2Z/TPPL®, CLN3", CLN5", CLN&", CLN7", and CLK10/
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cathepsin [V diseases. Om the other hand. reduced auto  flux has been found in CLN5" and CLN&
ovine newral cultures'. This discrepancy of the latter study may be due to different cell bypes or animal models
used In the studles.

In this repart, we use CLNS-defictent NCL hisman patient skin fibroblasts and CLNS knockdown (KIV) Hela
cells to examine the autophagy-lysosome pathway. The CLNS gene encodes a lysosomal heminal glycoprotemn ™=,
The function of CLM5 tn lysosomes remains ehsive. A possible role in endosomal sorting was suggested for
hiiman CLN5". Another report siuggests a CLNS orthologue tn Dictyostelium has ghyooside hydrolase activaty™.
Here we show in CLNS-deficlent cells the basal level of LC3-11 & elevated, the atophagy flux 1s Increased. and
the expression level of o-syn gene SNCA 1s up-repulated. o-syn & highly expressed in presynaptic newrons and
primarily localized to synaptic vestcles™ . The wm of cytoplasmic inclustons filled with msoluble o-syn
aggregates Is a hallmark of Parkinson's disease™. e -5y has been implicated in several cellular
including synaptic vesicle endocytosis™ and exocytosts™, its exact function remains unclear. Desplie being pri-
marily assoctated with neurodegenerative disorders, both CLNS and «-syn can be detected in a variety of ts-
swes and cell types™ . While this indicates more general roles of CLN5 and «-syn in non-neuronal tissues,
there have been few stisdles performed to tnvestigate these roles. The exogenously overexpressed -syn has been
shown to indirectly affect autophagy throwgh the eardy secretory pathway protein Rabla in cell culture systems™.
Interestingly, we found the endogenous o-syn bocalizes to the lysosomes In human fibroblasts and Hel.a cells.
Furthermore, we uncovered a potentizl role for ce-sym tn regulating lysosomal positioning.

Results

Auvtophagy flux is increased in CLNS-deficient cells.  As an Initizl step to examine whether the auto-
phagy process might be altered with CLNS deficlency, we compared the basal levels of an autophagy marker,
LC3-11, in fikroblasts from control healthy individiaks and fibroblasts dertved from CLNS-defictent patients.
LC3-111s 2 hipkd-modified form of LC3 that is produced during a.ul.c:pl:lagnmmz formation and 15 a commaonly
used readout for autophagy™-. We found the protetn level of LC3-11 in CLN5-deficlent patient Gbroblasts was
higher than in control cells (Flg. 1A ). To ensure the effects observed were solely due to CLNS deficlency in patient
cells, we generated 2 CLNS stable KID cell line with shENA expression (Fig. 1B). The CLNS protein level was dra-
matically reduced tn CLNS stable KD cells. Stmilar to CLNS-defictent patient cells, an increased LC3-11 level was
also observed in CLNS KT Hela cells. This 15 consistent with previous studies in various subtypes of MCLs" -,
When cells were treated with chloroquine (C0)) to block lysnsomal degradation, there was a further accumidation
of LC3-11 in both wildtype and CLMSED cells (Fig. 1C). This indicates that the higher basal levels of LC3-11 seen
In CLM5-deficient cells was not because the lysosome was unable to degrade LC3-11, but actually there was more
LC3-11 produced™.

Wext, we examined the level of P52, an adaptor protein that links ublquitinated cargo proteins to LC3-11 Upon
autophagy actvation, P62 1s recrudted to autophagosomes and eventually degraded in awtolysosomes. On the
other hand, accumulation of P&2 upon austophagy activation (e.g. by starvation ) indicates autophagy impairment.
Therefore, the level of P62 Is a commonly used measurement for autophagy fux™. Unlike LC3-11, we did not
observe changes in the basal level of P62 in CLNS-defictent celks (Fig. 1A E). Next, we followed P62 bevels upon
starvation to test i CLNS dcﬁchencyhhckumn&tm degradation (Fig. 10,E). Within 1.5h of starvation, P62
levels were increased tn both WT and CLNS KD Hel.a cells (Fig. 1D, suggesting P62 was up-regulated ™. We then
followed long term starvation for up to & howrs. Starvation was performed In the presence of cyclohextmide (to
b]u:k:tJ::lnelu synthesis) and bortezomib (to block some degradation). Under these conditions, P62 was
degraded equally efficlent in WT and CLNs KD . Indicating CLNS deficlent cells were capable of degrading
a materials (Fig LE}. Similar results were frund in control and patient fibroblasts (Fig 510

T further monitor the autophegy flux, we expressed mEFP-GFP-LC3 in human Abroblasts. The tandem fu-
orescent mEFP-GFP-LC3 has been used to follow the maturation progression of sstolysosomes from autophago-
somes, as the GFP fluorescence will be quenched in a more acldic environment such as autolysosomes, leaving the
protemn with only the mRFP signal*. Compared to control cells, the mRFP-GEP-LC3 emitted a stronger red fls-
orescent signal in CLNS-deficlent cells (Fig. ZA). In addition, there were maore punctabe structures with only red
flunrescence signals in CLNS patient cdls, suggesting more autolysosomes were present. The Mander's coefficlent
was shawn as a percentage of red fluorescent signal g with green flworescent signal (Fig. 2A, right). In
pattent cells the EFP signal was less overlapped with GFF signal. As controd experiments, we also treated con-
trol fibroblasts with etther lysosome inhibitors or starvation to examine the mEFP-GFP-LC3 response (Fig. 200
In cells incuhated with CO) or bafilomycin A (baf Aj, the overlaps between mRFP and GFP increased to ~-80%
(Fig. 2B}, com| 0 o treztment of -~ 50% (Fig. 24, control ). On the other hand, when r was Induced
by starvation (HBSS), the overlaps between mEFP and GFF was reduced to - 30%, similar to we abserved in
pattent cells. This supports cur notion that cells lacking the CLNS protein have higher basal levels of autophagic

activity.

