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Abstract

Viruses actively reprogram the metabolism of the host to ensure the availability of sufficient
building blocks for virus replication and spreading. However, relatively little is known about
how picornaviruses—a large family of small, non-enveloped positive-strand RNA viruses—
modulate cellular metabolism for their own benefit. Here, we studied the modulation of host
metabolism by coxsackievirus B3 (CVB3), a member of the enterovirus genus, and enceph-
alomyocarditis virus (EMCV), a member of the cardiovirus genus, using steady-state as well
as 'C-glucose tracing metabolomics. We demonstrate that both CVB3 and EMCV increase
the levels of pyrimidine and purine metabolites and provide evidence that this increase is
mediated through degradation of nucleic acids and nucleotide recycling, rather than upregu-
lation of de novo synthesis. Finally, by integrating our metabolomics data with a previously
acquired phosphoproteomics dataset of CVB3-infected cells, we identify alterations in phos-
phorylation status of key enzymes involved in nucleotide metabolism, providing insight into
the regulation of nucleotide metabolism during infection.

Author summary

The family Picornaviridae includes many well-known human and animal pathogens.
These include the enteroviruses (e.g. poliovirus, coxsackievirus, EV-A71, EV-D68, and
rhinoviruses), which cause a variety of diseases ranging from hand-foot-and-mouth dis-
ease, myocarditis, and conjunctivitis to aseptic meningitis and acute flaccid paralysis, as
well as animal pathogens such as foot-and-mouth disease virus and encephalomyocarditis
virus. Upon infection of their host, these viruses modulate several cellular processes for
efficient replication and spreading, such as host cell gene expression, intracellular protein
and membrane transport, and cell death pathways. However, little is known about the
effects of picornaviruses on cellular metabolism. We here show that picornaviruses modu-
late nucleotide metabolism by inducing nucleic acid degradation and nucleotide recycling,
while restricting nucleotide de novo synthesis. Insight into picornaviral modulation of
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cellular metabolism is important to increase our understanding of picornavirus-host
interactions and may uncover novel therapeutic strategies.

Introduction

The family Picornaviridae comprises a large group of small (~30 nm), non-enveloped viruses
with a single stranded positive sense RNA genome (7.5-8 kb) [1,2]. The picornaviridae consist
of over 63 genera, which includes enteroviruses, aphthoviruses and cardioviruses. The genus
Enterovirus includes some well-known human pathogens, including poliovirus, coxsackie-
virus, echovirus, and several numbered enteroviruses (e.g. EV-A71 and EV-D68), that collec-
tively can cause a variety of diseases ranging from hand-foot-and-mouth disease, myocarditis,
and conjunctivitis to aseptic meningitis and acute flaccid paralysis [3]. Moreover, this genus
contains the rhinoviruses, which cause the common cold but also exacerbation of asthma and
COPD [4]. The genera Aphthovirus and Cardiovirus contain well-known and important ani-
mal viruses with a huge impact on animal health, such as foot-and-mouth disease virus, Thei-
ler’s murine encephalomyelitis virus, and encephalomyocarditis virus [5-8].

Picornavirus RNA contains a single open reading frame that encodes a large polyprotein.
This polyprotein is autocatalytically cleaved by viral proteases yielding four structural proteins
as well as a number of nonstructural proteins involved in viral RNA replication and modula-
tion of host cell functions. Picornaviruses actively modulate host cell processes to ensure effi-
cient replication and to evade innate immune responses. These modulations include the
inhibition of cellular gene expression, remodeling of intracellular membranes to create viral
replication organelles, disruption of the cytoskeleton, and inhibition of type I interferon and
stress signaling pathways [9-13].

In contrast to the extensive modulation of the host cell processes mentioned above, rela-
tively little is known about the remodeling of cellular metabolism by picornaviruses. In gen-
eral, viruses can actively reprogram the metabolism of glucose, glutamine, fatty acids and
nucleotides. This reprogramming may not only ensure the availability of sufficient building
blocks for virus replication, but is also implicated in counteracting innate immune responses
[14-21]. Thus far, only a few studies have investigated metabolic changes during picornavirus
infection [22-25]. Using steady-state metabolomics, these studies point towards differential
regulation of glucose, glutamine, lipid and nucleotide metabolism during enterovirus and rhi-
novirus infection. Here, we describe a comprehensive analysis of both steady-state metabolic
changes as well as changes in metabolic pathway activity upon infection of cells with an entero-
virus, coxsackievirus B3 (CVB3), and a cardiovirus, encephalomyocarditis virus (EMCV).

We performed tracing experiments with [U-'*C]-glucose to study the metabolome of
infected cells at consecutive time points during infection. Unlike steady-state metabolomics,
tracing experiments allow for the deduction of metabolic pathway activity, providing a detailed
understanding of the viral effects on metabolic regulation. In addition, we integrated these
metabolomic data with the previously acquired phosphoproteomic data of CVB3-infected cells
to get more insight in the underlying mechanisms of metabolic alterations during infection.
We provide evidence that both CVB3 and EMCV infection increase metabolite levels in the
purine and pyrimidine pathways by increasing nucleic acid and nucleotide degradation and
the recycling of nucleotides, rather than through increasing nucleotide de novo synthesis. Our
analyses advances our understanding of how picornaviruses shape cellular metabolism during
infection.
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Results

CVB3 infection leads to elevated levels of metabolites in the purine and
pyrimidine pathways

To gain more insight into the remodeling of host metabolism by enteroviruses, a '*C-glucose
isotope tracing study of cells infected with CVB3 was performed using a glucose isotopomer in
which all six carbons are uniformly labeled with B3¢, ((u-13 C])-glucose. Mock and infected
HeLa R19 cells were supplied with medium containing [U-'>C]-glucose and subjected to meta-
bolomics analysis at different time points after infection. The total peak intensities of metabo-
lites in various metabolic pathways revealed that metabolic changes arise in CVB3-infected
cells primarily from 4 hours post infection (hpi) (Fig 1A). Many metabolites changed upon
CVB3 infection and the strongest changes were observed in purine and pyrimidine metabo-
lism. Comparison of the total intracellular (Fig 1B) and extracellular (S1 Fig) levels of selected
purines and pyrimidines in mock and CVB3-infected cells showed that the levels of nucleo-
bases (e.g. uracil or hypoxanthine), nucleosides (e.g. uridine or guanosine), nucleotide mono-
phosphates (e.g. GMP, UMP) and nucleotide diphosphates (e.g. GDP, UDP) strongly
increased during CVB3 infection (Figs 1B and S1). In contrast, intermediates of pyrimidine de
novo synthesis (e.g. N-carbamoyl-aspartate and dihydroorotate) strongly decreased during
CVB3 infection, while their levels remained constant in mock-infected cells (Fig 1C).

CVB3 infection increases purine and pyrimidine metabolites through
nucleic acid degradation and nucleotide salvage

Three metabolic routes can contribute to an increase in purine and pyrimidine levels: 1)
increased de novo nucleotide synthesis, 2) increased nucleic acid and nucleotide degradation,
and 3) an increased activity of salvage pathways, which recycle nucleobases and nucleosides
back into nucleotides. Nucleotide recycling limits the use of ATP needed for de novo synthesis
and ensures efficient usage of available metabolites (Fig 2A and 2B). To determine which route
(s) contributed to the elevation in purine and pyrimidine levels during CVB3 infection, we
analysed the [U-">C]-glucose tracing data for incorporation of *C-carbon from glucose in
nucleotide mono-, di- and triphosphates, as well as in dihydroorotate, N-carbamoyl-aspartate
and orotate (Fig 2C and 2D).

Nucleotides that are synthesized de novo from >C-glucose usually contain a ribose moiety
that is labeled through the pentose phosphate pathway (PPP) and contributes five labeled car-
bons (M+5) (Fig 2A and 2B) [26]. Additionally, the carbons within the different nucleobases
are labeled, albeit at a slower rate, resulting in nucleotides in which the total number of labeled
carbons is either 2-4 or >5 when nucleobase labelling is combined with a labeled ribose (Fig
2B). In contrast, the degradation of preexisting nucleic acids will result in the release of unla-
beled nucleotides (M+0). Finally, recycling of existing nucleobases or nucleosides into nucleo-
tides necessitates the attachment of a (labeled) ribose moiety. Salvage therefore gives rise to M
+5 labels nucleotides, but not M>5. It should be noted that although the labeling of the ribose
(represented by Ribulose-5-phosphate, S2 Fig) is relatively fast with labeling approaching
steady-state at 2h, labeling of the nucleobase is slower and therefore labeling of the nucleotides
does not reach steady-state within our timeframe. Hence, the levels of nucleotides derived
from de novo and/or salvage pathways are likely to be underestimated.

Examination of the labeling profiles of the nucleotides revealed that all labeled fractions (M
+5, M<5 and M>5) increase over time in the mock samples, whereas in the CVB3-infected
samples this increase does not persevere after 4 hpi. Instead, from 4 hpi, the unlabeled M+0
fraction remained high or even increased in CVB3-infected cells (Figs 2C and S3). Labeling of
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Fig 1. CVB3 infection of triggers increases in purine and pyrimidine metabolites in HeLa cells. "*C-glucose isotope tracing
study in mock- and CVB3-infected HeLa R19 cells (MOI 5, three replicates; one of three representative experiments is shown). Cells
were infected, lysed at 2,4,6 or 8 hpi and measured by LC-MS to identify metabolites and quantify the different isotopologues. The
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representative nucleotide monophosphates, nucleosides and nucleobases in mock and CVB3-infected cells. C) Absolute peak areas
of dihydroorotate and N-carbamoylaspartate in mock and CVB3-infected cells. The p-values were calculated using linear mixed
effect models with an interaction of time and treatment and a random effect of replicate. A rank transformation on the data was
performed to ensure a normal distribution of the residuals. For hypoxanthine and guanosine, a normal distribution of the residuals
could not be assumed and therefore a non-parametric linear mixed effect model with an interaction of time and treatment and a
random effect of replicate was performed. Afterwards, a contrast analysis was done to calculate the p-values between specific groups.
*p < 0.05, ¥p < 0.01, **p < 0.001.

https://doi.org/10.1371/journal.ppat.1012036.g001

N-carbamoyl-aspartate, dihydroorotate and orotate followed this pattern and decreased from
4 hpi during CVB3 infection, but increased in mock-infected cells (Fig 2D). These data suggest
that the relative contribution of de novo nucleotide synthesis to the total nucleotide pool
declines during CVB3 infection, whereas that of nucleic acid degradation increases. This cata-
bolic phenotype is further supported by the total levels of nucleotides, nucleosides and nucleo-
bases (Figs 1A and S4). Whereas the levels of nucleotide monophosphate, nucleosides and
nucleobases are increased from 6 hours onwards, the levels of nucleotide diphosphates and tri-
phosphates decrease after 6 hours, suggesting degradation of nucleotide di- and triphosphates
to nucleotide monophosphates, nucleosides and nucleobases. The third route, the salvage
pathway, likely remains active in CVB3-infected cells since an M+5 fraction persists, while the
M>5 fractions (almost) disappear. Also in CVB3-infected human hepatoma Huh?7 cells we
observed increased nucleotide levels, mainly due to an increase in the unlabeled and M+5 frac-
tions (S5 Fig), while the M>5 fractions remain relatively stable. Furthermore, N-carbamoyl-
aspartate levels decrease over time. This suggests that CVB3 infection triggers alterations in
nucleotide metabolism in various cell types, albeit that the differences between cell lines war-
rant further study. Together, these data suggest that the rise in nucleotides and nucleotide deg-
radation/salvage products observed during CVB3 infection is caused by nucleic acid and
nucleotide degradation as well as salvage rather than through de novo nucleotide synthesis.

