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ABSTRACT

Vaccinia virus infection causes a host shutoff, which is marked by global inhibition of
host protein synthesis. Though the host shutoff may facilitate reallocation of cellular
resources for viral replication and evasion of host anti-viral immune responses, it poses a
challenge for continuous synthesis of cellular proteins that are important for viral replication.
It is, however, unclear whether and how certain cellular proteins may be selectively
synthesized during the vaccinia virus-induced host shutoff. Using simultaneous RNA
sequencing and ribosome profiling, two techniques quantifying genome-wide levels of
mRNA and active protein translation, respectively, we analyzed the responses of host cells
to vaccinia virus infection at both transcriptional and translational levels. The analyses
showed that cellular mRNA depletion played a dominant role in the shutoff of host protein
synthesis. Though the cellular mMRNAs were significantly reduced, relative translation
efficiency of a subset of cellular mMRNAs increased, particularly those involved in oxidative
phosphorylation responsible for cellular energy production. Further experiments
demonstrated that the protein levels and activities of oxidative phosphorylation increased
during vaccinia virus infection, while inhibition of the cellular oxidative phosphorylation
function significantly suppressed vaccinia virus replication. Moreover, short 5’ untranslated
region of the oxidative phosphorylation mRNAs contributed to the translational upregulation.
These results provide evidence of a mechanism that couples translational control and
energy metabolism, two processes that all viruses depend on host cells to provide, to

support vaccinia virus replication during a host shutoff.

IMPORTANCE

Many viral infections cause global host protein synthesis shutoff. While the host
protein synthesis shutoff benefits virus by relocating cellular resources for viral replication, it
also poses a challenge to maintain necessary cellular functions for viral replication if

continuous protein synthesis is required. Here we measured host mRNA translation rate
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during vaccinia virus-induced host shutoff by analyzing total and actively translating
mRNAs in a genome-wide manner. The study revealed that oxidative phosphorylation
mRNAs were translationally upregulated during vaccinia virus-induced host protein
synthesis shutoff. Oxidative phosphorylation is the major cellular energy-producing pathway
and we further showed that maintenance of its function was important for vaccinia virus
replication. This study highlights that vaccinia virus infection can enhance cellular energy
production through translational upregulation in the context of an overall host protein

synthesis shutoff to meet energy expenditure.
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INTRODUCTION

All viruses depend on their infected host cells for protein synthesis. Many viruses,
for example poxviruses, influenza virus, picornavirus and herpesviruses, cause a host
shutoff after infection, marked by a global cellular protein synthesis inhibition (1-8). While
the host shutoff conserves cellular resources and blunts host antiviral responses that
benefit viral replication, it also presents a challenge to maintain the integrity of necessary
cellular functions for viral replication, as continuous synthesis of certain host proteins may
be needed. However, knowledge is scarce about selectively synthesized cellular proteins
and their biological relevance during a virus-induced host shutoff. Determination of
selectively synthesized proteins in this process will facilitate identifying cellular functions
that are important for viral replication.

Ribosome profiling is a technique based on deep sequencing of ribosome-protected
mRNA fragments, providing genome-wide information of mMRNAs that are actively
translated (9-12). We have previously identified many unexpected translation products of
vaccinia virus (VACV) using ribosome profiling (13). Several other studies also identified
large numbers of unexpected translation products from human cytomegalovirus (HCMV),
coronavirus and Kaposi's sarcoma-associated herpesvirus (KSHV) using ribosome profiling
(14-16). Importantly, ribosome profiling can also simultaneously reveal translation of host
mRNAs during viral infections. In a recent study, translational changes of host genes upon
HCMYV infection were studied by simultaneous RNA-Seq and ribosome profiling (17). The
study revealed many translationally activated or repressed host genes by HCMV, which
does not induce a host shutoff. Given the great sensitivity and resolution, we reasoned that
ribosome profiling is a powerful tool to study selectively translated cellular mRNAs by
analyzing actively translating and total mRNAs of individual genes during a virus-induced
host shutoff.

Poxviruses are a family of large DNA viruses that include highly pathogenic
members that infect human and economically important animals, exemplified by the variola

virus that causes deadly human disease, smallpox (18). Poxviruses are also developed as
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agents for cancer therapy and vaccine vector (19, 20). VACV, the prototypic member of
poxvirus, was used as the vaccine strain to eradicate smallpox. However, vaccination using
VACV may also cause complications such as keratitis, conjunctival disease and iritis in
immune compromised individuals (21). It has long been known that VACV rapidly takes
over host translational machinery for viral protein synthesis and causes a global host
protein synthesis shutoff (4, 5, 22). The shutoff is at least partially attributed to VACV-
encoded decapping enzymes, D9 and D10. These decapping enzymes efficiently remove
7-methylguanosine caps on the 5’ termini of mMRNAs (23-28). The decapping renders the
mRNAs sensitive to degradation by exonucleases and results in a rapid depletion of
mRNAs (24, 25, 29, 30). In addition to mMRNA degradation, transcription inhibition may also
play a role in this process (31). The global depletion of cellular mMRNAs is assumed to
contribute to the host shutoff. However, it is largely unknown whether there are cellular
proteins selectively translated, and if so, whether those selectively synthesized proteins are
important for VACV replication.