Up-regulation of alpha-synudein gene SNCA in CLM5-deficient cells.  To further elucidate the
changes of autophagy pathway In CLNZ disease patient cells, we performed quantitative PCE (gPCR) 1o follow
a set of genes tovolved in the autophagy pathway (RT? Profiler FCH array from SABlosciences). Table | lsts
the genes that were greater than two-fold wp or down-regulated (with 2 p value < 0.05 from three repeats) in
CLN5-defictent patient cells. Interestingly, none of the genes directly imvalved in autophegy initiation or machin-
ery, e.g. ATG genes, were differentially expressed (data not shown). This sisggests that the effects on autophagy
fliix with CLNS deficlency are most likely throagh indirect regulatton of the autophagy process. Among these
genes, SNCA showed the greatest difference compared to control cells with -50-fold increase In expression
under normal cultured conditions. SNCA encodes c-syn, a protetn well known for its role in the pathogendicty
of Parkinson’s disease™.

(7]
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Figure 1. A 1s enhanced in CLNS-deficient cells. (A) Total lysates of two healthy control fibroblasts
(C1 and C2) and two CLNS disease patient fibroblasts (P1 and P2) were analyzed by immanoblotting. Easal
levels of autophagic markers LC3-11 and Pez were shown. The CLNS was ahsent in patient cells. (B) Total lysates

of WT and stable CLNS K1) HeLa cells were analyzed by immunoblotting, The CLNS was greathy redwced In
(CLN5 KID cells. Basal levels of autophagic markers LC3-11 and P62 were shown. (C) WT and Stable CLN5 KD

Hel.a cells were treated with CO), HESS, or HRSS + COQ ford b were analyzed by immunoblotting. The
relative amounts of LC3-11 and Pa2 after normealization with GAPDH are indicated. (1) WT and Stable CLNS
K1) HelLa cells were Incubated with HBSS foro, 0.5, 1, 1.5h were analyzed by Immunoblotting. The

relative amounts of LC3-1T and Pé2 after normalization with GAPDH are indicated. (E) WT and Stable CLNS
KD Hel.a celks were incubated with HESS for 0, 2, 4, 8h in the presence of cydoheximide and bortezomib.
Samples were analyzed by iImmunoblotting. For degradation quantification on the night (N=3), P62 was
normalized with GATDH signal in each lane. O'h in esch cell Line was set as 1. Error bar represents SEM. §-actin
and GAPDH were blotted as loading controls. All experiments were repeated at least three times.

Immunoblotting was performed to verify the gPCR resulis. In normal fibroblasts, c-syn was below the
detection level. O'n the other hand, we were able to detect «-syn expression in CLNS disease patbent fibroblasts
(Fig. 3A). Compared to control fibrotdasts, Hela cells synthesized a basal level of cu-syn that was readily detect-
able. In CLM3 stable knockdown cells, re-syn expression level was further increased. Using immunofluorescence
microscopy, we were able to visualize a-syn ln S-deficlent cells (Flg. 3B). Conslstent with immuunoblotting
results, the Intensity of a-syn was greatly enhanced in cells lacking CLNS. Stably knocking down CLN5 In [-leL,a
cells recapltulated the increased LC3-11 and e-sym levels. indbcating that the effects we observed in CLN
fibroblasts were Indeed due to CLNS deficlency. Knocking down CLNS by translent transfection inc Eb.n:-
blasts as well as SH-5Y5Y cells, however, did not increase the level of a-syn (Fig. 52), suggesting that the effects
we observed in CLMS disease patlent cells and CLNS stable knockdown cells are 2 consequence of long-term
defictency of CLM5.
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Figure 2. More autolysosomes are present in CLM5-deficlent pattent fibroblasts. (A) Control or CLN5-deficient
fibroblasts that had been transfected with the mBEFP-GFP-LC3 plasmid for 24 hours were fived. GFP and RFP
signal were visualized using confocal microscopy. The fracton of REP/GEP signals that was overlapping was
analyzed by the Mander's coefficient wsing the Image] JACoP plugin. In Imagel. two channels of each image
file were first split to two separate iImages. These bwo Images were then wsed for plugin JACol analysis. The
threshold of each image was adjusted to reduce the background signals before performing JACoP Mander's
coefficient. n= 15 cells, error bar represents SEM. (B) Control fibroblasts that had been transfected with the
mBFP-GFP-LC3 plasmid for 24 hours were treated with OO, baf A, or HESS for 2h prior to fixation. The
fraction of EFPYGEP signals that was overlapping was analymed by the Mander's coefficlent using the Image]
JACoP plugin. n= 7 cells, error bar represents SEM. All experiments were repeated at bkeast three times. Scale
bar: 20 pm.

«i-5¥n 15 an abundant protein in presynaptic neuronal cells and 1s associated with symaptic veskcles? =2,
However, It can also be detected In a varlety of tUssues™ . Upon exogenous overexpresston, «-5yn has been
reported (o localize to several different compartments™ " and cause fragmentation of the Golgl apparatus™",
Owr finding of endogenously elevated expression bevels of c-syn in CLN 5-deficlent cells prompted us to examine
the localization of o-syn in these cells. We immunostained CLNS BT cells with GRASPSS for the Golgl apparatus
and Lamp1 for lysosomes, we found o-syn was largely colocalized with lysosomes but not the Golgl (Fig. 440

Several studles have suggested that o-syn can be degraded in the lysosomes via macroautophagy or the
chaperone-mediated autophagy pathway*' . Its accumulation has been observed In several lysosomal storage
disorders (L5Ds)*7, Therefore, we subsequently analyped If o-syn was kecalized in the lumen of the lysosomes
a5 a substrate for degradation. In order to distinguish between outside and inside the lumen, we overexpressed
GEFP-Rab5s Q79L to induce enlarged endolysosomes'™. Under normal conditions, endogenous c-syn was not

(2019 #15] | DOKL0.A038/44 598-04B-36375-2

127



pralue

00003

0004

00095

0L00ES

0LOME

21028 00002

TGFBI 20855 0007

FIEN 20499 00312

R results of CLN5-defi
sts) =2-foldwithap
, down-regulated. The p values were

oup and the CLN5S patie

ts. The genes with ex
yn. Three independent gf
ased on a Student’s t-test of

Table 1. Autophagy pathway
change (compared to contro
were perforn ml » up-regulal
the replicate 2 ' values for each gene In the