Inhibition of nucleotide salvage constraints CVB3 replication

Our metabolomics analysis suggested that nucleotide salvage pathways remains active during
CVB3 infection. To test whether these salvage pathways are also of importance for viral repli-
cation, a CVB3 luciferase reporter virus carrying a Renilla luciferase (Rluc CVB3) was used to
determine the rate of replication in the presence and absence of salvage inhibitors. One of
these inhibitors, 6-mercaptopurine (6-MP) targets HGPRT, an essential enzyme in the purine
salvage pathway [27]. Indeed, 6-MP treatment of CVB3-infected HeLa R19 cells resulted in a
modest but dose-dependent reduction of CVB3 replication, with the strongest effect observed
at 4 hpi (Fig 3A-3C). Similar results were obtained with Cyclopentenyl uracil (CPU), an inhib-
itor of UCK?2, the enzyme salvaging uridine and cytidine pyrimidines (Fig 3E-3G) [28]. Fur-
thermore, a reduction of virus production was observed at 4 hpi after treating HeLa R19 cells
with either 6-MP or CPU (S6 Fig). The inhibitory effects of 6-MP and CPU on replication
were not due to toxic side-effects as no loss in cell viability was observed (S7 Fig). Importantly,
both compounds mainly affected nucleotide metabolism and led to an increase hypoxanthine
and uridine (substrates of HGPRT and UCK2, respectively) (Figs 3D, 3H and S8). This indi-
cates that the compounds indeed inhibited the activity of these enzymes, although we cannot
exclude that 6-MP has off-target effects outside of metabolism that could influence CVB3 rep-
lication. Thus, inhibiting purine and pyrimidine salvage constraints CVB3 replication espe-
cially at 4hpi. As shown above, both the absolute levels and fractions of unlabeled nucleotides
rises from 4 hpi, probably due to nucleic acid degradation (Figs 2C and S4). Possibly, this rise
in unlabeled nucleotides is sufficient to sustain CVB3 replication and dampens the effect of
nucleotide salvage inhibition.
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Fig 2. CVB3 infection increases purine and pyrimidine metabolites through nucleic acid degradation and nucleotide
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Fig 3. Inhibition of nucleotide salvage constraints CVB3 replication. A CVB3 luciferase reporter virus carrying a Renilla luciferase (Rluc CVB3) was used to
study the replication of CVB3 in the presence or absence of compounds inhibiting the salvage pathways. A, E) Schematic representation of the purine (A) and
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https://doi.org/10.1371/journal.ppat.1012036.9003

Integrative analysis of metabolomics and phosphoproteomics provides
insight into the regulation of nucleotide metabolism during CVB3
infection

To deepen our understanding of how the modulation of host nucleotide metabolism during
CVB3 infection is regulated, we integrated our metabolomics dataset with a previously
acquired phosphoproteomic study of CVB3-infected HeLa R19 cells [29]. For this, we used
MixOmics, an R package offering methods for the exploration and integration of biological
datasets [30-32]. Specifically, the supervised DIABLO method was used to identify metabolites
and phosphorylations that together optimally differentiate between mock and CVB3-infected
cells.

A DIABLO model with two components was created (Figs 4A and S9A). Whereas the first
component separates the mock samples from the CVB3-infected samples (with increasing dis-
tance over time), the second component seems to separate samples based on time, rather than
infection perse. Hence, we focused on the first component for further analysis. As expected,
most of the metabolites in the first component belong to nucleotide pathways (S9A Fig). The
extracted phosphorylations were subjected to Gene Ontology enrichment analysis, which
revealed that RNA splicing, transcription and RNA processing were among the top enriched
pathways (Fig 4C).
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Fig 4. Integrative analysis of metabolomics and phosphoproteomics confirms the importance of nucleotide metabolism in CVB3 infection. A, B)
DIABLO analysis (supervised analysis of multiple omics datasets) of the metabolomics and the total phosphoproteomics dataset (A) or the
phosphoproteomics dataset filtered for metabolic proteins (B) of mock and CVB3-infected HeLa R19 cells. C) Enrichment analysis of proteins extracted
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https://doi.org/10.1371/journal.ppat.1012036.9004
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The high enrichment of RNA splicing, transcription and RNA processing pathways may
mask more subtle differences in metabolic pathways. Therefore, to obtain more information
on how CVB3 infection affects the phosphorylation status of metabolic proteins, the phospho-
proteomic data was filtered for proteins directly involved in metabolism. This dataset was sub-
sequently combined with the metabolomics data to create a second DIABLO model (Figs 4B
and S9B). Similar to the first model, component one is primarily involved in differentiating
mock samples from CVB3-infected ones and contains metabolites that mostly belong to the
nucleotide pathways (S9B Fig). Five of the identified phosphosites in component one involve
proteins directly involved in nucleotide metabolism, namely carbamoyl-phosphate synthetase
2, aspartate transcarbamylase, and dihydroorotase (CAD) S1859, thymidine kinase 1 (TK1)
S13, AMP deaminase 2 (AMPD2) S100, GMP synthase (GMPS) T318, cytosolic purine 5’
nucleotidase (NT5C2) T510, and (Fig 4D).

Two of these phosphosites, CAD S1859 and TK1 S13, have a known function. CAD cata-
lyzes the three initial steps in pyrimidine de novo nucleotide synthesis [33,34]. CAD S1859 is
phosphorylated by S6K1, a direct target of mTORCI, to promote de novo pyrimidine synthesis
[35]. mTORCI1 is involved in regulating a myriad of anabolic processes and our phosphopro-
teomic study revealed that CVB3 infection leads to an inhibition of mMTORCI from 4-6 hpi
[35]. In line with these data, CAD is dephosphorylated on S1859 during infection with CVB3
(Fig 4D), suggesting that mTORCI1 inhibition contributes to inhibition of de novo pyrimidine
synthesis via the dephosphorylation of CAD S1859. TK1 is a kinase involved in pyrimidine sal-
vage by phosphorylating thymidine into TMP [36]. Phosphorylation of TK1 on S13 is likely
mediated by CDK1 and CDK?2 and inactivates this kinase (Fig 4D) [37]. During the course of
CVB3 infection, TK1 S13 phosphorylation gradually decreases, suggesting that TK1 is acti-
vated and hence can contribute to nucleotide salvage.

In addition, AMPD2 S100, NT5C2 T510 and GMPS T318, phosphosites with unknown roles,
were identified. AMPD2 converts AMP into IMP and is involved both in nucleotide salvage and
nucleotide degradation [38]. This site is phosphorylated already early in infection and increases
further over time, but the role of this phosphorylation is currently unkown. NT5C2 hydrolyses
IMP and other nucleotides to nucleosides. The exact role of the phosphorylation on T510 is
unknown, but this position has been implicated to regulate activation of NT5C2 [39]. Finally,
GMPS, which forms GMP from XMP, is dephosphorylated on T318 from 6 hpi (Fig 4D) [40].

Enzymes in nucleotide pathways are often knocked down or out to limit cellular growth or
even to trigger cell death, making genetic inhibition a less practical method to study the role of
these enzyme in virus replication [41-43]. Therefore, we set out to test the effect of pharmaco-
logical inhibitors to study the role of GMPS and AMPD?2 in CVB3 replication. Such inhibitors
can be applied during the (relatively short) course of infection only, thereby limiting possible
long-term side-effects. Both compounds affected nucleotide metabolism, especially the inhibi-
tor of GMPS. Unexpectedly, inhibition of GMPS increased the levels of purine and pyrimidine
nucleotides, including GMP levels. This increase in nucleotide levels after inhibition of GMPS
was shown before in a metabolomics study of cells in which GMPS was knocked down [42].
Although inhibition of AMPD2 and GMPS affected nucleotide metabolism, we observed only
a modest effect when inhibiting AMPD2 on CVB3 replication within the non-toxic concentra-
tion window (510 Fig). This suggests that these enzymes are not essential for CVB3 replication,
but does not rule out that they might have a role in fine tuning nucleotide metabolism.
Together, the integrative analysis of the phosphoproteomic and metabolomic data indicates
that nucleotide metabolism is affected or changing not only at the level of the metabolome, but
also at the level of the phosphoproteome. Further studies are warranted to elucidate how the
metabolome and phosphoproteome are regulated and intertwined, and how this influences
infection.
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Metabolic changes during EMCYV infection resemble those observed in
CVB3 infection

We next questioned whether the observed changes in host metabolism were specific for CVB3
infection, or a more general characteristic of picornavirus infection. Therefore, we performed
a side-by-side metabolomic study (without '*C-glucose tracing) comparing the metabolic
changes in cells infected with CVB3 and EMCV, a picornavirus belonging to a different genus.
We observed that CVB3 and EMCYV induced similar responses with respect to host metabo-
lism (r-value of 0.82) (Fig 5A and 5B). Consistently, when focusing on the metabolites in the
nucleotide pathways, we found that the levels of these metabolites increased similarly, albeit
stronger in cell infected with EMCV (Fig 5A). These stronger responses are likely due to a
slightly higher infection rate of EMCV (S11 Fig).

To determine whether the changes in purine and pyrimidine metabolites in EMCV-
infected cells are also caused by increased nucleic acid degradation and nucleotide salvage
rather than de novo synthesis, we performed a [U-'">C]-glucose tracing study. Similar to infec-
tion with CVB3, the isotope distribution patterns of the M+5 and M>>5 fractions of the nucleo-
tides, especially for the pyrimidine nucleotides, decreased from 4 hpi, whereas the M+0
fraction increased (Fig 5C). Thus, also in EMCV-infected cells the increase in purine and
pyrimidine levels are primarily caused by enhanced nucleic acid degradation and nucleotide
salvage, suggesting that this mechanism is generally used for efficient picornavirus infection.