In this study, we analyzed dynamic transcriptional and translational landscapes of
host cells over the course of VACV infection by simultaneous mRNA sequencing (RNA-Seq)
and ribosome profiling from VACV- and mock-infected cells. Our study indicated that
cellular mMRNA depletion played a dominant role in the shutoff of host protein synthesis.
Though the cellular MRNA amounts were significantly reduced, relative translation
efficiency of a subset of cellular mRNAs increased, particularly for those involved in
oxidative phosphorylation responsible for cellular energy production. We further
demonstrated that the protein levels and activities of oxidative phosphorylation increased
during VACYV infection, while inhibition of the oxidative phosphorylation suppressed VACV
replication. Short 5’ untranslated region (UTR) of the oxidative phosphorylation mRNAs
contributed to the translational upregulation. This study revealed that a viral infection
enhanced oxidative phosphorylation through translational upregulation in the context of an

overall host shutoff.
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MATERIALS AND METHODS
Cell culture and virus infection

Suspension HelLa S3 cells (ATCC-CCL2.2) were cultured in minimum essential

medium (MEM) with spinner maodification and 5% equine serum in a 5% CO, atmosphere at

37°C. Infection of HeLa S3 cells was carried out as described elsewhere (28). Adhesion
Hela cells (ATCC-CCL2) were cultured in Eagle's Minimum Essential Medium (EMEM)

supplemented with 10% fetal bovine serum (FBS). VACV Western Reserve (WR) strain

(American Type Culture Collection [ATCC] VR-1354) and WRvFire expressing luciferase
under a VACV synthetic early/late promoter were gifts from Dr. Bernard Moss (32).

Preparation, titration and infection of VACV were performed as described elsewhere (33).

Antibodies and chemical inhibitors

Anti-MT-CO2, anti-MT-CO1, anti-SDHB, total oxidative phosphorylation human
antibody cocktail, and anti-GAPDH antibodies were purchased from Abcam (Cambridge,
MA). Anti-tubulin antibody was purchased from Santa Cruz Biotechnology (Dallas, TX).
Anti-VACV serum was a gift from Dr. Bernard Moss. Oxidative phosphorylation inhibitors
Carbonyl cyanide m-chlorophenyl hydrazone (CCCP) and antimycin A were purchased
from Sigma-Aldrich (St. Louis, MO). Cytosine arabinoside (AraC) is a VACV DNA

replication inhibitor that was also purchased from Sigma-Aldrich.

Ribosome profiling and RNA-Seq

The experiment procedures were described previously (13). Briefly, ribosome
profiling was carried out as described elsewhere with minor modifications (10). VACV (at a
multiplicity of infection [MOI] of 10)- and mock-infected HeLa S3 cells pretreated with
translational inhibitor cycloheximide (CHX) were lysed and treated with DNase (Thermo
Fisher Scientific, MA), and the lysate was clarified. Messenger RNA was isolated from a
portion of the lysate using oligo(dT) and fragmented using RNaselll (New England Biolab,

MA). The mRNA fragments between 50 and 80 nucleotides (nt) were extracted. The
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ribosome-protected RNA fragments (RPFs) were separated by electrophoresis after the
lysate was digested with RNase | (Thermo Fisher Scientific), the ribosomes were then
isolated by sucrose cushion centrifugation, and the RPFs between 28 and 34 nts were
isolated. The purified mMRNA and RPFs were used to generate libraries for deep
sequencing as described previously (10). The purified libraries were sequenced using a

HiSeq 2000 system.

Mapping, quantification and differential gene expression analysis

The adaptors of RNA-Seq and ribosome profiling reads were trimmed using FASTX
Toolkit (v0.0.13.2, fastx_clipper: -1 25 —n —v —Q33; fastx_trimmer: -f 1 —Q33). The tRNA and
rRNA were removed by Bowtie (v1.0.1, -1 20) (34). The DNA reference sequences coding
tRNAs were obtained from the Genomic tRNA

Database (http://gtrnadb2009.ucsc.edu/download.html) (35). The DNA reference

sequences coding rRNAs were obtained from iGenomes
(https://support.illumina.com/sequencing/sequencing_software/igenome.html). The reads
were mapped to both the human genome (Ensembl, GRCh37) and the VACV genome
(NC_006998.1) using Tophat (v2.0.11, --library-type fr-firststrand) (36). Raw counts of
protein-coding genes were quantified by HTSeq (v0.6.1p2) (37). Raw counts of the host
genes and the VACV genes were combined and RPKMs (reads per kilobase of transcript
per million reads) were calculated by edgeR (38). The raw read numbers were normalized
to the effective library sizes of total reads of the host and VACV. Genes with mean RPKM
less than 1 were not included for further analysis. The RPKMs of the host genes were used
to calculate differentially expressed genes at both mRNA and RPF levels, by comparing
expression levels in VACV-infected cells to the mock-infected cells P values from multiple
testing were adjusted by Benjamini-Hochberg procedure. Genes with an adjusted P value
less than or equal to 0.05 and an absolute value of logarithmic fold changes more than or

equal to 2 were identified as differentially expressed.
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Relative translation efficiency and Gene Set Enrichment Analysis (GSEA)

Relative translation efficiency (TE) was defined as the ratio of normalized RPF
density to normalized mRNA density (17, 39). Differential translation efficiency (DTE) was
calculated by the ratio of TE under VACV infected condition to TE under the mock condition.
Among genes with a mean log2(RPKM) of four related samples (nRNA and RPF from
mock- and VACV-infected cells of each time point) larger than -1, those with a logarithmic
value of DTE larger than 1 were defined as translationally upregulated genes, and those
with less than -1 were defined as translationally down-regulated genes. GSEA was carried

out using the Bioconductor package, “piano” (40).

5’ UTR (untranslated region), 3’ UTR, CDS (coding DNA sequence) and transcript
length analysis

Sequences of protein-coding transcripts were obtained from Gencode (v19,
http://www.gencodegenes.org/releases/19.html). 5’UTR, CDS, 3'UTR and transcript
sequences were extracted from the aforementioned sequences and only the longest
isoforms were used for length and minimal free energy (MFE) analyses. The MFE were
calculated by the ViennaRNA package (v2.1.8), followed by normalization to sequence

length.