<O

S & &P
kDa < Q G
17—

— S n
el =5y
15| - —— "= s GAPDH
B
Control Patient =04 v

Cantrol  Patient

WT CLN5 KD

Wi CLNS KD

Figure 3. Higher levels of a-syn we
CLN5 disease patient fibroblasts, as v ;
GAPDH was blotted as a loading control. (B) Control and CLNS dise:
as WT and CLN5 KD Hel.a cells (bottom) were Immunostained for a-s
using Image]. B ubtracted from the
to dlrlunn. C as analyzed using a St
P ts; *P< 0.0005,n
ges were acquired wsing confocal micros
three times.

tient fibroblasts (top), as well

) kmn.l Intensity was quantified

» obtaln the correct
t X assum m. equal variances.
I :mdt LN5 KD Hel.a cells, error ba
cale bar: 20 um. All experiments v

represents
repeated at

(20191 $151 | DO1:20.2033/242538-028-

128



o 05 T
c 3%
22,
L
& Boz
52
K= a7 4
8 8
m 0.1
@
o
GRASPES Lampil!
YT -5y
B
HBSS 2h
C
HESS HESS
- HBSS .o O T HBSS 4o GO
s PSS F S P 5 P S PS PS PSP
f3— -_— - - —_— - _— GBA
:?— - _ - - — - - — =5y
WT CLMS KD

Figure 4. «-syn localizes to the vicinity of lysosomes. (A ) CLN5 KID Hel.a cells were fixed and immunostained
for a Golgl marker, GRASPES (top panel) and a lysosome marker, Lampi (bottom panel). The Image] JACoP
plugin was used to znalyze colocalizatton (Fearson’s coeffictent). In Image], two channels -.'-t-h.:h Image file
were first split to parate images. These two images were then used for plugin JACoP analysis. Five images
In each set (total 59 cells in GRASP /m set; todal 42 cells in Lamp1/-syn set) were analyzed. Error bar
represents SEM. (B) «-syn doesn ] ¢ humen of lysosomes. CLNS KI' Hela cells that had been
transfected with the [-(]"" Rabs Q9L |:|I.1=rr|n:| for 24 howirs were Incubated with HBESS for 2h prior to fixation
and immunostained for o-syn In control ), cells were left untreated. Cells were fixed and immunostained
fior CLN5. Images were acquired wsing confocal microscopy. Scale bar: 20pm. (C) Subcellular fractionation

of ou-syn. WT and Stable CLN5 KIF Hel.a cells were treated with CO, HBSS, or HBSS + OO for 2h. After
fractionation, samples were analyzed by iImmunoblotting, 5, soluble; F, pellet. All experiments were repeated at
least three times.

present In the lumen (Fig. 4B, top), suggesting it 1s not subjected to degradation tn bysosomes at the level of
expression In CLN5-defictent cells. When cells were starved for 2h to Indice autophagy. no o-syn was found
in the lumen of enlarged vacuoles etther (Fig. 4B, bottom). Subcellular fractionation was performed to further
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analyze whether o-syn was Indeed cytosolic under these conditions (Fig. 4C). 3-glecosylceramidase (GBA)
15 & lysosomal luminal profein and was found in the “P” fraction, Indicating the Iysosomes in the membrane
fraction were intact. In both WT and CLNS KD HelLa cells, c-syn was found primarly in the solsble cyto-
sollc fraction under nonmal conditions with or without C0), indicating c-syn was not subjected to degradation.
Interestingly, when cells were starved with HBESS for 2h, a small fractton of o-syn was detected in the

fractions of both cell ines. This swggests c-syn can be degraded 1n the lysosomes when autophagy 1s ed.
This s conststent with previouws findings that o-syn can be degraded in the Iysosomes via macroatophagy or the

chaperone-mediated aut ¢ pathway*' . Furthermore, there was no difference between WT and CLNS KD
cells in i-syn subcellular on, suggesting that increased a-syn in CLNS deficient cells was not because of
dysfunctional lysosomes.

Alpha-synudein and lysosomal clustering.  The lvsosomal localization of o-syn we observed reveals
a possible function for -syn in the lysosomal membrane. c-syn has 2 ipid Moding property**-*! and has been
shown to cause chstering of synaptic vesicles™. Therefore, we examined whether o-syn has amy role in the lysoso-
mal membrane tn CLN5-deficient cells where SNCA is upregulated. Under normal growing conditions, the lyso-
somes are distributed throughout the cytoplasm. However, in some L5Ds the lysosomes become pertmeclear=*,
In CLN5 KD cells, the lysosomes were chestered to the perinuclear region as well (Fig. 5A). Remarkably, when we
knocked down SNCA in CLNS KD cells, the lysosomes were redistributed to the pertphery of the cell (Fig. 5A)
Flgure 5A a-syn panel and 5B show effictent knockdown of SNCA tn CLN3 KD cells. The quantification analysts
showed that, in CLN5 KID cells, the lysosomeal distribution area returned to the WT level when ce-syn was reduced
bydﬂNh[Hg,:C}.'lhhmﬁtsmatumplﬂxamkhhsmuﬂddﬂzdugamd}ﬂmﬂarmﬂmﬁmud

vesldes™. We also examined the LC3 and P62 levels when we knocked ENCA in CLNS KID cells
(Fig. 50). Unlike its effect on lyscsome position, transtent SNCA knockdown did not change LC3-111in CLN5 KI
c,dlsbacl:buﬂmkvethTMSNC.lklmdmﬁcdls.ThhwmﬁmlhﬂHRUmasenfMMphagyEuxll:lCl.NS
defictent cells 1s not due to SNCA up-regulation.

Discussion

Differential expression of o-syn has been shown in animal models of several NCL subtypes'™=-*'. For example,
acoumulated -syn has been found in CLN 12 disease Afp13a2 " mouse mode and Afpi3a2 knockd own mowse
primery newrons'== {n the other hand, a kower level of a-syn protein was found in the motor cortex of 2 natu-
rally ocowrring CLNS-deficlent “. In addition, some mouse model studies have examined Snco gene expres-
sion. Snea expression was fosnd to be substantially reduced in the cortex of CinlACin S double knockout mice™,
but pot 1n Cliel or Clns single knockout mice™ . Yet in another study, Snon expression was highly up-regulated
in the embryonic corticl newrons in Clnf knockout mice™. This highlights the complexity and va ':qu of the
reghonal and likely age-relevant expression.