Discussion

Viruses extensively remodel host cell functions and structures for efficient infection and
spreading. Virus replication can place an increasing demand on the available cellular energy,
metabolites and lipids. Therefore, many viruses alter host cell metabolism and induce glycoly-
sis, fatty acid synthesis and/or glutaminolysis [15]. Developments in metabolic analysis tech-
niques have significantly increased our understanding of virus-induced changes in
metabolism, particularly for oncogenic viruses [44]. Here, we employed mass spectrometry-
based ’C-glucose tracing methods to obtain comprehensive and detailed insight into the met-
abolic changes induced by picornaviruses. We present evidence that both CVB3, an enterovi-
rus, and EMCV, a cardiovirus, increase purine and pyrimidine nucleotide levels by promoting
degradation of nucleic acids and nucleotides as well as sustaining salvage pathway activity.

Our metabolomics analysis of CVB3-infected HeLa and Huh7 cells revealed a surge of
nucleotides, nucleosides and nucleobases. These results are in line with a metabolomic study
of rhinovirus-B14 (RV-B14) infected cells, which also observed increases in purine and pyrim-
idine metabolites [44]. To dissect the underlying molecular mechanism, we performed >C-
glucose tracing studies. These studies uncovered that the observed surge in CVB3-infected
cells is likely caused by increased nucleic acid degradation and nucleotide salvage rather than
by de novo nucleotide synthesis.

To explore the importance of nucleotide salvage for CVB3 replication, we inhibited salvage
pathways during CVB3 infection using 6-MP and CPU. 6-MP inhibits the purine salvage path-
way by blocking HRPRT, the enzyme that salvages hypoxanthine and guanine, whereas CPU
inhibits the pyrimidine salvage pathway by blocking UCK2. Both inhibitors reduced the effi-
ciency of CVB3 replication in a dose-dependent manner. This effect is strongest at 4 hpi. It is
possible that the degradation of nucleic acids supplies sufficient nucleotides for CVB3 replica-
tion after this time point, reducing the effect of nucleotide salvage later in infection. These
results suggest that nucleotide salvage is specifically required during the early phases of replica-
tion, but that this need declines later in infection due to the availability of nucleotides derived
from nucleic acid degradation.
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correlation between metabolic changes induced by CVB3 and EMCV. C) "*C-glucose isotope tracing study in mock- and EMCV-
infected HeLa R19 cells (three replicates; one experiment; MOI 5). Cells were infected, lysed at 2, 4, 6 or 8 hpi and measured by
LC-MS to identify metabolites and quantify the different isotopologues. Isotope patterns in ADP, ATP, UDP and UTP in mock
and EMCV infected HeLa R19 cells are depicted. One sample was removed from analysis (one replicate of 8 hpi EMCV), because
of a technical defect. The p-values were calculated using linear mixed effect models with an interaction of time and treatment and
arandom effect of replicate. A rank transformation on the data was performed to ensure a normal distribution of the residuals.
Afterwards, a contrast analysis was done to calculate the p-values between specific groups. For this analysis, the fractions of all
labels were added together and tested whether the total amount of labeling differed between mock and CVB3 infection.

*p < 0.05, **p < 0.01, ***p < 0.001.

https://doi.org/10.1371/journal.ppat.1012036.9005

To better understand what drives the changes in nucleotide metabolism, we integrated the
metabolomic data with those from our previously described phosphoproteomic analysis of
CVB3-infected HelLa cells, filtered for metabolic enzymes. This integration resulted in the
identification of five phosphorylations that significantly change during viral infection on cellu-
lar enzymes directly involved in nucleotide metabolism. Three of these enzymes function in
nucleotide degradation and/or nucleotide salvage. We observed dephosphorylation of TK1 on
S$13, known to result in activation of TK1, in infected cells [45-47]. TK1 phosphorylates thymi-
dine into TMP and is thereby involved in salvaging nucleotides. This observation supports the
idea that pyrimidine salvage is enhanced during CVB3 infection. We also observed phosphory-
lation of NT5C2, specifically on T510, a position that has been implicated in regulating NT5C2
activity. NT5C2 hydrolyzes IMP and other nucleotides to nucleosides and is therefore involved
in nucleotide degradation. Notably, the analysis also retrieved the phosphorylation of AMPD2
on $100. Although the role of this particular phosphorylation is currently unknown, it is well
established that AMPD?2 converts AMP to IMP. Because IMP can be converted to both AMP
and GMP, AMPD2 bridges degradation and salvage of nucleotides and in doing so regulates
the balance of GMP and AMP levels. However, inhibiting AMPD?2 only modestly affected
CVB3 replication, suggesting that the activity of this enzyme is not essential for CVB3 infec-
tion. Although not essential for CVB3 replication, AMPD2 could still play a role in balancing
AMP and GMP levels, also depending on the role of the phosphorylation of S100 on AMPD2.
Collectively, the phosphorylations highlighted by the integrative analysis suggest that nucleo-
tide degradation and nucleotide salvage during CVB3 infection are not only altered at the
metabolome, but also on the phosphoproteome levels. Further studies are warranted to estab-
lish the role of the phosphorylations we find during CVB3 infection.

The regulation of nucleic acid metabolism in CVB3 infection, in particular RNA metabo-
lism, was underpinned by the integrative analysis of the metabolomic data with the phospho-
proteomic data. Upon extracting phosphorylations that differentiated mock from infected
samples, phosphorylations on proteins involved in the regulation of RNA splicing, transcrip-
tion and RNA metabolism were enriched. Since RNA splicing and RNA degradation are
tightly connected, it is possible that alterations in splicing and mRNA metabolism may underly
RNA degradation [45-47]. Enteroviruses modulate splicing through several mechanisms. By
disrupting nucleocytoplasmic trafficking, these viruses alter the location of splicing factors and
disturb the splicing machinery within the host cell [48]. Moreover, 3Dpol, the enteroviral
RNA-dependent RNA polymerase, enters the nucleus and targets the pre-mRNA processing
factor 8 (Prp8) to block pre-mRNA splicing and mRNA synthesis [49]. Additionally, enterovi-
ruses inhibit cap-dependent host mRNA translation by cleaving the translation initiation fac-
tor eIF4G. In non-infected cells, inhibition of translation induces the formation of stress
granules (SGs) to protect the mRNAs from degradation until translation is resumed. These
SGs are functionally and physically connected to processing bodies (PBs), another type of cyto-
plasmic RNA granule that is involved in the decay of non-translating mRNAs. During infec-
tion, enteroviruses trigger the formation of SGs early in infection wherease they disassemble
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SGs and PBs and inhibit their formation later in infection. These dynamic effects likely alter
the affect the balance of cellular mRNA stalling and degradation [50,51]. Thus, the enteroviral
deregulation of splicing, translation and SG formation may lead to increased RNA degrada-
tion, thereby contributing to the elevated levels of nucleotides, nucleosides and nucleobases in
infected cells.

Aside from SGs and PBs, picornaviruses also have an intricate interplay with other RNA
degradation pathways. In general, the literature is focused on how viruses, particularly RNA
viruses, evade RNA decay pathways to protect their viral genome. One of these pathways is the
RNAse L pathway that is activated when dsRNA intermediates are formed and sensed by the
host innate defense mechanism. Upon activation of RNase L both viral and cellular RNA get
degraded. Picornaviruses have evolved mechanisms to suppress the activation of RNase L
either directly or indirectly by inhibiting the sensing or activation of innate immune pathways
[50,51]. In addition, two important proteins involved in RNA degradation, XRN1, the major
5=> 3’ exonuclease, and AUF1, an important ARE-binding protein that promotes the decay of
numerous mRNAs, are cleaved during infection via the proteasome or the viral protease 3CP*,
respectively, to reduce RNA degradation [52-55]. Notably, this inhibition is likely incomplete
as depletion of XRN1 or AUF1 increases enteroviral RNA replication and virus titers [53-56].
Moreover, autophagy, which is tightly conntected to RNA decay pathways and which is acti-
vated during enterovirus infection, also likely contributes to the observed RNA degradation
and the subsequent release of nucleotides [57-59]. Apart from antiviral effects of RNA degra-
dation, we provide evidence that the degradation of nucleic acids increases nucleotide levels,
which might also be proviral. However, how antiviral and proviral RNA degradation are regu-
lated during CVB3 infection remains to be established.

Apart from increased nucleic acid and nucleotide degradation, the relative contribution of
de novo synthesis to the total nucleotide levels was decreased in CVB3 infection. Our integra-
tive analysis emphasized the importance of phosphorylation of CAD on S1859 during viral
infection. This site is specifically phosphorylated by mTORC1 and activates CAD. In line with
mTORCI inhibition, a decrease of the phosphorylation on CAD S1859 was observed, suggest-
ing that inhibition of mTORCI1 inhibits CAD activity, resulting in the restriction of de novo
pyrimidine synthesis [35]. Also, another study revealed that FMDYV inhibits Histone deacety-
lase 1 (HDACI) and subsequently mTORCI1 and CAD during infection [60]. Elevated levels of
nucleotides have also been described in Vero cells infected with EV-A71 [28]. In that study,
however, no inhibition of CAD was observed. Instead, increased CAD activity was described,
suggestively due to an interaction between viral capsid protein VP1 and CAD. Whether these
results reflect fundamental differences between picornaviruses, cell lines or experiment condi-
tions remains to be established.

How enteroviruses interfere with de novo purine synthesis remains unknown, but several,
not mutually exclusive, mechanisms may be involved. Our integrative analysis points to virus-
induced alterations in the phosphorylation status of GMPS at T318, the enzyme catalyzing the
generation of GMP from XMP, hinting to viral effects of GMP synthesis. Whether this phos-
phorylation activates or inhibits GMPS is currently unknown, but pharmacological inhibition
of this enzyme did not affect CVB3 replication, suggesting GMPS activity is not essential for
CVB3 replication. Apart from this, 3CP*® of CVB3 and poliovirus have been described to cleave
phosphoribosylformylglycinamidine synthase (PFAS), an enzyme involved in de novo nucleo-
tide purine synthesis [61]. Notably, PFAS also plays a role in RIG-I activation. Herpesviruses
target PFAS to modulate RIG-I activation and the localization of the transcription factor repli-
cation transactivator (RTA) that is crucial for KSHV lytic replication [62,63]. Although it is
well established that enteroviruses and other picornaviruses are predominantly sensed by
MDAS, cell type specificity and functional redundancy of MDAS5 and RIG-I has been
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described [64]. Growing evidence indicates that nucleotide metabolism, particularly pyrimi-
dine metabolism, is thightly linked to innate immune responses [65-68]. The link between
nucleotides and innate immunity makes nucleotide metabolism attractive for a virus to inter-
fere with. Whether enteroviruses target pyrimidine and purine de novo synthesis to modulate
nucleotide metabolism, to modify other cellular pathways (e.g. RIG-I signaling), or both,
requires further exploration.