Western blotting analysis
Cell lysates were denatured by heating and separated by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis, and transferred to a polyvinylidene difluoride

membrane for Western blotting analysis following procedure described previously (41).

RNA extraction and quantitative RT-PCR
Total cellular RNA was prepared using Trizol (Thermo Fisher Scientific, MA)

according to the manufacturer’s procedure. Total RNA (1 ug) was used for reverse
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transcription (RT) using random hexamer. The reverse-transcribed products were used for

quantitative PCR of specific genes.

ATP synthase activity assay and ATP level determination.

ATP synthase activities were measured using ATP synthase enzyme activity
microplate assay kit (Abcam). Briefly, the samples from mock- or VACV-infected Hela cells
(MOI=5) were collected at different times post-infection. ATP synthase from these samples
was immunocaptured within the wells and its enzyme activity was measured by the
production of ADP, which is coupled with oxidation of NADH to NAD" that is monitored as
decrease in absorbance at 340 nm. ATP levels were measured using the ATP
determination kit (Molecular Probes™) by a bioluminescence assay using a recombinant

firefly luciferase and its substrate luciferin following manufacturer’s protocol.

Cell viability assay
Hela cells were treated with chemicals or solvent vesicle at indicated
concentrations. The cells were then trypsinized and resuspended with DMEM after 24 h of

treatment, cell suspension was mixed with trypan-blue at the ratio of 1:1 and the cell

viability was measured using a LUNA IITM Automated Cell Counter. The data were collected

and averaged from at least three independent experiments.

In vitro transcription

RNAs were generated using HiScribe™ T7 High Yield RNA Synthesis Kit (New
England Biolab). Briefly, DNA template containing T7 promoter sequence, 5 UTR, firefly or
renilla luciferase and poly (A) coding sequences was generated by PCR. In vitro
transcription and 5’ capping with methylated guanine of the RNAs were carried out
according to the manufacturer’s instructions. The resulted RNAs were purified using

Purelink RNA mini Kit (Thermo Fisher Scientific) and quantified for transfection.
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RNA transfection and luciferase activity measurement

Equal amounts of firefly luciferase reporter RNA were transfected in Mock- or
VACV-infected HelLa cells at 2 h post VACV infection using Lipofectamine 2000 (Thermo
Fisher Scientific). Renilla luciferase reporter RNA were cotransfected as internal control of
experimental variation. The luciferase activities were measured at 7 h post VACV infection.
A Luminometer was used to measure the luciferase activities using appropriate reporter
assay reagents (Promega, WI) according to the manufacturer’s instructions. Each result

was an average of at least three independent experiments.

Detection of newly synthesized proteins.

Newly synthesized proteins were detected using Click-iT® AHA (L-
azidohomoalanine) nascent protein kit (Thermo Fisher Scientific) combined with
immunoprecipitation of the AHA-labelled proteins. Briefly, culture medium was replaced
with methionine-free medium and incubated for 2 h. Then AHA was added to the medium
at 100 uM and incubated for 4 h to label nascent proteins. The cells were collected
by centrifuging at 1000 g for 5 min and lysed with radio-immunoprecipitation assay (RIPA)
lysis buffer at 4 °C for 30 min. Cell lysates were collected by centrifuging at 12,000 g for 10
min at 4 °C, and the proteins in the supernatant were precipitated with methanol and
chloroform and resolubilized in 50mM Tris-ClI containing 1% SDS. 200 ug of proteins were
subject to click reaction for 30 min to label the AHA-containing peptides with alkyne-biotin
using Click-iT® Protein Reaction Buffer Kit according to the manufacture’s instruction. The
proteins were then precipitated with methanol and chloroform and resolubilized in
50mM Tris-Cl containing 1% SDS and then added equal volume of 50mM Tris-Cl
containing 6% NP-40. The AHA-labelled nascent proteins were precipitated using

streptavidin beads, eluted and detected using specific antibodies.

10
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Data availability
The sequencing data were deposited at the National Center for Biotechnology
Information Sequence Read Archive (accession No: SRP SRP056975 and SRP

SRP093314).

RESULTS
Simultaneous RNA-Seq and ribosome profiling in VACV-infected cells

To understand translational regulation and identify selectively translated cellular
mMRNAs during VACV-induced host shutoff, we carried out simultaneous RNA-Seq and
ribosome profiling in VACV- and mock-infected HelLa cells at 2, 4 and 8 hours post infection
(hpi) (Fig. 1A). Under these conditions, VACYV replication was in the early stage when viral
DNA replication did not occur yet at 2 hpi, whereas at 4 hpi and later times VACV
replication had proceeded to the post-DNA replication stage (28). RNA-Seq and ribosome
profiling quantitatively measured the levels of total MRNA and actively translating mRNAs,
respectively (9, 10). We obtained 114.6 to 135.8 millions of reads from individual RNA-Seq
samples and 38.0 to 98.7 millions of ribosome protected fragments (RPFs) from individual
ribosome profiling samples that were mapped to human and VACV genomes, providing
sufficient depth of sequencing reads for further analyses. The analysis of viral mMRNA
translation from part of the sequencing data was reported elsewhere (13).

Analysis of the cellular RPFs indicated that the ribosome profiling experiments were
highly reproducible, evidenced by very strong correlation coefficient (r>0.98) of two sets of
completely independent ribosome profiling experiments (biological replicates) under the
same infection conditions at each time point (Fig. 1B). The high reproducibility of the RNA-
Seq and ribosome profiling experiments was also evidenced by strong correlation of the
reads from 2, 4 and 8 h of mock-infected cells, where the cells were under the same culture
conditions without VACYV infection. The correlation coefficients were higher than 0.98 in all
the pairwise comparisons of experiments from the three time points (Data not shown). High

quality of cellular RPF reads was evidenced by the expected high mapping rates in coding

11
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regions (CDSs) and 5 UTRs, and low mapping rates of 3' UTRs and introns of cellular
gene, for both mock-infected (Fig. 1C) and VACV-infected experiments (Fig. 1D). We

concluded that the data sets were of high quality and were suitable for systematic analyses.