In this study, we showed Incressed autophagy fux in CLN5-defictent cells by employing ditferent measure-
ments to monitor autophagy fluc. In particular, the tandem fluorescent mEFP-GEP-LC3 assay demonstrated a
higher basal autophagy Aux in CLNS-defictent cells. The level of autophagy flux was stmilar to that of starvation
indisced autophagy tn control cells. Since CLNS disease 1s a lysosomal storage disorder, 1t 15 reasonable to assume
Increased autophagy s a v:umgzusamry effect in CLMS-deficlent cells. Our data showed that Iysosomal degra-
datton of P&2 was normal in CLNS-defictent cells, sisgpesting that CLNS defictency disrupts lysosome function
other than lysoso oﬁl_mtzﬁt}m

Using PCR array of the autophegy pathway to analyze differential expression, we identified the SNCA gene as
one of the r-related genes up-regulated In CLNS disease patbent cells. Whether and how up-regulation of
SNCA affiects the astophagy process In CLN5-defictent cells remain to be determined. However, transtent knock-
MMDMh}'ﬂN.ﬂ.mCLNSKDteﬂsdldmreduteﬂx LC3-I1back to the bevel in WT cells, suggesting an
Indirect role of ci-sym in regulating Furthermore, while we observed up-regulation of the SNCA gene
in CLN5 disease patlent Ehmhlasts stable CLINS KID cells, transient CLNS KD by sIRMA 10 etther fibroblasts
or SH-5Y5Y cells showed no up-regulation. These results suggest that SNCA up-regulation Is a consequence of
long-term CLNS deficlency. A stable knockdown or knodeout of CLN5S in SH-5Y5Y cells or induced
stem cell (IPSC)-diferentiated newronal cells will help to elucidate whether SNCA up-regulation has a physiolog-
tcal relevance in NCL diseases.

The potential role of o-syn in lysosomal custering we observed suggests a possible function of o-syn exlsts
tn non-newronal cells. Using i vitro assays, it was shown that by lMnding to antonic Bpid and synaptobrevin-2, a
synaptic vesicke SHARE protetn, e-syn caused clustering of the synaptobrevin-2 containing vesiches™. The clus-
tering properiy of o-syn demonsirated herein s in agreement with the literature. For , OVETEX-
pression of c-syn inhibits synaptic vesicle release, possibly due to a re of readily relea Synapiic
vestcles™ ' Similardy, deletion of o-syn Increases neurotransmitter release™. It will be Interesting to examing
whether oi-syn binds to any lysosomal SNARE proteins and whether the clustering effects of elevated levels of
ce-5yM relate to the lysosome function in CLN5-deficient NCL and other NCLs In general.

Bestdes -sym, defects in several proteins involved tn endo-lysosomal trafficking, such as retromer subwnit
VP535, leucine-rich repeat kinase 2 (LRRK2), Rab711, and Rab39E, are known to cause Parkinson's disease® ",
Supporting a rele of c-syn in the endo-lysosome pathiway, it has been documented that tn cortical newrons o-syn
Incalizes to the vicinity of endocytic compartments and interacts directly with ¥P529, SNX1 (two retromer sub-
units), and RabdA (an endosomal Bab GTPasel™. Whether our finding of o-syn affecting vsosome positioning
tn Hela cells 1s physiologically relevant in newrons and contributes to pathogentcity of Parkinson’s disease will
need o be further examined.
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Materials and Methods

Cell witure and transfections.  Cell culture media and reagents were purchased from Gibeo and Hyclone.
Healthy control haman fibroblasts were purchased from Corlell Cell Reposttortes (Cl: GM05757 and C2:
GMooaos). CLN5 disease patbent fibroblasts (P1: 6710 = A, p. Trp224X and exon 4 deletion; P2: homozygous
65940 = T, p. Glm232X) were recetved from Massachusetts General Hospital CHGER NCL DMsorders Chinical
Database and Blorepository. Hel.a cells (ATCC CCL-2) and human fibroblasts were grown and matntained in
Dulbecco’s modified exgle medium (DMEM) supplemented with 10% fetal bovine serum, 2 mM glutamine,
20mM HEPES, and gentamicin at 37 °C in a humbdified incubator with 5% CO52. 506 OO (MP Biomedbcals)
and 20nM baf A (Cayman Chemicals), 50 pg'ml cyckoheximide (Fisher Sclentific). and 100nM bortezomib (LC
Laboratories) were used in the treatments. The CLNS stable knockdown cell line was created by transfecting a
plasmid containing shRNA sequence against CLNS (SABlosciences) to Hela cells and selecting for resistance
to hygromycin. The SNCA knock-out Hela cell bne was generated wsing CRISPR/Cas? method (plasmid was
purchased from GeneCopoeta). The control siRNA, sIRNA for SNCA (SMARTpool), and stRNA for CLNS
(GAACCUACUUVAUCUGGGAA) were from Dharmacon. RNAMAX (Thermo Fisher) was wsed for
sIRNA transfections in Hela and SH-5Y5Y cells. The Meon electroporation transfection system was wsed for
sIRMNA transfection in fibroblasts. For overexpression transfections, the TransIT-LT1 transfection reagent was
used (Mirus Bio). The tandem mBFP-GFP-LC3 plasmid ptfl.C3 was a gift from Tamotsu Yoshimort {Addgene
plasmid £21074)%. The EGFP-Rabs QraL plasmid was a gift from Qtng Zhong (Addgene plasmid $28046)7.

Quantitative polymerase chain reaction (qPCR).  BT° Profiler PCR Array of the human autophagy
E::tﬂ:rwa}.'wpudnmdfmm SABiosclences. RNA was ksolated from fresh fibroblast pellets using RNeasy Mini
((agen). 0.5 pg of EMNA was used for the first strand cDNA synthesis (RT? First Strand Kit, SABiosclences).
The cDMNAs synthesized were wsed for BT° Profiler PCR Array with BT SYRR Green gPCR Master Mixes
Three independent ENA prep samples were wsed for triplicate gPCR. Data was analyzed using BT Profiler
Array data analysls tool Fold-Change (272237 i3 the normalized gene {2022 in the CLNS-defickent
fibroblast sample divided by the normalized gene expression (2 259) of the control sample. The p values were
calculated based on a Student’ t-test of the replicate 2= values for each gene in the control group and the
(CLNS pattent group.