To determine whether other picornaviruses modulate host metabolism similarly to CVB3,
we also performed a metabolomic analysis of cells infected with EMCV, a cardiovirus. Similar
to CVB3, EMCYV infection increased the levels of nucleotides, nucleosides and nucleobases.
EMCYV infection decreased levels of two intermediates of the pyrimidine synthesis pathway,
dihydroorotate and N-carbamoyl-aspartate, to a similar extent as CVB3. Although this is sug-
gestive to conserved mechanism, subtle differences in the regulation of mTORCI and hence
de novo nucleotide synthesis during infection with CVB3 and EMCV have been observed
[28,68-70].

In conclusion, we here demonstrate that the picornaviruses CVB3 and EMCV extensively
reprogram nucleotide metabolism and we present evidence that the alterations in nucleotide
metabolism are likely due to the activation of nucleic acid degradation and salvage pathways.
Our data are important for better understanding of the virus-host interaction and may lead to
new avenues for therapeutic intervention.

Materials & methods
Cells and viruses

Hela R19, HEK293T and Huh?7 cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM,; Lonza) supplemented with 10% fetal bovine serum (FBS) and 1% Pen-Strep (Lonza).
BHK?21 cells were cultured in DMEM containing sodium pyruvate and glutamax (Gibco;
2206106) and supplemented with 10% FBS and 1% Pen-Strep (Lonza).

CVB3 was generated by passaging the virus on Hela R19 cells. Upon complete CPE, the
virus was harvested and concentrated by ultracentrifugation (30% sucrose, 140.000 g for 16
hours, 4°C, SW32Ti rotor). The virus was subsequently diluted in PBS and stored at -80C.
EMCYV and Renilla luciferase (Rluc)-CVB3 viruses were generated by producing RNA from
their respective infectious clones and transfecting this RNA into BHK21 or HEK293T cells
respectively. Similar to the production of CVB3, viruses were harvested after complete CPE,
concentrated by ultracentrifugation, diluted in PBS and stored at -80°C. Virus titers were
determined by end point titration on Hela R19 and BHK21 cells according to the method of
Spearman-Kirber and expressed as 50% Tissue Culture Infectious dose (TCID50).

Effects of compounds on CVB3 replication

To study the effect of compounds on CVB3 replication, we used a Renilla luciferase (RLuc)-
expressing CVB3 [69]. Briefly, HeLa R19 cells (1¥10/4 cells/well) were seeded in 96 well plates.
The following day, the cells were infected with Renilla luciferase (RLuc)-CVB3 for 30 minutes
at a multiplicity of infection (MOI) of 0.1. after which the inoculum was removed and fresh
(compound-containing) medium was added to the cells. The cells were lysed with 50ul lysis
buffer (Promega) at the appropriate time points and stored at -20°C for further use. In order
to measure the luminescence of the cell lysates, a Renilla assay system (Promega) was used
according to manufacturer’s protocol. For analysis of the luciferase assays Graphpad Prism
(version 8) was used.

To measure the effect of compounds on cell viability, the CellTiter 96 AQueous solution
One Solution Cell Proliferation Assay (MTS) was used (Promega). Hela R19 cells were seeded
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in 96 wells plates at a density of 1*10/4 cells/well. After incubation with the compound for 6
or 24 hours, the medium was refreshed and MTS was added (10 ul MTS/50 pl medium). This
mix was incubated for 1-2 hours at 37°C after which the absorbance was measured with an
Elisa Plate reader at 490 nm. Viability was determined as the percentage viable cells compared
to the control (cells without compound).

Synthesis Cyclopentenyl uracil (CPU)

CPU was synthesized according to known literature procedures. The spectral data was in
accordance with that of literary precedence [28,70-72].

Metabolite profiling and isotope tracing

For the metabolomic studies, HeLa R19 or Huh7 cells were seeded in 6 well plates at a density
0f 4¥10A5 cells/well or 5*1015 cells/well respectively. The next day, the cells were infected with
the corresponding viruses (diluted in DMEM with 10% FBS) for 30 minutes. After 30 minutes,
the medium was refreshed with either DMEM with 10% FBS for regular metabolomics studies
or DMEM supplemented with 10%FBS, 2mM glutamine and either 25mM [U-">C]glucose
(Cambridge Isotopes) or '*C-Glucose for isotope tracing studies. The cells were subsequently
incubated for the given time points. When a time point was reached, cells were washed with
PBS and lysed with 1 ml of lysis buffer consisting of methanol/acetonitrile/H20 (2:2:1) for
metabolite extraction. Cell lysates were centrifuged at 15.000 g for 15 minutes (4°C) and super-
natant was collected for liquid chromatography mass spectrometry (LC-MS) analysis.

The samples in Figs 1, 2 and S1-54 were analysed on an Exactive mass spectrometer
(Thermo Scientific) coupled with a Dionex Ultimate 3000 autosampler and pump (Thermo
Scientific). The samples depicted in Figs 5, S5, S8 and S10 were run on a Q-Excative HF Quad-
rupole-orbitrap mass spectrometer (Thermo Scientific). Both machines operated in polarity-
switching mode with spray voltages of 4.5 kV and -3.5 kV. Metabolites within all samples were
separated using a Sequant ZIC-pHILIC column (2.1 x 150 mm, 5 pm, guard column 2.1 x 20
mm, 5 um; Merck). The solvents used are acetonitrile and eluent A (20 mM (NH4)2CO3, 0.1%
NH4O0H in ULC/MS grade water; Biosolve). The flow rate was set on 150 ul/min with a gradi-
ent of 20-60% of eluent A in 20 minutes. After 20 minutes, the column was washed with 80%
A and requalibrated with 20% A.

After sample acquisition, metabolites were identified and quantified using either LCquan
software (Thermo Scientific; Figs 1, 2 and S1-54) or TraceFinder software (Thermo Scientific;
Figs 5, S5, S8 and S10) both on the basis of the exact mass within 5 ppm. Additionally, the
retention times of a set of standards were used to further validate the identification of the
metabolites. Peak intensities were normalized using mean peak intensities of total metabolites.
Isotope distributions were corrected for natural abundance of "*C.

Statistics

The metabolomic data was analyzed using R. Heatmaps were generated using the Complex-
Heatmap R package [73]. To statistically analyze the metabolomic data, a linear mixed effect
model with an interaction of time and treatment and a random effect of replicate was per-
formed (using the Ime4 R package [74]). The normal distribution of the residuals was checked
per metabolite and if needed a rank transformation was performed. In case normality could
still not be assumed, a non-parametric linear mixed effect model with an interaction of time
and treatment and a random effect of replicate was performed (using the ARTool R package
[75]). After creating the appropriate model, the model was used to perform contrast analyses
to test the differences between specific groups (using the emmeans R package [76]). Multiple
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testing correction was performed using the Benjamin-Hochberg method. The p-values for the
phosphoproteins where taken from the previously published and publicaly available phospho-
proteomic dataset and analysis [29]. Other statistical analysis were performed using Graphpad
Prism 9 (exact method specified in the dedicated figure legend).

Integrative omics analysis

The metabolomic and phosphoproteomic data was integrated using the R package MixOmics
[31]. To use MixOmics, both datasets should contain the same number of groups and repli-
cates per group. The phosphoproteomic datasets only contained Oh mock and 10h mock sam-
ples and 4 replicates per time point, whereas the metabolomic screen included mocks at all
time points (0, 2, 4, 6, 8 and 10hpi) and 3 replicates per time point. Therefore, only the Oh
mock and 10h mock samples were included in the integrative analysis, and 3 out of 4 replicates
from the phosphoproteomics experiment were randomly sampled. The DIABLO analysis
requires the user to specify the number components to create and the number of variables to
be selected per component per dataset. Guided by the MixOmics tunig functions the following
constrainst were chosen: 2 components; component 1: 15 metabolites, 55 phosphosites; com-
ponent 2: 10 metabolites, 25 phosphosites. Pathway/enrichment analysis of metabolomic data
was performed with MetaboAnalyst, while for the enrichment analysis of the phosphoproteo-
mic in Bio discoverer (featuring Gene Ontology enrichment analysis) was used.

Supporting information

S1 Fig. Metabolomic analysis of the medium of CVB3 infected Hela cells. '>C-glucose iso-
tope tracing study in mock- and CVB3-infected HeLa R19 cells (three replicates; one experi-
ment; MOI 5). Cells were infected, lysed at 2,4,6 or 8 hpi and measured by LC-MS to identify
metabolites and quantify the different isotopologues. The different isotopologues are not dis-
tinguished in this Figure. Heatmap showing log2 fold changes of extracellular metabolites dur-
ing CVB3 infection using.

(TTF)

$2 Fig. Isotope distribution of Ribulose-5-Phosphate. >C-glucose isotope tracing study in
mock HeLa R19 cells (three replicates; one experiment; multiplicity of infection (MOI) = 5).
Cells were lysed at 2,4,6 or 8 hpi and measured by LC-MS to identify metabolites and quantify
the different isotopologues. Ribulose-5-Phosphate is depicted.

(TIF)

S3 Fig. Isotope distribution of guanine and cytosine nucleotides in CVB3 infected Hela
R19 cells. °C-glucose isotope tracing study in mock- and CVB3-infected HeLa R19 cells
(three replicates; one experiment; multiplicity of infection (MOI) = 5). Cells were infected,
lysed at 2,4,6 or 8 hpi and measured by LC-MS to identify metabolites and quantify the differ-
ent isotopologues. In one replicate of 6h mock, CMP was undetectable leading to inaccurate
fraction calculations. Therefore, the 6h mock was omitted in the CMP figure. The p-values
were calculated using linear mixed effect models with an interaction of time and treatment
and a random effect of replicate. For CMP, a normal distribution of the residuals could not be
assumed and therefore a non-parametric linear mixed effect model with an interaction of time
and treatment and a random effect of replicate was performed. Afterwards, a contrast analysis
was done to calculate the p-values between specific groups. For this analysis, the fractions of all
labels were added together and tested whether the total amount of labeling differed between
mock and CVB3 infection. *p < 0.05, **p < 0.01, ***p < 0.001.