Messenger RNA depletion plays a dominant role in VACV-induced host shutoff

We first evaluated the contribution of mMRNA depletion in VACV-induced host protein
synthesis shutoff by analyzing the proportion of cellular RNA reads and RPFs in total reads.
The multidimensional scaling plot (MDS) showed a dramatic overall change of cellular
mRNA and RPFs at 4 and 8 hpi (Fig. 2A), whereas the change at 2 hpi was subtle
compared to mock-infected cells. This finding is consistent with the fact that VACV
replication had proceeded to the post-replicative stage at 4 hpi, when the host shutoff
occurred. During the host shutoff, the proportion of cellular mMRNA reads decreased
significantly at 4 and 8 hpi. The cellular RPFs also decreased significantly at 4 and 8 hpi
(Fig. 2B). We next characterized the global changes of cellular mMRNAs and RPFs in VACV-
infected cells versus mock-infected cells at 2, 4 and 8 hpi. Figure 2C shows that the
distribution of RPKMs (reads per kilobase of transcript per million reads) of mMRNA and RPF
reads virtually overlapped in the mock experiments at 2, 4 and 8 hpi. In contrast, the overall
RPKMs in VACV-infected cells dramatically decreased after infection, indicating a host
shutoff at both transcriptional and translational levels. Because the total cellular and viral
mRNA amounts extracted from mock and VACV-infected cells were similar, these results
suggested that cellular mRNA depletion was the major contributor of VACV-induced host

protein synthesis shutoff.

Relative translation efficiency of host mMRNAs during VACV-induced host shutoff
While only a limited number of cellular genes are differentially expressed at 2 hpi,

a large number of cellular genes are differentially expressed at 4 and 8 hpi at both mRNA

and translation (RPF) levels (Fig. 3A). The differentially expressed genes also overlapped

considerably at mRNA and RPF levels, particularly at 4 and 8 hpi (Fig. 3A). Though large
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numbers of cellular genes are differentially expressed at 4 and 8 hpi, the majority of them
were downregulated, with only a small number of genes upregulated (Fig. 3B and 3C).
Since the host cells underwent a global shutoff at both of the mMRNA and RPF levels,
almost all the cellular functions were downregulated. Here we focused on the genes with
increased levels of MRNAs and RPFs because they are the candidates of selectively
synthesized genes that are resistant to the general trend of host shutoff. However, GSEA
analysis showed no significantly enriched pathways at both mRNA and RPF levels using a
cut-off with an adjusted P value <0.05 by Benjamini and Hochberg's false discovery rate
(FDR), which was not a surprise due to the global shutoff and only a very limited number of
genes being upregulated.

We then employed a relative translation efficiency analysis, which is defined as the
ratio of normalized RPFs to mRNA reads (Fig. 3D). It has been shown to be an effective
way to identify differentially translated mRNAs in HCMV infection (39). Though the mRNA
levels decreased significantly, we observed extensive translation efficiency regulation of
cellular mRNAs responding to VACYV infection revealed by a large number of mRNAs with
differential translation efficiency in VACV- vs. mock-infected cells, particularly at 4 and 8 hpi
(Fig. 3E). We hypothesized that the upregulation of the relative translation efficiency of
mRNAs can serve as a compensating mechanism to maintain or increase protein levels in
the context of decreased mRNA levels. The functions of the involved genes may be
important for VACV replication or cell survival. The genes with upregulated relative
translation efficiency (>2-fold) were listed in Dataset S1.

To examine this hypothesis, we carried out a GSEA of the host genes that
responded to VACV infection with differential relative translation efficiency. Using the same
cut-off of the adjusted P value <0.05 by FDR, the GSEA analysis of the genes yielded
several enriched pathways with elevated relative translation efficiency, where oxidative
phosphorylation was the only enriched function at all the three time points (Fig. 3F),
suggesting that it was selectively targeted by translational upregulation in VACV-infected

cells.
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Oxidative phosphorylation capacity is enhanced during VACYV infection, while
inhibition of oxidative phosphorylation suppresses VACV replication

Oxidative phosphorylation is the metabolic pathway in which ATP is produced
through a series of biochemical reactions in mitochondria. The oxidative phosphorylation
genes include over 100 genes that are encoded in both of the nuclear and mitochondrial
genomes in mammalian cells. In human cells, the mitochondrial genome encodes 13
proteins that are subunits of oxidative phosphorylation (42, 43). The relative translation
efficiency of mMRNAs involved in oxidative phosphorylation was increased significantly,
while the mRNA levels were decreased at 8 hpi of VACV infection (Fig. 4A and 4B). A
heatmap of differential translation efficiency of oxidative phosphorylation mRNAs clearly
illustrates translational upregulation for almost all the oxidative phosphorylation genes (Fig.
4C). The RPF levels of a limited number of genes were even increased more than two-fold
after VACV infection, which includes 9 out of 13 protein-encoding genes in human
mitochondrial genome (Fig. 4D and 2C).