Sample preparation and Immunoblotting.  Cells grown on culture dishes were scraped and washed
once with 1X phosphate buffered saline (PBS), and centrifuged for 3 min at 1.500 = g. Cell pellets were lysed
using RIPA lysis butfer (50 mM Tris pH 8.0, 150mM NaCl, 1% NP-40, 0.5% sodium deoxychaodate, 0.1% SDS)
with protease inhibitor cocktall (G- Blosciences). After incubation for 30min on koe, extracts were
centrifuged at 20,000 = g for 10min at 4°C. The supernatant was collected as the whaole cell Iysates. Protein con-
centrations were determined by Bradford assy. Protein samples were separated by SDS-PAGE and transferred
to PV DF membranes (Millipore) followed by immunoblotting. For the membranes that were preparad to blot
fior i-sym, after transfer, the membranes were first fixed with 1% formaldehyde in PBS for 30 min followed by
1n 5% non- fat milk tn TEST. ECL detecton was performed according to the manufacturer’s Instrisctions
(Millipore) and blots were imaged using G-Box (Syngene ). Quantification was performed wsing Imagel.

Immuncflvorescence Microscopy.  Cells on coverslips were fixed with 4% formaldebyde for 10 min at
room temperature of 100% methanol for 15min at —20°C. Blocking, permeabilization, antibody incubations,
and washes were done wsing Mocking schution {10% fetal calf serum, 0.1% saponin, and 0.02% sodbum azide In
PEE). The cells were imaged wsing ether Zetss LSM-5 PASCAL or LEM-700 laser scanning confocal microscope.
Quantification was performed wstng Imape]. For comparison between groups, data was analyzed wsing a Student’s
t test with two-samiples assuming equal variances. For compartsan among madtiple groups, 3 one-way ANOVA
followed by the Tukeys post hoc test was performed.

Subcellular fractionation.  After treatments, cell pellets were collected, resuspended in 1sotonic buffer
(10 mM HEPES, 10mM KCL, 1 mM EDTA, 250mM sucrose, | mM DTT, protease inhibator cocktall), and bnecu-
bated 10min on tce. Samples were passed through a 256 needle with 14 strokes. The post nuclear supernatant
(PM5) was collected after centrifugation at 00« g for 10min at 4°C. The PNS was centrifuged at 20,000 = g for
20min at 4°C. The supernatant was collected as the “soluble” fraction. The pellet was nnsed once with Isotonic
bustfer and cemnfu;ﬁzagalu at 20,000 » g for 5min at 4°C. The pellet was resuspended in RIPA butfer as the
“pellet” fraction. This s the crude membrane fraction that contains organelles (except mecleus and microsomes).

Antibodies. Habhit polyclonal antibodies used in this study were against LC38 (Abcam, ab51520), and
GRASPSS (Plerce, PA3-910). Rabbit monoclonal antibodies used in this study were against CLN5 (Abcam,
ab17058%9) and n-synucketn (Abcam, MIFR1). Mouse monoclonal antibodies wsed In this study were against
-actin (GenScript, AD0702), GAPDH (Developmental Studies Hybridoma Bank, DSHE-hGAPDH-4E7, depos-
tted by DEHE), ce-synuclein ( Abcam, 4D6), P&2 (Abcam, abséd16), GEA (Novus, MAE7410), and Lamp1 (DEHE,
G1/13%'5, deposited by Hawn, H.-B)"'. HRP-conjugated secondary antihodtes for Western blotting were pur-
chased from Jackson Laboratory. Secondary antibodies conpugated to Alexa Fleor 488 or 546 were purchased
from Molecular Probes.

Data Availability
The datasets generated during and/or analyzed during the current study are avatlable from the corresponding
author on reasonable request.

CIENTIFK. REPORTS | (20192 %151 | DOE10.1032/521 89 8-018-36375-2 ]