(TTF)
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S4 Fig. Absolute nucleotide levels of metabolomic screen of CVB3 infected Hela R19 cells.
Metabolomics study of mock and CVB3 infected HeLa R19 cells (three replicates; one experi-
ment; MOI 5). The cells were infected, lysed at 2, 4, 6 or 8 hpi and measured by LC-MS to
identify metabolites. The absolute levels of nucleotide mono-, di- and triphosphates are
shown. The p-values of the absolute metabolite levels were calculated using linear mixed effect
models with an interaction of time and treatment and a random effect of replicate. A rank
transformation on the data was performed to ensure a normal distribution of the residuals.
Afterwards, a contrast analysis was done to calculate the p-values between specific groups.

*p < 0.05, **p < 0.01, ***p < 0.001.

(TIF)

S5 Fig. Nucleotide changes in CVB3 infected Huh?7 cells. °C glucose isotope tracing study of
mock and CVB3 infected Huh7 R19 cells (three replicates; one experiment; MOI 5). The cells
were infected, lysed at 5,8 or 16 hpi and measured by LC-MS to identify metabolites. One sam-
ple was removed from analysis (one replicate of 5 hpi CVB3), because of a technical defect. A)
The relative contributions of the different labelings are shown for eight representative nucleo-
tides: ADP, ATP, UDP, UTP, CDP, CTP, GDP, GTP. B) The absolute level of N-carbanoyl-
aspartate in Mock and CVB3 infected samples over time. The p-values of the absolute metabo-
lite levels A) and B) were calculated using linear mixed effect models with an interaction of
time and treatment and a random effect of replicate. For N-carbamoyl-aspartate, a normal dis-
tribution of the residuals could not be assumed and therefore a non-parametric linear mixed
effect model with an interaction of time and treatment and a random effect of replicate was
performed. Afterwards, a contrast analysis was done to calculate the p-values between specific
groups. *p < 0.05, **p < 0.01, ***p < 0.001.

(TIF)

S6 Fig. Inhibition of nucleotide salvage constraints CVB3 virus production early in infec-
tion. Growth kinetics of CVB3 in HeLa R19 cells in the presence of different concentrations of
6-MP (A, B) or CPU (C, D). The cells were infected, treated with the compounds directly after
infection, lysed at 2, 4, 6, or 10 hpi and titrated on HeLa R19 cells to determine the TCID50/ml
(MOI 5; mean + SEM of triplicates; one experiment). Guanidine hydrochloride (GuaHCI) is a
known replication inhibitor. A,C) Growth curve of all the included time points. B,D) Bar
graph of the 4h time point. A two-way ANOVA was performed, but results are not significant.
(TIF)

S7 Fig. Viability measurements after 6-MP or CPU treatment. A) A representative MTS
assay performed in parallel with the luciferase assay depicted in Fig 3A (mean + SD). The cells
were exposed to the different 6-MP concentrations for either 6h or 24h after which a MTS
assay was used to determine the viability of the cells. B) A representative MTS assay performed
in parallel with the luciferase assay depicted in Fig 3E (mean * SD). The cells were exposed to
the different CPU concentrations for either 6h or 24h after which a MTS assay was used to
determine the viability of the cells.

(TIF)

S8 Fig. Metabolomic analysis of 6-MP and CPU treated cells. '>C-glucose isotope tracing
study in control- and 6-MP or CPU treated HeLa R19 cells (three replicates; one experiment).
Cells were exposed to different concentrations of 6-MP or CPU (30 pM, 100 uM, 300 pM,
1000 uM). The cells were lysed after at 6h and measured by LC-MS to identify metabolites and
quantify the different isotopologues. The different isotopologues are not distinguished in this
Figure. Heatmap showing log2 fold changes of intracellular metabolites compared to control-
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treated cells.
(TIF)

S9 Fig. The extracted metabolites and phosphorylations from component one from the
integrated DIABLO analysis. A) Extracted metabolites and phosphorylations of the DIABLO
analysis (supervised analysis of multiple omics datasets) of the metabolomics dataset (MOI 5)
and the total phosphoproteomic dataset (MOI 10) of mock and CVB3 infected HeLa R19 cells.
The phosphorylations contain the protein, the phosphorylated site and whether this site is
quantified on a singly (_1) or doubly (_2) phosphorylated peptide. B) Extracted metabolites
and phosphorylations of the DIABLO analysis (supervised analysis of multiple omics datasets)
of the metabolomics dataset (MOI 5) and the phosphoproteomic dataset filtered for metabolic
proteins (MOI 10) of mock and CVB3 infected HeLa R19 cells. The phosphorylations contain
the protein, the phosphorylated site and whether this site is quantified on a singly (_1) or dou-
bly (_2) phosphorylated peptide.

(TIF)

$10 Fig. The effect of inhibition of AMPD2 and GMPS on cellular metabolism and CVB3
replication. A CVB3 luciferase reporter virus carrying a Renilla luciferase (Rluc CVB3) was
used to study the replication of CVB3 in the presence or absence of compounds inhibiting the
salvage pathways. A, C) Luciferase levels in cells infected with Rluc CVB3 (MOI 0.1) in the
presence of different concentrations of Decoyinine (A) or AMPD?2 inhibitor (C). Cells were
lysed at 2, 4, 6, 8 hpi. Representative data of three independent experiment are depicted

(mean + SD of 3 technical replicates). B,D) MTS assay performed in parallel with the luciferase
assay depicted in A and C (mean * SD). The cells were exposed to the different Decoyinine (B)
or AMPD2 inhibitor (D) concentrations for either 8h after which a MTS assay was used to
determine the viability of the cells. E) '*C-glucose isotope tracing study in control- and decoyi-
nine (100 uM) or AMPD?2 inhibitor (100 uM) treated HeLa R19 cells (three replicates; one
independent experiment). The cells were lysed after 6h and measured by LC-MS to identify
metabolites and quantify the different isotopologues. The different isotopologues are not dis-
tinguished in this Figure. Heatmap showing log2 fold changes of intracellular metabolites
compared to control-treated cells.

(TIF)

S11 Fig. Growth kinetics CVB3 and EMCYV in HeLa R19 cells. Growth kinetics of CVB3 and
EMCYV in HeLa R19 cells, titrated on HeLa R19 cells (MOI 2; mean and SD of triplicates; one
experiment). The cells were infected, lysed at 2, 4, 6, 8 or 10 hpi and titrated to determine the
TCID50/ml.

(TTF)

S1 Data. Datasets.
(ZIP)

Acknowledgments

We thank Erik de Vries for his constructive feedback on this manuscript.

Author Contributions

Conceptualization: Lonneke V. Nouwen, Esther A. Zaal, Celia R. Berkers, Frank J. M. van
Kuppeveld.

Formal analysis: Lonneke V. Nouwen, Chris H. A. van de Lest.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012036 March 8, 2024 18/23


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012036.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012036.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012036.s011
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012036.s012
https://doi.org/10.1371/journal.ppat.1012036

PLOS PATHOGENS

Picornaviral modulation of nucleotide metabolism

Investigation: Lonneke V. Nouwen, Martijn Breeuwsma, Inge Buitendijk, Marleen Zwaagstra.

Resources: Pascal Bali¢, Dmitri V. Filippov, Celia R. Berkers.

Supervision: Esther A. Zaal, Celia R. Berkers, Frank J. M. van Kuppeveld.

Visualization: Lonneke V. Nouwen.

Writing - original draft: Lonneke V. Nouwen.

Writing - review & editing: Esther A. Zaal, Celia R. Berkers, Frank J. M. van Kuppeveld.

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

Zell R, Delwart E, Gorbalenya AE, Hovi T, King AMQ, Knowles NJ, et al. ICTV Virus Taxonomy Profile:
Picornaviridae. J Gen Virol [Internet]. 2017 Oct; 98(10):2421-2. Available from: https://doi.org/10.1099/
jgv.0.000911 PMID: 28884666

Tuthill TJ, Groppelli E, Hogle JM, Rowlands DJ. Picornaviruses. Curr Top Microbiol Immunol [Internet].
2010; 343:43-89. Available from: https://doi.org/10.1007/82_2010_37 PMID: 20397067

Lugo D, Krogstad P. Enteroviruses in the early 21st century: new manifestations and challenges. Curr
Opin Pediatr [Internet]. 2016 Feb; 28(1):107—13. Available from: https://doi.org/10.1097/MOP.
0000000000000303 PMID: 26709690

Jacobs SE, Lamson DM, St George K, Walsh TJ. Human rhinoviruses. Clin Microbiol Rev [Internet].
2013 Jan; 26(1):135-62. Available from: https://doi.org/10.1128/CMR.00077-12 PMID: 23297263

Baggen J, Thibaut HJ, Strating JRPM, van Kuppeveld FJM. The life cycle of non-polio enteroviruses
and how to target it. Nat Rev Microbiol [Internet]. 2018 Jun; 16(6):368—81. Available from: https://doi.
org/10.1038/s41579-018-0005-4 PMID: 29626210

Picornavirus Home [Internet]. [cited 2020 Jan 14]. Available from: https://www.picornaviridae.com/

Visser LJ, Langereis MA, Rabouw HH, Wahedi M, Muntjewerff EM, de Groot RJ, et al. Essential Role of
Enterovirus 2A Protease in Counteracting Stress Granule Formation and the Induction of Type | Inter-
feron. J Virol [Internet]. 2019 May 15; 93(10). Available from: https://doi.org/10.1128/JV1.00222-19
PMID: 30867299

Carocci M, Bakkali-Kassimi L. The encephalomyocarditis virus. Virulence [Internet]. 2012; 3(4):351-67.
Available from: https://doi.org/10.4161/viru.20573 PMID: 22722247

Feng Q, Langereis MA, van Kuppeveld FJM. Induction and suppression of innate antiviral responses by
picornaviruses. Cytokine Growth Factor Rev [Internet]. 2014 Oct; 25(5):577-85. Available from: https://
doi.org/10.1016/j.cytogfr.2014.07.003 PMID: 25086453

Buenz EJ, Howe CL. Picornaviruses and cell death. Trends Microbiol [Internet]. 2006 Jan; 14(1):28-36.
Available from: https://doi.org/10.1016/j.tim.2005.11.003 PMID: 16337385

Croft SN, Walker EJ, Ghildyal R. Picornaviruses and apoptosis: Subversion of cell death. MBio [Inter-
net]. 2017 Nov 8; 8(5). Available from: https://doi.org/10.1128/mBio.01009-17 PMID: 28928208

Belov GA, Sztul E. Rewiring of cellular membrane homeostasis by picornaviruses. J Virol [Internet].
2014 Sep 1; 88(17):9478-89. Available from: https://doi.org/10.1128/JVI.00922-14 PMID: 24920802