The downregulation of mMRNA levels and upregulation of protein levels involved in
oxidative phosphorylation were verified by quantitative RT-PCR and Western blotting
analysis of nuclear genome-encoded SDHB and mitochondrial genome-encoded MT-CO1
and MT-CO2, which are subunits of the oxidative phosphorylation complexes (Fig. 5A and
5B). To further examine whether oxidative phosphorylation proteins continued to be
synthesized during the shutoff after VACV infection, we examined newly synthesized
proteins in VACV-infected cells by labelling with AHA using a Click-iT chemistry technique.
The newly synthesized proteins were then precipitated and detected using a total oxidative
phosphorylation human antibody cocktail that recognizes five proteins of the oxidative
phosphorylation complexes. The results indicated increased levels of UQCRC2, SDHB and
MT-CO2 in VACV-infected cells comparing to that in mock-infected cells, while the ATP5A
level remained stable (or slightly increased) and the NDUFB8 level decreased. The newly

synthesized ATP5A, SDHB and MT-CO2 could be clearly detected in VACV-infected cells
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at higher levels than that in mock-infected cells (Fig. 5C). Interestingly, the NDUFB8 was
one of the few oxidative phosphorylation mRNAs with decreased relative translation
efficiency at 4 or 8 hpi (Fig. 4C). These findings suggested that some of the mRNAs
involved in oxidative phosphorylation were translationally upregulated, which resulted in
continuous protein synthesis under the condition of VACV-induced host shutoff.

VACYV infection has been reported to enhance oxygen consumption rate (44), an
indicator of cellular respiration, suggesting that VACV infection may increase oxidative
phosphorylation-based ATP production. We in fact observed that the ATP synthase activity
and ATP level increased significantly in VACV-infected Hela cells (Fig. 6A and 6E).
Moreover, we tested the effects of Carbonyl cyanide m-chlorophenyl hydrazine (CCCP), an
uncoupler of the oxidative phosphorylation, and Antimycin A, an inhibitor of the oxidative
phosphorylation complex Ill, at the concentrations that did not affect cell viability (Fig. 6B).,
on VACYV replication The addition of both drugs to the culture medium significantly
suppressed VACYV replication by more than 10-fold (Fig. 6C). Interestingly, CCCP could
inhibit VACV replication in a dose-dependent manner (Fig. 6D), which was correlated to a
dose-dependent decrease of ATP levels by the CCCP treatment of VACV-infected cells
(Fig. 6E). The block of VACYV replication by CCCP and Antimycin was at or before late viral
protein expression evidenced by a much lower VACV late protein expression in cells
treated with CCCP or Antimycin A (Fig. 6F), Further experiment using a reporter VACV
containing a firefly luciferase gene under a VACV early/late promoter indicated that both
VACYV early and late gene expression was affected by CCCP or Antimycin A treatment (Fig.
6G and 6H). Because the chemicals were added at 1 hpi, it suggested that the impairment
of oxidative phosphorylation started to affect VACV replication at the stage of early gene
expression. These results demonstrated that the oxidative phosphorylation function was
important for VACV replication, and its ATP generation capacity is enhanced during VACV

infection.
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Short 5’ UTRs of oxidative phosphorylation mRNAs can confer a translational
advantage in VACV-infected cells

5" UTR plays an important role in regulating mRNA translation (45). We therefore
examined whether 5° UTRs may contribute to the upregulation of oxidative phosphorylation
mRNA translation efficiency. We did not observe apparent consensus sequences in the 5’
UTRs of oxidative phosphorylation mRNAs. Rather, interestingly, we observed that the 5’
UTRs of human oxidative phosphorylation mRNAs are shorter compared to the overall
mRNAs. The median length of the longest forms of individual 5 UTRs is 102 nts for
oxidative phosphorylation mRNAs and 161 nts for the overall mMRNAs (Fig. 7A). The
minimum free energy (MFE) for RNA folding of the oxidative phosphorylation mRNA 5
UTRs is also significantly higher than that of the overall cellular mRNA 5 UTRs (Fig. 7B),
indicating a less complex secondary structure. A shorter 5 UTR with a less complex
secondary structure may contribute to the higher translation efficiency of the corresponding
mRNAs in VACV-infected cells (46). To test this possibility, we selected four short 5° UTRs
from nucleus-derived oxidative phosphorylation mRNAs and generated mRNAs containing
individual 5 UTRs upstream of a firefly luciferase reporter gene by in vitro transcription.
Each of the mMRNAs was transfected into uninfected or VACV-infected HelLa cells at 2 hpi
together with an RNA containing renilla luciferase reporter gene as transfection efficiency
control. Luciferase activities were measured as the indicators of mMRNA translation. The use
of RNA rather than DNA reporters in this assay ruled out the possibility of difference in
luciferase activities attributed to transcription. All the 5’ UTRs tested exhibited higher
luciferase activities in VACV-infected cells though the enhancement is not linear to the
length of the 5" UTRs (Fig. 7C). As a control, a longer 5 UTR (119 nts) of TRIM73 mRNA
that is not an oxidative phosphorylation gene did not confer a higher luciferase activity in
VACV-infected cells (Fig. 7C). These results suggested that the short oxidative
phosphorylation mRNA 5’ UTRs can be one mechanism to confer a translational advantage

in VACV-infected cells.
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To further test whether a shorter 5UTR may have a translational advantage in
VACV-infected cells, we generated another firefly luciferase reporter mMRNA containing
three tandem copies of COX6A1 5’ UTRs. The use of multiple copies of 5° UTRs rather
than a longer 5’ UTR from another different mRNA was to rule out the contribution of
different sequence elements other than the length as much as possible. The mMRNA with
three copies of 5 UTRs did not exhibit a translational advantage in VACV-infected cells
compared to the uninfected cells (Fig. 7D). Interestingly, the luciferase activity of the
reporter with the tandem 5’ UTR was higher than that with one copy of the COX6A1 5’ UTR
in uninfected cells (Data not shown), suggesting that the tandem 5’ UTR did not
downregulate translation of the reporter mRNA in uninfected cells. These experimental
results, together with the global analysis, suggested that a short 5 UTR could confer a
translational advantage of oxidative phosphorylation mMRNAs in VACV-infected cells during
the host shutoff. However, it is worth noting that various elements in a 5° UTR can regulate
mRNA translation in addition to a short 5’ UTR and these results do not exclude other

mechanisms.