132



www.n ature. com fscentitic report

References
1. Benmett, M. . & Hofmasm, 5 meammmm [Batten disease): a new dass of lyscsomal storage diseases. [
Infiert Metmb Dis 22, 535544 {1999).
2 Haltta, M. The neurcmal cenotd-lipofuscimosss: from past o prasent. Biockim Biophys Acla 1762, B50-B56, hittps:/(dotorg! 10,1016/
bt 200406 010 {2005).
3 Williame, B, E & Male, 5. E. Mew nomendiahere and dassification scheme for the neuronal cerodd lipofuscinoses. Meurnlogy 79,
183-191, hitps-doLorg! 161212 WL Db 363 LEZSEE47 {2012).
i Palmer, D0 N_ ef al Mitochondrial ATP synthase subunit c storage in the ceroid- ipofuscnosss {Batten disease]). Am f Med Cemat 43,
561-567, hitps/doLorg! 101 002 faymg. 13204204 28 [ 15992}
5 Tyymela, I, Palmer, D K., Baumang, M. & Halba, M. Stomge of saposins A and [ in infantile newrosal ceroid-lpofusdmosts. FEBS
Lett 330, 8-12 (1993
& Herva, B, Tyynel, [, Hirmsnieml, &, Syrjakallio- Yitalo, M. & Halta, M. Northern epilepsy- a novel form of neurosal ceroid -
lpofiscinosis. Bratn Pathal 10, 215222 {2004).
7. Settembre, & et al. A blod of autophagy in hysosomal storage disorders. Hum Mol Cemet 17, 119-139, hitps-//dof org/ 101093/ kmg'
ddma8s (200=).
& Raben, N., Shea, L, Hill, ¥ & Plotz, P Momitoring autophagy in lysosomal storage disorders. Methods Emzymol 453, 417-44%,
Hittpes (ol oy 10, 1016/ 50076 SHT9(0E)4001 -4 [ 2008).
9. Wong, E & Cuerve, A. M. Autophagy gone 2wry In neurodegenerative diseases. Naf' Newrosd 13, 20581 1, hitpsdoLong) 101038
MOLE5TS (2O
10 Misenyl, M. C, Sikora, |, Stephney, G, Dobrents, K. & Walkley, 5 U. Lysosomal membrane permeability stmulates protein
aggregate formation = memrons of a lysozomal dizease. J Newroscd 33, 10B15- 10827, https:/fdalorgf 1015237
INEUROSCLosa7-13.3003 (20130
1L Cao, ¥ ef @l Autophagy & disrepted in 2 knock-in mowss model of juvenile mewronal cerold lipofuscinosts. T Biol Chem 281,
48320493, hitps:dol.org! 101078/ bc ME021 B0 (2006).
1% Letmomen, H. et al. Retinal Degeneration In A Mouse Model O CLNS Disease [s Associated With Compromised Autophagy So Regp
7. 1597, hittpe{ idolorg 10,1 0138/ 54 1598-01 7-017 15-1 (201 7).
13 Thelen, M. ot @l Disruption of the aulophagy- lyscsome pathway is imvolved in newopathology of the ndf mouse model of nearcnal
cerold Hpofuscinosts. Flos One 7, 635493, hitps-S'doLorg/ 101371/ |curmal pane 0035453 (201 2).
i Bramdenstein, L, Schweiver, M., Sedlacik, |, Fiehler, . & Stoech, 5 Lysosomal dysfunction and impairsd autophagy ina novel mouss
maode deficient for the lysosomal membrane protein Cle7. Hum Mol Genet 25, 777791, hitps:['dod orgf 101093 hmpiddvs 15 (2008).
15 Kodige, M. ef @l Partictpation of aulophagy in storage of ysosomes In newnas from mows: models of neuronal cerad-bpofuscinoses
(Batten disease). Am | Pathol 167, 1713~ 1728, httpsidolong/ 10 1016/ 500028440 10)6 1 253-9 (2005,
16 Best, H. L. ot al. Chancterisation of eardy changes im ovine CLNS and CLNG Batten disease neural cubtures for the rapid soeentng of
therapeutics. Nesrobio! Dis 100, 62-74, hitps:/'dol.org/10.1016/.nbd 200 7.001.001 (2017).
17. ¥em, [ o al Newroml cemid bpofisdnosss are coomecied at molsostar level: interaction of CLMNS protein with CLNZ and CLN3.
Mo Bind Cali 13, 24102420, hitps:idotorg! 10,1091 'mbe. E2-01-0031 (2002).
18 Mikarir, A., Peck, 5. H_, Budden, T. & Lee, 5. ¥. The role of K-ghyoosylation im folding, traticking. and functiosality of bysosomal
CIN=. Plos One 8, 674295, hﬂ;n:."l'dungn' 18.137 1| ourzal pone 007 €295 {204 3).
18 Mameo, A, lules, E, [ g-Dotron, K., G i&lcira-cnb.&ﬂrm]eod’mldlqm&mmummﬂpmlﬂns
{CLMS) Lnud.nmni sorting. Mol Call m.u. 1855 1864, hitps/!dolong 10,1 1 Z8MICB06726- 11 {(2013).
0L Huber, R, [ & Mathavarajah, 5. Clns is secreted and functioss as a ghymoside hydrodase tn Dictyostelium, Cell Sypmal 42, 336- 248,
]mpm'-'dm.nrp'm 1016/} cellstg. 2007.10.001 (2007).
21 Mamotraur, L., Campanelt, 1. T. & Scheler, B H. Synudein: a nearon-spectfic protein Incabized to the nocdeus and presynaptic nerve
terminal | WL 2B04-2815 (1985]).
22 heal, A e af. The precurscr protein of non-A beta component of Alzheimers dissse amyioid is a presynaptic protein of the central
nervous system Nesron 14, 457475 { 1995).
z3_ Spilantinl, MG et al. Alpha-synuclein in Lewy bodies. Nafare 388, 839240, httpe/idot oo’ 10,1028/ 42166  1997).
4. Wargas, K. | et ai. Synudeins regulate the Einetics of synaptic veside endocytosts. § Nesroso 34, 93645376, hitps:/'doLorg/ 1015237
THEURDSCIATET-13.2004 (2014}
5. Burre, I o ol Alpha-synudein promotes SHNARE-complex assembly in vive and fm vitro. Sclemoe 329, 1663- 1667, hitps{idot
argl 10,1 1 b&fscence | 195337 {1110).
26 DeSibva, B, Adamme [ & Les, 5. Y. Proteclytic procesing of the meuronal czrold bpofiscinosts ralated hsosomal prodein CLMS. Exgp
Cerll R 338, 45-53, hitps./ded oopf 10,101 &/ yexce H15.08.021 (3015)
7. 18, 5 of ol Alpha-synudetn is expressed in different tissues during human fetal development. | Mol Newroscd 33, 195204 {2004).
2 Askanas, V., Engel W. K., Alvarez, B_B., McFerrin, | & Broccobing, A. Novel immuncloclization of alpha-synudetn in buman
musdle of incluston-body myostis, regenerating and necrotic muscle fbers, and at newmmuscular junctions. | Nesropathol Exp
Neurpl 59, 392528 (2000}
5. Shin, E. C o al Expresson patterns of alpha- synudein in human he matopoletic cells and in Dmsophila at ditferent deveopmental
stages. Mol Cells 10, 6570 (2000).
30 Nakat, M. f ai. Expression of alpha-symsclein, 2 presymaptic protein implicated in Parkieson’s dissace, in erythropotetic Hnsage.
[Brochern Binphys Res Commemn 358, 104- 110, hitps. doLocg' 101016/} bhoc. 3060704108 {2007).
31 Ueda, K., Sattoh, T_ & Mod, H Tissue-dependent alternative splicing of mEMA for NACE, the precursor of non- A beta component
af Alzheimerk disease amylold. Binckem Biophys Res Commam 205, 13661372, hitps:/dol omg/ 1 0.1006/bkre. 1994 3816 (1994).
32 Winslow, A R et al alpha-Syoudeln impairs macroatophagy: imphications for Parkinsoo’s disease. I Cell Biol 190, 10331037,
Iittps:i/ diod ool 10, 1053 )ch. 201002122 {2010).
3. Khonsky, D[ o of. Guidshnes for the use and interpretation of asays for monttoning atophagy (3nd sdftion). Asfophage 12, 1-223,
hittpe:diod oagy 10, 108041 5548627 3015, 1 100356 (2005).
34 Mirushima, N_ & Yoshimorl, T How to inberpret LC3 Immumcbloliing, Aufophegy 3, 542-545 (20070
35 Sahani, M H_ lakyra, E B Mirushima, N. Expression of the autophagy substrate S35TM1/ps2 is restored during prolosgsd
starvation depending on transcriptional wpregulation and autophagy-derved amino acids. Asliophagy 10, 431441, https-dot
g 10L8 16 b 27344 (20141
3. Kimuma, 5., Noda, T. & Yoshimord, T. Dissection of the autophagesome maturation process by 2 movel reporier protein, tandem
flunrescent-tagged LC3. Astopiapy 3, 452460 (2007).
37. Gosavt, N, Lee H. 1 Lee, L5, Paiel 5 & Lee, 5. | Golgt fegmentation oooers n the cdlls with alpha-sypuclain
and pracedas the Sxrematios of fibrilar inclecon, | Biol Chem 277, £2984-48992, https-fidolosp! 10 L0744 b M 208194200 (2002).
3 Cooper, A & et af. Alpha. symudein blocks ER-Gaolgl trathic amd Rab] resoues newron loss in Parkinson’s models. Soiemee 313,
324-328, hitps-fdolorg 10,11 36/schence. ] 1294653 (H006).
3% Thayamidhe, M. o al Alpha-synudein delzys endoplasmic reticulum (ER}-10-Golgd transport In am cells by antagy =
SNAREs. Mol Bind Celf 21, 1850 1863, h.n:ys:.".'d.ung.' 101 09 1 ks EDS.0R- 0801 (30000
0. Nakamura, K. o al. Direct membmane association drives mitochondrial fission by the Parkioson disease-associated protein alpha-
synudein. | Rl Chem 286, 2071020726, hitps=/doLorg 101074k M1 10213538 (200 1)