Melia CE, van der Schaar HM, de Jong AWM, Lyoo HR, Snijder EJ, Koster AJ, et al. The origin, dynamic
morphology, and PI4P-independent formation of Encephalomyocarditis virus replication organelles.
MBio [Internet]. 2018 Apr 17; 9(2). Available from: https://doi.org/10.1128/mBio.00420-18 PMID:
29666283

Traven A, Naderer T. Central metabolic interactions of immune cells and microbes: prospects for
defeating infections. EMBO Rep [Internet]. 2019 Jul; 20(7):e47995. Available from: https://doi.org/10.
15252/embr.201947995 PMID: 31267653

Sanchez EL, Lagunoff M. Viral activation of cellular metabolism. Virology [Internet]. 2015 May; 479—
480:609-18. Available from: https://doi.org/10.1016/j.virol.2015.02.038 PMID: 25812764

Mayer KA, Stockl J, Zlabinger GJ, Gualdoni GA. Hijacking the supplies: Metabolism as a novel facet of
virus-host interaction. Front Immunol [Internet]. 2019 Jul 3; 10:1533. Available from: https://doi.org/10.
3389/fimmu.2019.01533 PMID: 31333664

Thaker SK, Ch’ng J, Christofk HR. Viral hijacking of cellular metabolism. BMC Biol [Internet]. 2019 Jul
18; 17(1):59. Available from: https://doi.org/10.1186/s12915-019-0678-9 PMID: 31319842

Gonzélez Plaza JJ, Hulak N, Kausova G, Zhumadilov Z, Akilzhanova A. Role of metabolism during viral
infections, and crosstalk with the innate immune system. Intractable Rare Dis Res [Internet]. 2016 May;
5(2):90-6. Available from: https://doi.org/10.5582/irdr.2016.01008 PMID: 27195191

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012036 March 8, 2024 19/23


https://doi.org/10.1099/jgv.0.000911
https://doi.org/10.1099/jgv.0.000911
http://www.ncbi.nlm.nih.gov/pubmed/28884666
https://doi.org/10.1007/82%5F2010%5F37
http://www.ncbi.nlm.nih.gov/pubmed/20397067
https://doi.org/10.1097/MOP.0000000000000303
https://doi.org/10.1097/MOP.0000000000000303
http://www.ncbi.nlm.nih.gov/pubmed/26709690
https://doi.org/10.1128/CMR.00077-12
http://www.ncbi.nlm.nih.gov/pubmed/23297263
https://doi.org/10.1038/s41579-018-0005-4
https://doi.org/10.1038/s41579-018-0005-4
http://www.ncbi.nlm.nih.gov/pubmed/29626210
https://www.picornaviridae.com/
https://doi.org/10.1128/JVI.00222-19
http://www.ncbi.nlm.nih.gov/pubmed/30867299
https://doi.org/10.4161/viru.20573
http://www.ncbi.nlm.nih.gov/pubmed/22722247
https://doi.org/10.1016/j.cytogfr.2014.07.003
https://doi.org/10.1016/j.cytogfr.2014.07.003
http://www.ncbi.nlm.nih.gov/pubmed/25086453
https://doi.org/10.1016/j.tim.2005.11.003
http://www.ncbi.nlm.nih.gov/pubmed/16337385
https://doi.org/10.1128/mBio.01009-17
http://www.ncbi.nlm.nih.gov/pubmed/28928208
https://doi.org/10.1128/JVI.00922-14
http://www.ncbi.nlm.nih.gov/pubmed/24920802
https://doi.org/10.1128/mBio.00420-18
http://www.ncbi.nlm.nih.gov/pubmed/29666283
https://doi.org/10.15252/embr.201947995
https://doi.org/10.15252/embr.201947995
http://www.ncbi.nlm.nih.gov/pubmed/31267653
https://doi.org/10.1016/j.virol.2015.02.038
http://www.ncbi.nlm.nih.gov/pubmed/25812764
https://doi.org/10.3389/fimmu.2019.01533
https://doi.org/10.3389/fimmu.2019.01533
http://www.ncbi.nlm.nih.gov/pubmed/31333664
https://doi.org/10.1186/s12915-019-0678-9
http://www.ncbi.nlm.nih.gov/pubmed/31319842
https://doi.org/10.5582/irdr.2016.01008
http://www.ncbi.nlm.nih.gov/pubmed/27195191
https://doi.org/10.1371/journal.ppat.1012036

PLOS PATHOGENS

Picornaviral modulation of nucleotide metabolism

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Elesela S, Lukacs NW. Role of mitochondria in viral infections. Life (Basel) [Internet]. 2021 Mar 11; 11
(3):232. Available from: https://doi.org/10.3390/life 11030232 PMID: 33799853

Moreno-Altamirano MMB, Kolstoe SE, Sanchez-Garcia FJ. Virus control of cell metabolism for replica-
tion and evasion of host immune responses. Front Cell Infect Microbiol [Internet]. 2019 Apr 18; 9:95.
Available from: https://doi.org/10.3389/fcimb.2019.00095 PMID: 31058096

HanadaY, Ishihara N, Wang L, Otera H, Ishihara T, Koshiba T, et al. MAVS is energized by Mff which
senses mitochondrial metabolism via AMPK for acute antiviral immunity. Nat Commun [Internet]. 2020
Nov 11; 11(1):5711. Available from: https://doi.org/10.1038/s41467-020-19287-7 PMID: 33177519

Gualdoni GA, Mayer KA, Kapsch A-M, Kreuzberg K, Puck A, Kienzl P, et al. Rhinovirus induces an ana-
bolic reprogramming in host cell metabolism essential for viral replication. Proc Natl Acad SciU S A
[Internet]. 2018 Jul 24; 115(30):E7158-65. Available from: https://doi.org/10.1073/pnas.1800525115
PMID: 29987044

Cheng M-L, Chien K-Y, Lai C-H, Li G-J, Lin J-F, Ho H-Y. Metabolic reprogramming of host cells in
response to enteroviral infection. Cells [Internet]. 2020 Feb 18; 9(2):473. Available from: https://doi.org/
10.3390/cells9020473 PMID: 32085644

Michi AN, Yipp BG, Dufour A, Lopes F, Proud D. PGC-1a mediates a metabolic host defense response
in human airway epithelium during rhinovirus infections. Nat Commun [Internet]. 2021 Jun 16 [cited
2021 Dec 14]; 12(1):3669. Available from: https://www.nature.com/articles/s41467-021-23925-z

Zou Z, Tsang JO-L, Yan B, Chik KK-H, Chan CC-Y, Cao J, et al. Metabolic profiling reveals significant
perturbations of intracellular glucose homeostasis in Enterovirus-infected cells. Metabolites [Internet].
2020 Jul 23; 10(8):302. Available from: https://doi.org/10.3390/metabo10080302 PMID: 32717953

Lane AN, Fan TW-M. Regulation of mammalian nucleotide metabolism and biosynthesis. Nucleic Acids
Res [Internet]. 2015 Feb 27; 43(4):2466-85. Available from: https://doi.org/10.1093/nar/gkv047 PMID:
25628363

Hoxhaj G, Hughes-Hallett J, Timson RC, llagan E, Yuan M, Asara JM, et al. The mTORC1 signaling net-
work senses changes in cellular purine nucleotide levels. Cell Rep [Internet]. 2017 Oct; 21(5):1331-46.
Available from: https://doi.org/10.1016/j.celrep.2017.10.029 PMID: 29091770

Liu Q, Gupta A, Okesli-Armlovich A, Qiao W, Fischer CR, Smith M, et al. Enhancing the antiviral efficacy
of RNA-dependent RNA polymerase inhibition by combination with modulators of pyrimidine metabo-
lism. Cell Chem Biol [Internet]. 2020 Jun 18; 27(6):668—677.€9. Available from: https://doi.org/10.1016/
j.chembiol.2020.05.002 PMID: 32442424

Giansanti P, Strating JRPM, Defourny KAY, Cesonyte |, Bottino AMS, Post H, et al. Dynamic remodel-
ling of the human host cell proteome and phosphoproteome upon enterovirus infection. Nat Commun
[Internet]. 2020 Aug 28; 11(1):4332. Available from: https://doi.org/10.1038/s41467-020-18168-3
PMID: 32859902

F. R, Gautier B, Singh A, Lé Cao KA. mixOmics: an R package for ‘omics feature selection and multiple
data integration.

CRAN—Package mixOmics [Internet]. [cited 2021 May 29]. Available from: https://CRAN.R-project.
org/package=mixOmics

Singh A, Gautier B, Shannon CP, Vacher M, Rohart F, Tebutt SJ, et al. DIABLO-an integrative, multi-
omics, multivariate method for multi-group classification. In 2016. p. 067611.

Ben-Sahra |, Howell JJ, Asara JM, Manning BD. Stimulation of de novo pyrimidine synthesis by growth
signaling through mTOR and S6K1. Science [Internet]. 2013 Mar 15; 339(6125):1323-8. Available
from: https://doi.org/10.1126/science.1228792 PMID: 23429703

Moreno-Morcillo M, Ramén-Maiques S. CAD: A Multifunctional Protein LeadingDe NovoPyrimidine Bio-
synthesis [Internet]. eLS. 2017. p. 1-12. Available from: http://dx.doi.org/10.1002/9780470015902.
a0027193

Robitaille AM, Christen S, Shimobayashi M, Cornu M, Fava LL, Moes S, et al. Quantitative phosphopro-
teomics reveal mMTORC1 activates de novo pyrimidine synthesis. Science [Internet]. 2013 Mar 15; 339
(6125):1320-3. Available from: https://doi.org/10.1126/science.1228771 PMID: 23429704

Arnér ESJ, Eriksson S. Mammalian deoxyribonucleoside kinases [Internet]. Vol. 67, Pharmacology &
Therapeutics. 1995. p. 155-86. Available from: https://doi.org/10.1016/0163-7258(95)00015-9 PMID:
7494863

Sala R, Nguyen Q-D, Patel CBK, Mann D, Steinke JHG, Vilar R, et al. Phosphorylation Status of Thymi-
dine Kinase 1 Following Antiproliferative Drug Treatment Mediates 3'-Deoxy-3'-[18F]-Fluorothymidine
Cellular Retention [Internet]. Vol. 9, PLoS ONE. 2014. p. e101366. Available from: https://doi.org/10.
1371/journal.pone.0101366 PMID: 25003822