DISCUSSION

VACYV infection causes cellular mMRNA degradation. The degradation is through a
combined action of VACV-encoded decapping enzymes, D9 and D10, and cellular
nuclease XRN1 (23-25, 30). VACV infection also inhibits host cell transcription (31). Our
analyses showed that the mRNA depletion plays a major role during the VACV-induced
host shutoff that results in similar reduction of ribosome-associated cellular mMRNAs. The
result is consistent with several previous studies that showed the cellular mMRNAs are
globally downregulated after poxvirus infections (22, 28, 47-49). However, this does not
rule out the possibility that the cellular mRNA translation is also suppressed during VACV
infection. In fact, a recent study showed that VACV ORF169 suppresses general cellular
protein translation (50). An important question is how some of the cellular mRNAs can

escape from the mRNA depletion and translational repression to maintain the integrity of

17

Als1aniun uas-le A uns Ag 210z ‘g Arenuer uo /610" wse’IAl//:dny woly papeojumoq


http://jvi.asm.org/

(19)
=
&
O]

(1)

——

U2)

(0)
o

——

o
g

\9}

2]

>

(=
=
O

(1)

——

(O

(19)

O

9}
<(

Journal of Virology

Journal of Virology

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

the infected cells at a sufficient level for viral replication. Since the cellular mRNAs and
nascent cellular proteins are dramatically downregulated during VACYV infection (4, 5, 22,
28), measurement of steady-state levels of mMRNA and protein during VACV-induced host
shutoff may not be able to sensitively identify those selectively expressed genes. Global
translation efficiency analysis using simultaneous RNA-Seq and ribosome profiling provides
a highly sensitive approach to identify selectively translated mRNAs during a virus-induced
host shutoff (11, 39).

Oxidative phosphorylation in the mitochondrion is the major source of cellular
energy production in the form of ATP (51). Even in cancer cells or rapidly dividing cells in
which a higher portion of ATP is produced by substrate phosphorylation during glycolysis in
cytoplasm, oxidative phosphorylation is still a major source of ATP production (52). Like all
other viruses, VACV replication depends entirely on host cells to provide energy.
Interestingly, in the context of a host shutoff, the oxygen consumption rate, an indicator of

energy metabolism, increases in VACV-infected cells (44), which may require increased

protein expression involved in oxidative phosphorylation through selective protein synthesis.

Our analysis of mMRNAs with elevated translation efficiency in fact identified oxidative
phosphorylation as the primary and consistent target of translation upregulation during
VACYV infection. Experimental evidence further demonstrated that the oxidative
phosphorylation activity is important for VACV replication. Therefore, these data support a
model that oxidative phosphorylation mRNA translation is selectively upregulated to meet
the energy expenditure when the mRNA levels are reduced during the VACV-induced host
shutoff. Our finding is in concert with the notion that VACV infection can reprogram the
cellular metabolism to favour viral replication from several recent publications. The study
from Fontaine et al. showed that VACV depends more on glutamine rather than glucose for
efficient replication (53). While it is possible to produce ATP energy through glycolysis
using glucose, a pathway that does not need oxidative phosphorylation, oxidative
phosphorylation is required when using glutamine as the cellular fuel. The studies by

Mazzon et al. showed that VACV infection increases synthesis of some precursors of
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cellular energy metabolism utilized in viral replication, which may also require an elevated
oxidative phosphorylation capacity (54, 55). Interestingly, a study of protein abundance in
VACV-infected cells by mass spectrometry showed that several proteins of oxidative
phosphorylation and proton-transporting ATP synthase were among the over-abundant
proteins, supporting the conclusion of this study (56).

Mitochondrial functions are damaged in many viral infections. For example, HSV-1
infection causes degradation of host mitochondrial DNA (57), while Enterovirus 71 and
Dengue virus infection causes an oxidative phosphorylation dysfunction in its infected cells
(58, 59). On one hand, the disruption of mitochondrial functions may be beneficial for
viruses to avoid eliciting innate immune responses. On the other hand, the impairment can
hurt the energy production function of mitochondria, on which both the viral replication and
cellular survival depend. Impaired oxidative phosphorylation may be able to provide
sufficient energy for some viruses. However, for viruses that need a large amount of energy,
the impaired oxidative phosphorylation function could be a restriction factor for viral
replication. VACV is a large DNA virus that has been annotated to encode over 200 ORFs,
with the potential to have additional over 500 non-classical ORFs from our recent analysis
of VACV mRNA translation (13, 60). Protein translation is one of the most energy
consuming processes that uses 30-40% of all cellular energy (61-63). Compared to many
small viruses that encode only one or a few ORFs, translation of the large number of
proteins at high levels may need an increased rate of energy production. In fact, it has been
shown that the oxygen consumption rate increases during VACV infection (44). The
increased ATP synthase activity observed in the present study suggests that at least part of
the increased oxygen consumption contributed to ATP production, which is the usable
cellular energy source.