SCIENTIFIC REPORTS | (2019 &15] | DOE10.1035/541 595-01B-36375-2 10

133



www.n ature com /scientificreport s/

41 Webh, | L, Ravilemar, B, Atkins, L, Skepper, |. M. & Rubinszietn, I3, C. Alpha-Syoucletn is degraded by both autophagy and the
protessome. J Biod Chem 278, 2500625013, httpsidatongf 10,1074/ fhe. M300227200 (2003).

iz ‘-’n-gﬂ::LT Kilowrt, M., Welcrellis, K. B Stefanis, L Wild type alpha-synuclels is degraded by chapesooe-mediated autophagy and

in newrosal cells. [ Btof Chem 283, 7354223558, hitpsedol oeg’10. |u?a‘j:ddnu1m3:-:- (2008}
43 B:l.eli.S..Prm-cliE Rodilosst, 5, Foddony, G & Albang, D Macr phagy and the pm by involbved in the
of alpha-symuclein wild type and mutated A30F in an i vitro L-dud]:lemndeltﬂ:]lﬂ:tﬂu,] Neurosciemoe 195,

128- 137, hitps"dolong' 1001014, neurcsc ence 20 11.08.030 {201 1),

b Mazzulll, I R ef 0l Gaucher disease glucocerebrosidase and alpha-synodein form a bidirectional pathogenic loop in
symuclenopathies. Cell 148, 37-52, https:/dotorg! 10,1006/ call 201 105,001 (300 1),

45 Chaol, L H. stal Aggregation of alpha-symclsin in braln samples from subjects with gluooerebesidase mutations. Mol Cemet Metalh
104, 125 188, hitps./dotorg! 10,10 L6/ ymgrme 201 106,008 (201 1)

46 Kamg, 5, Heo, T H. & Kim, 5 . Altered levels of alpha-symuclein and sphingolipids in Batten disease brmphoblast cells. Geme 539,
181185, hitps-dolorg! 16,1016/ gene 3014020017 (2014).

47. Usenovic, M., Ir,uu.E M:z:ull.l. LR., Tapler, 1. P & Kraisc, D Deficency of ATPI3A2 leads to lysosomal dysfunction, alpha-
symuclein ac city. | Newroscl 32, 42404246, https:/fdol oegd 10,1523 NEUROSCL 557510 2002 (2003},

4B Stenmark, H. e al. Iuhclnl:lnn. of rabs ETPﬂ.l-: activity stimulates membrane fusion in endocytosls. EMBOT 13, 1ZE7- 1256 { 1994).

49 Pranke. 1. M. of of. alpha-Synodein and ALPS motifs are membrane curvature semsors whose contrasting chemistry mediates
salective veside binding. JCell Biol 194, 89103, hittps/i'doLorg/ 10.1053/)ck. 20001 1118 {200 1),

50 Middl=tom, E. B. &leadu. E_Efferts of curvature and compostios on alpha-symuclein bisdieg to lpld vesicles. Rinphys | 99,

1279-I3E8, 1100 I:IID.I}?JJ_-»SU‘DJ'D}

5L Wieﬂph:l.l.ﬁ & 55 mmmmmwumcummn 1240, hitps.idot
g 101074/ jbe M 112 418871 (3013}

52 [han, [. o af. Mattvealpha. synudi=n induces dustering of symaptic-vestde mimics via binding to phospholtpids and syzapiok i)

WAMP2. Eitfe 2, e00592, hittpsdi'dotorg'1 0.7554 el tfe 005972 (20:13).

53 LI, X e @l A maolecular mechantsm to regulate hsosome motility for ysosome positioning and tubulation. Naf Cedl Brof 18,
404417, hitpsidoLorg 10,1 038 b 3324 {201£).

54 Unsl-Raww, K. of al. Neuromal cerotd Ipofuscinosts protein CLN3 Interacts with motor proteins and modifies location of late
endosnenal compartments. Call Mol Life 5ot 65, 20752089, hitps-/'dolcrgd 10, LO07/s00018-011 -0913-1 (2013).

55 Schultheis, P L of al Atpl3a2-deficlent mice exhibit newrosal cernld Upofusd oo, Hmited alpha-synudetn accumisbation and age-
dependent sensorimotor deficits. Hame Mol Gened 22, 20672082, hitps:/fd ot org/ 10,1083 hmg $H057 (2013).

56 Amorim, L 5. f af. Molecular neuropathology of the symaps: in shesp with CLKs Batten disease. Bratn Refay 5, 00401, hitps:dot.
argf 10 k0o hrha 4o {(2015).