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012036 March 8, 2024 20/23


https://doi.org/10.3390/life11030232
http://www.ncbi.nlm.nih.gov/pubmed/33799853
https://doi.org/10.3389/fcimb.2019.00095
http://www.ncbi.nlm.nih.gov/pubmed/31058096
https://doi.org/10.1038/s41467-020-19287-7
http://www.ncbi.nlm.nih.gov/pubmed/33177519
https://doi.org/10.1073/pnas.1800525115
http://www.ncbi.nlm.nih.gov/pubmed/29987044
https://doi.org/10.3390/cells9020473
https://doi.org/10.3390/cells9020473
http://www.ncbi.nlm.nih.gov/pubmed/32085644
https://www.nature.com/articles/s41467-021-23925-z
https://doi.org/10.3390/metabo10080302
http://www.ncbi.nlm.nih.gov/pubmed/32717953
https://doi.org/10.1093/nar/gkv047
http://www.ncbi.nlm.nih.gov/pubmed/25628363
https://doi.org/10.1016/j.celrep.2017.10.029
http://www.ncbi.nlm.nih.gov/pubmed/29091770
https://doi.org/10.1016/j.chembiol.2020.05.002
https://doi.org/10.1016/j.chembiol.2020.05.002
http://www.ncbi.nlm.nih.gov/pubmed/32442424
https://doi.org/10.1038/s41467-020-18168-3
http://www.ncbi.nlm.nih.gov/pubmed/32859902
https://CRAN.R-project.org/package=mixOmics
https://CRAN.R-project.org/package=mixOmics
https://doi.org/10.1126/science.1228792
http://www.ncbi.nlm.nih.gov/pubmed/23429703
http://dx.doi.org/10.1002/9780470015902.a0027193
http://dx.doi.org/10.1002/9780470015902.a0027193
https://doi.org/10.1126/science.1228771
http://www.ncbi.nlm.nih.gov/pubmed/23429704
https://doi.org/10.1016/0163-7258%2895%2900015-9
http://www.ncbi.nlm.nih.gov/pubmed/7494863
https://doi.org/10.1371/journal.pone.0101366
https://doi.org/10.1371/journal.pone.0101366
http://www.ncbi.nlm.nih.gov/pubmed/25003822
https://doi.org/10.1371/journal.ppat.1012036

PLOS PATHOGENS

Picornaviral modulation of nucleotide metabolism

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Akizu N, Cantagrel V, Schroth J, Cai N, Vaux K, McCloskey D, et al. AMPD2 Regulates GTP Synthesis
and Is Mutated in a Potentially Treatable Neurodegenerative Brainstem Disorder [Internet]. Vol. 154,
Cell. 2013. p. 505—17. Available from: https://doi.org/10.1016/j.cell.2013.07.005 PMID: 23911318

Dieck CL, Tzoneva G, Forouhar F, Carpenter Z, Ambesi-Impiombato A, Sanchez-Martin M, et al. Struc-
ture and mechanisms of NT5C2 mutations driving thiopurine resistance in relapsed lymphoblastic leu-
kemia. Cancer Cell [Internet]. 2018 Jul; 34(1):136—147.e6. Available from: https://doi.org/10.1016/j.
ccell.2018.06.003 PMID: 29990496

Oliver JC, Linger RS, Chittur SV, Davisson VJ. Substrate activation and conformational dynamics of
guanosine 5’-monophosphate synthetase. Biochemistry [Internet]. 2013 Aug 6; 52(31):5225-35. Avail-
able from: https://doi.org/10.1021/bi3017075 PMID: 23841499

Orth MF, Gerke JS, Knosel T, Altendorf-Hofmann A, Musa J, Alba-Rubio R, et al. Functional genomics
identifies AMPD2 as a new prognostic marker for undifferentiated pleomorphic sarcoma. Int J Cancer
[Internet]. 2019 Feb 15; 144(4):859-67. Available from: https://doi.org/10.1002/ijc.31903 PMID:
30267407

Wang Q, Guan YF, Hancock SE, Wahi K, van Geldermalsen M, Zhang BK, et al. Inhibition of guanosine
monophosphate synthetase (GMPS) blocks glutamine metabolism and prostate cancer growth. J
Pathol [Internet]. 2021 Jun; 254(2):135—46. Available from: https://doi.org/10.1002/path.5665 PMID:
33768538

Bianchi-Smiraglia A, Wawrzyniak JA, Bagati A, Marvin EK, Ackroyd J, Moparthy S, et al. Pharmacologi-
cal targeting of guanosine monophosphate synthase suppresses melanoma cell invasion and tumorige-
nicity. Cell Death Differ [Internet]. 2015 Nov; 22(11):1858-64. Available from: https://doi.org/10.1038/
cdd.2015.47 PMID: 25909885

Purdy JG, Luftig MA. Reprogramming of cellular metabolic pathways by human oncogenic viruses. Curr
Opin Virol [Internet]. 2019 Dec; 39:60-9. Available from: https://doi.org/10.1016/j.coviro.2019.11.002
PMID: 31766001

Kawashima T, Pellegrini M, Chanfreau GF. Nonsense-mediated mRNA decay mutes the splicing
defects of spliceosome component mutations. RNA [Internet]. 2009 Dec; 15(12):2236—47. Available
from: https://doi.org/10.1261/rna.1736809 PMID: 19850912

Pervouchine D, Popov Y, Berry A, Borsari B, Frankish A, Guigé R. Integrative transcriptomic analysis
suggests new autoregulatory splicing events coupled with nonsense-mediated mRNA decay. Nucleic
Acids Res [Internet]. 2019 Jun 4; 47(10):5293-306. Available from: https://doi.org/10.1093/nar/gkz193
PMID: 30916337

Maquat LE. Nonsense-mediated mRNA decay: splicing, translation and mRNP dynamics. Nat Rev Mol
Cell Biol [Internet]. 2004 Feb; 5(2):89-99. Available from: https://doi.org/10.1038/nrm1310 PMID:
15040442

Fitzgerald KD, Chase AJ, Cathcart AL, Tran GP, Semler BL. Viral proteinase requirements for the
nucleocytoplasmic relocalization of cellular splicing factor SRp20 during picornavirus infections. J Virol
[Internet]. 2013 Mar; 87(5):2390—400. Available from: https://doi.org/10.1128/JV1.02396-12 PMID:
23255796

Liu Y-C, Kuo R-L, Lin J-Y, Huang P-N, Huang Y, Liu H, et al. Cytoplasmic viral RNA-dependent RNA
polymerase disrupts the intracellular splicing machinery by entering the nucleus and interfering with
Prp8. PLoS Pathog [Internet]. 2014 Jun; 10(6):e1004199. Available from: https://doi.org/10.1371/
journal.ppat.1004199 PMID: 24968230

Ullmer W, Semler BL. Diverse strategies used by picornaviruses to escape host RNA decay pathways.
Viruses [Internet]. 2016 Dec 20; 8(12). Available from: https://doi.org/10.3390/v8120335 PMID:
27999393

Holmes AC, Semler BL. Picornaviruses and RNA metabolism: Local and global effects of infection. J
Virol [Internet]. 2019 Nov 1; 93(21). Available from: https://doi.org/10.1128/JV1.02088-17 PMID:
31413128

Dougherty JD, White JP, Lloyd RE. Poliovirus-mediated disruption of cytoplasmic processing bodies. J
Virol [Internet]. 2011 Jan; 85(1):64—75. Available from: https://doi.org/10.1128/JVI1.01657-10 PMID:
20962086

Cathcart AL, Rozovics JM, Semler BL. Cellular mRNA decay protein AUF1 negatively regulates entero-
virus and human rhinovirus infections. J Virol [Internet]. 2013 Oct; 87(19):10423-34. Available from:
https://doi.org/10.1128/JVI.01049-13 PMID: 23903828

Cathcart AL, Semler BL. Differential restriction patterns of mMRNA decay factor AUF1 during picornavi-
rus infections. J Gen Virol [Internet]. 2014 Jul; 95(Pt 7):1488-92. Available from: https://doi.org/10.
1099/vir.0.064501-0 PMID: 24722678

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012036 March 8, 2024 21/23


https://doi.org/10.1016/j.cell.2013.07.005
http://www.ncbi.nlm.nih.gov/pubmed/23911318
https://doi.org/10.1016/j.ccell.2018.06.003
https://doi.org/10.1016/j.ccell.2018.06.003
http://www.ncbi.nlm.nih.gov/pubmed/29990496
https://doi.org/10.1021/bi3017075
http://www.ncbi.nlm.nih.gov/pubmed/23841499
https://doi.org/10.1002/ijc.31903
http://www.ncbi.nlm.nih.gov/pubmed/30267407
https://doi.org/10.1002/path.5665
http://www.ncbi.nlm.nih.gov/pubmed/33768538
https://doi.org/10.1038/cdd.2015.47
https://doi.org/10.1038/cdd.2015.47
http://www.ncbi.nlm.nih.gov/pubmed/25909885
https://doi.org/10.1016/j.coviro.2019.11.002
http://www.ncbi.nlm.nih.gov/pubmed/31766001
https://doi.org/10.1261/rna.1736809
http://www.ncbi.nlm.nih.gov/pubmed/19850912
https://doi.org/10.1093/nar/gkz193
http://www.ncbi.nlm.nih.gov/pubmed/30916337
https://doi.org/10.1038/nrm1310
http://www.ncbi.nlm.nih.gov/pubmed/15040442
https://doi.org/10.1128/JVI.02396-12
http://www.ncbi.nlm.nih.gov/pubmed/23255796
https://doi.org/10.1371/journal.ppat.1004199
https://doi.org/10.1371/journal.ppat.1004199
http://www.ncbi.nlm.nih.gov/pubmed/24968230
https://doi.org/10.3390/v8120335
http://www.ncbi.nlm.nih.gov/pubmed/27999393
https://doi.org/10.1128/JVI.02088-17
http://www.ncbi.nlm.nih.gov/pubmed/31413128
https://doi.org/10.1128/JVI.01657-10
http://www.ncbi.nlm.nih.gov/pubmed/20962086
https://doi.org/10.1128/JVI.01049-13
http://www.ncbi.nlm.nih.gov/pubmed/23903828
https://doi.org/10.1099/vir.0.064501-0
https://doi.org/10.1099/vir.0.064501-0
http://www.ncbi.nlm.nih.gov/pubmed/24722678
https://doi.org/10.1371/journal.ppat.1012036

PLOS PATHOGENS

Picornaviral modulation of nucleotide metabolism

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Wong J, Si X, Angeles A, Zhang J, Shi J, Fung G, et al. Cytoplasmic redistribution and cleavage of
AUF1 during coxsackievirus infection enhance the stability of its viral genome. FASEB J [Internet]. 2013
Jul; 27(7):2777-87. Available from: https://doi.org/10.1096/fj.12-226498 PMID: 23572232