We in fact have analyzed uORFs, IRES elements and potential conserved
sequences in the oxidative phosphorylation mRNA 5 UTRs. However, we did not observe
significant differences compared to overall cellular mMRNAs. Rather, our analyses suggest

that a short, less complex 5° UTR is at least partially responsible for translational
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upregulation of some oxidative phosphorylation mRNAs in VACV-infected cells. A short,
less complex 5 UTR in Drosophila is responsible for higher translation efficiency of some
oxidative phosphorylation mRNAs under the condition of dietary restriction (64).
Interestingly, the lengths of the VACV 5’ UTRs are also short. The 5’ UTRs of early mRNAs
vary from 3 to 601 nts with a median length of 21 nts, while the 5’ UTRs of intermediate and
late mRNAs all have a poly(A) leader with a length up to 51 nts (65, 66). As the poly(A)
leaders are also short, less complex 5 UTRs, it is possible that both the viral mMRNAs and
some of the host cellular mRNAs utilize this feature and some common factors for efficient
protein synthesis during VACV-induced host shutoff. However, it is unlikely that a short 5°
UTR is the only mechanism employed to elevate translation of oxidative phosphorylation
mRNAs during the VACV-induced host shutoff. Other sequence characteristics in 5° UTR,
CDS or 3 UTR may contribute to the difference. In fact, the CDSs, 3’ UTR as well as the
full transcripts of oxidative phosphorylation mMRNAs are also significantly shorter in length
compared to total human cellular mMRNAs (Data not shown). These features may also affect
other steps of MRNA translation, such as elongation. Again, VACV ORFs encode shorter
CDSs compared to cellular ORFs (Data not shown). The 3' UTRs of VACV early mRNAs
are generally short, while the 3' UTRs of intermediate and late VACV mRNAs are
heterogeneous (65-68). Again, the resemblance of short 5’UTRs, CDSs as wells as the full
transcripts of VACV and oxidative phosphorylation mRNAs suggests that they may employ
some common strategies for efficient translation during the VACV-induced host shutoff,
though the advantages of a shorter 5’UTR, CDS or 3,UTR may provide during this process
remain elusive.

While this study showed translation upregulation as a mechanism to enhance the
oxidative phosphorylation capability during VACV infection, future studies will be devoted to
further understand viral and cellular mechanisms involved in this process. The oxidative
phosphorylation in mammals involves more than 100 genes encoded in both nuclear and
mitochondrial genomes. Translation of oxidative phosphorylation mRNAs occurs in both

cytoplasm and mitochondria using two distinct translation systems. A recent study suggests
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that translation in the two organelles is synchronized and the coordination is controlled and
initiated by the cytosolic translation (69). The elevation of relative translation efficiency of
both mitochondria- and nucleus-encoded oxidative phosphorylation mRNAs during VACV
infection supports this notion. However, the translational control of oxidative
phosphorylation mRNAs is complex and the mechanism that coordinates their translation in
mammalian cells is largely unknown. It has been suggested that the mTORC1 can
selectively promote translation of mitochondria-related mRNAs via inhibition of the
eukaryotic translation initiation factor 4E-binding proteins (4E-BPs) (70). VACYV infection
can inhibit 4E-BP1 by stimulating hyper-phosphorylation of 4E-BP1 (71). It is possible that
inhibition of 4E-BP1 is partially responsible for the enhancement of oxidative
phosphorylation mRNA translation during VACYV infection. In addition, while this study
addressed the role of protein synthesis in host cell response to VACV infection, we do not
exclude other post-translational mechanisms, for example protein stability regulation, in this
process.

As host protein synthesis shutoff is caused by infections of many different viruses,
selective protein synthesis through translational upregulation during virus-induced host
shutoff may be a common mechanism to continuously translate proteins that are important
for cells to survive for a sufficient period of time to support viral replication. While this
manuscript was under review, another study revealed that the mRNAs important in cell
maintenance processes such as oxidative phosphorylation are less affected during
influenza virus-induced host shutoff and that is important for viral replication (72).

Identification of these selectively translated proteins is important to elucidate the functional

relevance and mechanism involved during a virus-induced host shutoff.
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FIGURE LEGENDS

Fig 1. Experimental approach for simultaneous RNA-Seq and ribosome profiling
during VACYV infection. (A) Overall experimental design. HeLa S3 cells were mock- or
VACV-infected and harvested at 2, 4, and 8 hpi, followed by RNA-Seq and ribosome
profiling. (B) High reproducibility of the ribosome profiling experiments. Correlation analysis
of cellular reads between ribosome profiling experiments of two biological replicates under
VACV-infected condition at 2, 4 and 8 hpi, with Pearson’s correlation coefficient shown.
RPKM: Reads Per Kilobase of transcript per Million mapped reads. (C, D) Reads density
(number of mapped reads divided by length) on genomic regions of 5 UTRs, CDSs, 3’
UTRs and introns of cellular mMRNAs are shown. The mRNAs are in green and RPFs are in

red, under mock condition (C) and VACV-infected condition (D), respectively.

Fig 2. Global analysis of mRNA and RPF reads reveals the characteristics of VACV-
induced host shutoff. (A) Multidimensional scaling (MDS) plot of Ribo-seq and RNA-seq
datasets is used to plot the sample relationship. The log2 fold changes of the most variable
500 genes between samples of Ribo-seq and RNA-seq datasets were approximated. The
dimension 1 and dimension 2 of the MDS plot were presented, where dimension 1 explains
87.45% of variability and dimension explains 6.83% of variability. (B) Mapping efficiency of
mRNA/RPF reads of human (black) and VACV (white) genomes at 2, 4 and 8 hpi. (C)
Cumulative distribution of gene expression at mRNA (upper panel) and RPF (bottom panel)

levels, with time points shown in different colors.