57. Blom, T. et ai. Exacerbated newromal cemtd lpofuscinosts phenotype 1o Clai/f5 dovble- knodimpet mice. Dis Mode! Mech 6, 342-357,
Hittprs:{idial ooyl 10.1 242/ dmm 0 10160 (2003).

58 Ahtiaimen, L. o ol Falmitoyd protein thioesterase 1 {Pptl -defickent mouse newrons show alterations in cholester] metabelism and
calclum homenstasis pricr bo synaptic dysfuncicon. Meurobtol Drs 28, 52-54, hittps:/idolorg 10.1016/) nibd. 3007.06.01 2 (2007).

58 Kopra, (0. ef ol A mouse model for Finmich variant bte infantiles neuronal cerodd tpofuscinosis, CLNS, reveals nesropathology
assoctated with srhy agieg, Haman molecudar genetics 13, 28933906, hittps/dot oep/ 10, 1093hmg/ddh3 1 2 (2004).

&0 Nemani, V. M. #f al. Increased expressios of alpha-sysudein reduces mewrotransmitier relezss by imhibiting synaphic vesicle
reclustering after endocyinsis. Neurow 65, 56-79, hitps.!dol.org! 10 1016/). neuron. 20609, 12 023 (2000).

61 Larsen, K_E o &l Alpha-symucletn overexpresson in PCL2 and chiromadfin cells impairs caiecholamine release by interfering with
alate step in exncyloss | Newrosc! 36, 11915-11923, h‘ﬂpﬂd’."ﬂol.nl‘gflﬂ. 1523 TN ELTHCECT. 352 1-06. 2006 [ 20061

62 Amwar, 5. of @l Functional alterations to the nigrostriatal system in mice lacking all three members of the symsclein. famiby. J Mewrosct
31, 7254-7274, hitps-idoLorg' 1001523 TKREURCQSCL6194- 10,2011 {2011).

63 Fimprich, A. o of. A mutation in ¥YP535, nonding a subundt of the retromer complex, caoses late-onset Parkinson disease Am [
Hurm Genet 89, 168175, hittps+/idoLorg 10.1014/) ajhg 201 106,008 (2001).

& Vilaring-Gudl, C et al. VPS5 matations in Parkinsos disease. Am [ Huomw Gemet B9, 162- 167, hittps-!dal.org/ 10 10L&/
ajhg 200106000 (3001

65 Fimprich, & ef al. Motatioes in LRREK? csse antosomal-d park with ple: phic pathology. Neuron 44,
&0 1607, hitpa:doLorg! 10101/ newron 2004.1 1005 | 2004).

66 Patsan-Butr, C. o al (oming of the gene contiming mutations that cause PARKE-linked Parkinson’s dissase Newron 44, 555600,
Tittprsidial ooyl 101006/} newroa 2004_10.033 (2004).

7. Wilson, (@ K. of &l Mutations in RAE37H cause X-linked intellectual disability and early-omset Parkinson disease with alpha-
symuclen Am T Hum Genet 95, 729-735, hitps:/doLorg 101016/ 2hg 200410015 {2014).

68 Macleod, DA of of. RABTL] imteracts with LRRE? to modify intamssmeal proten sorting and Parkinson’s disease sk, Neon
77. 425439, hisps:/\doLorg! 10.1016/| neurnn 201211033 {2013).

&9 Chueg, C Y. et In Sty Peromtcdase [abeling and Mas Spectrmmetry Conmects & lpka - Sysacein Dieecthy b Endocytic Tracking
and mANA Metabolise in Neurons. Cell Syst 4, 242-350 244, hittps:Vdol og/10. 1016/ cels. 2017.01 002 (2017).

70 Sum, O}, Westphal, W, Wong, K_ M., Tan, L & Fhoeg, ) Bubicos controls endesome materation as a Rab? etfecor. Proc Matl Anod
5ot UEA 107, 1933819343, hups:":'d.nlurg."ll].]u-?!."pm.t 1010554107 {201a).

71 Schweixer, A, Fransen, |. A, Bach, T, Ginsel, L. & Haur, H_ P [denttfication, by 2 mosodonal antibody, of 2 53-KD protein
associated with a tubulo-vesicular compartment at the cis-side of the Golg) apparatus, | Cell Bisl 107, 1643 1653 { 1925).

Acknowledgements

We &m.k&remn% facility in the mﬁwmmemwwmmd
Yeterinary Medicine at State University for the assistance and usage of the confocal

supported i hg-mt’mmlhzNamnﬂhnlumu[ﬁmmmmmmmmnlslﬁmmw
Imstitites of and Terry Johnson center for Basic Cancer Hesearch at Kansas State University. Publication of this
artiche was funded in pant by the Kansas State University Open Access Publishing Fund.

Author Contributions
LA M.E, TE. and 5 ¥ L concetved the project; LA, MLE, LAM., ARW, BEA_ TB. and 5.Y.I. performed the
expertments; LA., MLE, LAM., A F.W. and 5.¥_L. analyzed the data and wrote the paper.

Additional Information
Supplementary information accompanies this paper at https://doLorg!10.1038/541598-018- 36379 -2,

Competing Interests: The suthors declare no competing interests.

SCIENTIFIC REFPORTS | (20191 &15] | DOE10.1038/551 598-01B-36375-2 11

134



www.n ature.com /scientific report s/

Publisher’s note: Springer Nature remains neutral with regard to purtsdictional claims in published maps and
Institutional afillations.

F:!‘”- Open Access This articke 15 licensed under a Creative Commons Attribution 4.0 [nternational

License, which permits use, sharing, adaptation, distribution and reproductton in any mediem or
format, as long as you give umahtecredﬂmﬂmomnnlauﬂm:tshuuiﬂwmmce provide a link to the Cre-
ative Commons license, an te If changes were made. The images or other third party material in this
articke are Included in the aricle’s Creative Commaons Hoense, wunless indicated otherwise In 2 credit line to the
mzterial. [f material is not inchieded n the ariicle’s Creative Commeons loense and your intended use Is not per-
mitted by statutory regulation or exceads the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit hitp://creattivecommons. org'Hcenses Ty 4.0/,

& The Author(s) 2019

SCIENTIFIC REPORTS | (2019 &15] | DOE10.1038/551 598-018-363 752 12

135