Lin J-Y, Li M-L, Brewer G. mRNA decay factor AUF1 binds the internal ribosomal entry site of enterovi-
rus 71 and inhibits virus replication. PLoS One [Internet]. 2014 Jul 31; 9(7):e103827. Available from:
https://doi.org/10.1371/journal.pone.0103827 PMID: 25077793

Delorme-Axford E, Abernathy E, Lennemann NJ, Bernard A, Ariosa A, Coyne CB, et al. The exoribonu-
clease Xrn1 is a post-transcriptional negative regulator of autophagy. Autophagy [Internet]. 2018 Mar
21; 14(5):898-912. Available from: https://doi.org/10.1080/15548627.2018.1441648 PMID: 29465287

Hwang HJ, Ha H, Lee BS, Kim BH, Song HK, Kim YK. LC3B is an RNA-binding protein to trigger rapid
mRNA degradation during autophagy. Nat Commun [Internet]. 2022 Mar 17 [cited 2022 May 9]; 13
(1):1436. Available from: https://www.nature.com/articles/s41467-022-29139-1 https://doi.org/10.1038/
s41467-022-29139-1 PMID: 35302060

Abildgaard MH, Brynjélfsdéttir SH, Frankel LB. The autophagy-RNA interplay: Degradation and beyond.
Trends Biochem Sci [Internet]. 2020 Oct; 45(10):845-57. Available from: https://doi.org/10.1016/j.tibs.
2020.07.007 PMID: 32828649

Yang P, Yuan Y, Sun, Lv B, Du H, Zhou Z, et al. The host protein CAD regulates the replication of
FMDV through the function of pyrimidines’ DE Novo synthesis. J Virol [Internet]. 2023 May 10;
€0036923. Available from: https://doi.org/10.1128/jvi.00369-23 PMID: 37162335

Jagdeo JM, Dufour A, Klein T, Solis N, Kleifeld O, Kizhakkedathu J, et al. N-terminomics TAILS identi-
fies host cell substrates of Poliovirus and Coxsackievirus B3 3C proteinases that modulate virus infec-
tion. J Virol [Internet]. 2018 Feb 7; 92(8):e02211-17. Available from: https://doi.org/10.1128/JV1.02211-
17 PMID: 29437971

LiJ, Zhao J, Xu S, Zhang S, Zhang J, Xiao J, et al. Antiviral activity of a purine synthesis enzyme reveals
a key role of deamidation in regulating protein nuclear import. Sci Adv [Internet]. 2019 Oct;5(10):
eaaw7373. Available from: https://doi.org/10.1126/sciadv.aaw7373 PMID: 31633017

Zhao J, LiJ, Xu S, Feng P. Emerging roles of protein deamidation in innate immune signaling. J Virol
[Internet]. 2016 May; 90(9):4262—8. Available from: https://doi.org/10.1128/JV1.01980-15 PMID:
26889032

Francisco E, Suthar M, Gale M Jr, Rosenfeld AB, Racaniello VR. Cell-type specificity and functional
redundancy of RIG-I-like receptors in innate immune sensing of Coxsackievirus B3 and encephalomyo-
carditis virus. Virology [Internet]. 2019 Feb; 528:7—18. Available from: https://doi.org/10.1016/j.virol.
2018.12.003 PMID: 30550976

Lucas-Hourani M, Dauzonne D, Jorda P, Cousin G, Lupan A, Helynck O, et al. Inhibition of pyrimidine
biosynthesis pathway suppresses viral growth through innate immunity. PLoS Pathog [Internet]. 2013
Oct 3; 9(10):e1003678. Available from: https://doi.org/10.1371/journal.ppat. 1003678 PMID: 24098125

Luthra P, Naidoo J, Pietzsch CA, De S, Khadka S, Anantpadma M, et al. Inhibiting pyrimidine biosynthe-
sis impairs Ebola virus replication through depletion of nucleoside pools and activation of innate immune
responses. Antiviral Res [Internet]. 2018 Oct; 158:288—302. Available from: https://doi.org/10.1016/j.
antiviral.2018.08.012 PMID: 30144461

Lucas-Hourani M, Dauzonne D, Munier-Lehmann H, Khiar S, Nisole S, Dairou J, et al. Original chemical
series of pyrimidine biosynthesis inhibitors that boost the antiviral interferon response. Antimicrob
Agents Chemother [Internet]. 2017 Oct;61(10). Available from: https://doi.org/10.1128/AAC.00383-17
PMID: 28807907

Sprenger H-G, MacVicar T, Bahat A, Fiedler KU, Hermans S, Ehrentraut D, et al. Cellular pyrimidine
imbalance triggers mitochondrial DNA-dependent innate immunity. Nat Metab [Internet]. 2021 Apr 26;
Available from: https://doi.org/10.1038/s42255-021-00385-9 PMID: 33903774

Lanke KHW, van der Schaar HM, Belov GA, Feng Q, Duijsings D, Jackson CL, et al. GBF1, a guanine
nucleotide exchange factor for Arf, is crucial for coxsackievirus B3 RNA replication. J Virol [Internet].
2009 Nov; 83(22):11940-9. Available from: https://doi.org/10.1128/JVI.01244-09 PMID: 19740986

Batra H, Moriarty RM, Penmasta R, Sharma V, Stanciuc G, Staszewski JP, et al. A concise, efficient
and production-scale synthesis of a protected I-lyxonolactone derivative: An important aldonolactone
core. Org Process Res Dev [Internet]. 2006 May 1; 10(3):484—6. Available from: http://dx.doi.org/10.
1021/0p050222n

Shiozaki M, Arai M, Kobayashi Y, Kasuya A, Miyamoto S, Furukawa Y, et al. Stereocontrolled Synthe-
ses of 6-epi-Trehazolin and 6-epi-Trehalamine from D-Ribonolactone. J Org Chem [Internet]. 1994
Aug; 59(16):4450-60. Available from: http://dx.doi.org/10.1021/jo00095a021

Lee Y-S, Kim BH. Heterocyclic nucleoside analogues: design and synthesis of antiviral, modified nucle-
osides containing isoxazole heterocycles. Bioorg Med Chem Lett [Internet]. 2002 May 20; 12(10):1395—
7. Available from: https://doi.org/10.1016/s0960-894x(02)00182-8 PMID: 11992785

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012036 March 8, 2024 22/23


https://doi.org/10.1096/fj.12-226498
http://www.ncbi.nlm.nih.gov/pubmed/23572232
https://doi.org/10.1371/journal.pone.0103827
http://www.ncbi.nlm.nih.gov/pubmed/25077793
https://doi.org/10.1080/15548627.2018.1441648
http://www.ncbi.nlm.nih.gov/pubmed/29465287
https://www.nature.com/articles/s41467-022-29139-1
https://doi.org/10.1038/s41467-022-29139-1
https://doi.org/10.1038/s41467-022-29139-1
http://www.ncbi.nlm.nih.gov/pubmed/35302060
https://doi.org/10.1016/j.tibs.2020.07.007
https://doi.org/10.1016/j.tibs.2020.07.007
http://www.ncbi.nlm.nih.gov/pubmed/32828649
https://doi.org/10.1128/jvi.00369-23
http://www.ncbi.nlm.nih.gov/pubmed/37162335
https://doi.org/10.1128/JVI.02211-17
https://doi.org/10.1128/JVI.02211-17
http://www.ncbi.nlm.nih.gov/pubmed/29437971
https://doi.org/10.1126/sciadv.aaw7373
http://www.ncbi.nlm.nih.gov/pubmed/31633017
https://doi.org/10.1128/JVI.01980-15
http://www.ncbi.nlm.nih.gov/pubmed/26889032
https://doi.org/10.1016/j.virol.2018.12.003
https://doi.org/10.1016/j.virol.2018.12.003
http://www.ncbi.nlm.nih.gov/pubmed/30550976
https://doi.org/10.1371/journal.ppat.1003678
http://www.ncbi.nlm.nih.gov/pubmed/24098125
https://doi.org/10.1016/j.antiviral.2018.08.012
https://doi.org/10.1016/j.antiviral.2018.08.012
http://www.ncbi.nlm.nih.gov/pubmed/30144461
https://doi.org/10.1128/AAC.00383-17
http://www.ncbi.nlm.nih.gov/pubmed/28807907
https://doi.org/10.1038/s42255-021-00385-9
http://www.ncbi.nlm.nih.gov/pubmed/33903774
https://doi.org/10.1128/JVI.01244-09
http://www.ncbi.nlm.nih.gov/pubmed/19740986
http://dx.doi.org/10.1021/op050222n
http://dx.doi.org/10.1021/op050222n
http://dx.doi.org/10.1021/jo00095a021
https://doi.org/10.1016/s0960-894x%2802%2900182-8
http://www.ncbi.nlm.nih.gov/pubmed/11992785
https://doi.org/10.1371/journal.ppat.1012036

PLOS PATHOGENS

Picornaviral modulation of nucleotide metabolism

73.

74.

75.

76.

Gu Z, Eils R, Schlesner M. Complex heatmaps reveal patterns and correlations in multidimensional
genomic data. Bioinformatics [Internet]. 2016 Sep 15; 32(18):2847-9. Available from: https://doi.org/10.
1093/bioinformatics/btw313 PMID: 27207943

Bates D, Mé&chler M, Bolker B, Walker S. Fitting Linear Mixed-Effects Models Using Ime4. Journal of
Statistical Software [Internet]. 2015; 67(1):1-48. Available from: http://dx.doi.org/10.18637/jss.v067.i01

Kay M, Elkin L, Higgins J, Wobbrock J. ARTool: Aligned Rank Transform for Nonparametric Factorial
ANOVAs [Internet]. 2021. Available from: http://dx.doi.org/10.5281/zenodo.594511

Lenth RV. Estimated Marginal Means, aka Least-Squares Means [R package emmeans version
1.10.0]. 2024 Jan 23 [cited 2024 Jan 26]; Available from: https://cran.r-project.org/web/packages/
emmeans/index.html

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012036 March 8, 2024 23/23


https://doi.org/10.1093/bioinformatics/btw313
https://doi.org/10.1093/bioinformatics/btw313
http://www.ncbi.nlm.nih.gov/pubmed/27207943
http://dx.doi.org/10.18637/jss.v067.i01
http://dx.doi.org/10.5281/zenodo.594511
https://cran.r-project.org/web/packages/emmeans/index.html
https://cran.r-project.org/web/packages/emmeans/index.html
https://doi.org/10.1371/journal.ppat.1012036