Fig. 3. Differential mMRNA, RPF and relative translation efficiency analyses of cellular
genes during VACYV infection. (A) Venn diagram of numbers of differentially expressed
genes (DEGs, p.adj <= 0.05 and absolute value of log2FoldChange >= 2) present at mMRNA
and RPF levels at 2, 4 and 8 hpi. (B, C) Volcano plots of mMRNA (B) and RPF (C) levels,
with differentially expressed genes (DEGs) shown in red points and mitochondrial (MT)

genes shown in blue circles. (D) Relative translation efficiency (TE) is defined as the ratio
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of normalized ribosome protected fragments to normalized mRNA reads density on CDS
region. (E) Scatter plot of mean value log2(RPKM) (u) under mock and VACV-infected
conditions of MRNA/RPF reads, versus logarithmic value of difference of TE under VACV-
infected condition to that under mock condition (log2DTE). Translationally upregulated
cellular genes (log2DTE >= 1 and p >= -1) are shown in red and downregulated genes
(log2DTE <= -1 and p >= -1) are shown in blue. Mitochondrial genes are highlighted in
green. Numbers of up/down-regulated genes are also shown. (F) Gene Set Enrichment
Analysis (GSEA) of genes with upregulated translation efficiency using the KEGG pathway
dataset. P values were adjusted for multiple testing using FDR. NS: not significant, where

adjusted P value > 0.05.

Fig 4. Oxidative phosphorylation genes are enriched in mRNAs with enhanced
relative translation efficiency. (A, B) Boxplots of oxidative phosphorylation genes (red),
and other cellular genes (white) at the DTE levels (A) and mRNA levels (B). *** indicates p
< 0.001 using Mann-Whitney U test. (C) Heatmap of DTE of oxidative phosphorylation
genes at 2, 4 and 8 hpi. (D) Heatmap of cellular genes with increased RPFs (more than 4-

fold) at 2, 4 or 8 h post VACYV infection. FC, Fold Change.

Fig 5. Increased synthesis of oxidative phosphorylation proteins during VACV-
induced host shutoff. (A) Western blotting analyses of SDHB, MT-CO1 and MT-CO2
levels during the course of VACV infection (MOI=5). Beta-Tubulin or GAPDH were used as
loading controls. A representative of at least three independent experiments is displayed.
(B) Quantitative RT-PCR analyses of mRNA levels of SDHB, MT-CO1 and MT-CO2 genes.
The mRNA levels were normalized to 18S rRNA levels at different time points. Each result
is an average of at least three independent experiments. The error bars indicate standard
deviation of three experiments. (C) Hela cells infected with VACV (MOI=5) or mock-
infected were starved in methionine-free media and then incubated in media-containing
AHA between 3 and 7 hpi. Total proteins (left) and newly synthesized proteins labelled with
AHA-containing peptides with alkyne-biotin (right) that were precipitated by streptavidin
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beads were subjected to Western blotting analyses using a total oxidative phosphorylation

human antibody cocktail. M: mock infection; I: infection.

Fig. 6. Oxidative phosphorylation activity plays an important role in VACV infection
(A) ATP synthase activity is enhanced in VACV-infected HelLa cells. HelLa cells were
infected with VACV at an MOI of 3 and the ATP synthase activities were determined at 2, 8
and 24 hpi. ATP synthase activities were measured using ATP synthase enzyme activity
microplate assay kit. Significant differences defined by a P value <0.05 are indicated by
asterisks. (B) HelLa cells were treated with indicated chemicals (CCCP (1 uM) and
Antimycin A (20 uM)) and the cell viabilities were determined at 24 h post treatment. (C)
Inhibition of VACYV replication by mitochondrial function inhibitors CCCP (1 uM) and
Antimycin A (20 uM). Hela cells were infected with VACV at an MOI of 3. The indicated
chemicals were added in media at 1 hpi. VACV titers were determined at 24 hpi by a
plaque assay. Significant differences defined by a P value <0.05 are indicated by asterisks.
(D) Hela cells infected with VACV were treated with CCCP at indicated concentrations that
did not significantly affect cell viability (not shown). VACYV titers were determined by a
plaque assay 24 hpi. Significant differences to the titer with no CCCP treatment defined by
a P value <0.05 are indicated by asterisks. (E) ATP levels of uninfected HeLa cells (Un) or
Hela cells infected with VACV were treated with indicated concentrations of CCCP. The
ATP levels were determined 16 hpi using an ATP determination kit. Significant differences
to the ATP level in VACV-infected cells without CCCP treatment defined by a P value <0.05
are indicated by asterisks. (F) Western blotting analysis of VACV protein expression with
indicated treatment at 16 hpi using anti-VACV serum. The vertical lines in the VACV protein
expression blot were generated due to a limitation of the Western blot imaging system
when processing strong signals. (G and H) Hela cells were infected with WRvFire VACV
that contained a firefly luciferase gene under a viral early/late promoter with indicated

treatment. Luciferase activities were measured at 2 hpi in the presence of AraC (G) or at 8
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hpi (H) without AraC treatment. AraC is a DNA replication inhibitor that arrests VACV
replication at the early gene expression stage. Significant differences to vehicle treatment

defined by a P value <0.05 are indicated by asterisks.

Fig. 7. Short 5° UTRs of oxidative phosphorylation mRNAs can confer a translational
advantage in VACV-infected cells. (A-B) Boxplots of the lengths (A) and normalized
minimal free energy (MFE) (B) of oxidative phosphorylation and whole cellular mRNAs. ***
indicates p < 0.001 using Mann-Whitney U test. (C) Relative luciferase activities of firefly
reporter mMRNAs under the control of various oxidative phosphorylation mRNA 5 UTRs in
Mock- and VACV-infected cells. Transfection was carried out at 2 hpi and the luciferase
activities were measured at 7 hpi. The number followed the gene name indicates the length
of the 5" UTR. The firefly luciferase activities were normalized by a co-transfected renilla
luciferase mMRNA (transfection control). For each reporter mRNA, the luciferase activity in
mock-infected cells was normalized as 1. Each result is an average of at least three
independent experiments. The error bars indicate standard deviation. (D) Relative
luciferase activities of firefly reporter mMRNAs under the control of one copy or three tandem

copies of Cox6A1 5" UTR in Mock- and VACV-infected cells. The experiment was carried

out as in (C).
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