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In Brief
When viruses invade host cells a
complex battle unfolds between
the host and the pathogen: the
virus seeks replication while the
host cell strives to survive.
Viruses purposedly alter the
activity of host kinases during
this interaction. Here, proteome-
wide kinase activity assays
capture these changes
quantitatively, offering a
comprehensive view of kinase
regulation during picornavirus
infection. The assays revealed
numerous key kinases to be
involved. By employing kinase
inhibitors, we validated the role
of activated kinases.
Highlights
• Targeted mass spectrometry quantifies kinome activity remodeling upon viral infection.• Different picornaviral infections lead to shared and distinct kinome activity alterations.• Viral security proteins are involved in kinome activity remodeling.• Picornaviruses respond to kinase inhibitors, albeit with narrow therapeutic windows.
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RESEARCH ARTICLE COLLECTION: VIROLOGY PROTEOMICS
Assessment of Kinome-Wide Activity
Remodeling upon Picornavirus Infection
Tim S. Veth1,2,‡ , Lonneke V. Nouwen3,‡, Marleen Zwaagstra3 , Heyrhyoung Lyoo3,
Kathryn A. Wierenga4, Bart Westendorp4 , Maarten A. F. M. Altelaar1,2, Celia Berkers4 ,
Frank J. M. van Kuppeveld3,§ , and Albert J. R. Heck1,2,*,§
Picornaviridae represent a large family of single-stranded
positive RNA viruses of which different members can
infect both humans and animals. These include the
enteroviruses (e.g., poliovirus, coxsackievirus, and rhi-
noviruses) as well as the cardioviruses (e.g., encephalo-
myocarditis virus). Picornaviruses have evolved to
interact with, use, and/or evade cellular host systems to
create the optimal environment for replication and
spreading. It is known that viruses modify kinase activity
during infection, but a proteome-wide overview of the
(de)regulation of cellular kinases during picornavirus
infection is lacking. To study the kinase activity land-
scape during picornavirus infection, we here applied
dedicated targeted mass spectrometry-based assays
covering ~40% of the human kinome. Our data show that
upon infection, kinases of the MAPK pathways become
activated (e.g., ERK1/2, RSK1/2, JNK1/2/3, and p38),
while kinases involved in regulating the cell cycle (e.g.,
CDK1/2, GWL, and DYRK3) become inactivated. Addi-
tionally, we observed the activation of CHK2, an impor-
tant kinase involved in the DNA damage response. Using
pharmacological kinase inhibitors, we demonstrate that
several of these activated kinases are essential for the
replication of encephalomyocarditis virus. Altogether, the
data provide a quantitative understanding of the regula-
tion of kinome activity induced by picornavirus infection,
providing a resource important for developing novel
antiviral therapeutic interventions.

Picornaviridae is a large family of small (~30 nm) non-
enveloped viruses with a single-stranded positive-sense RNA
genome (7.5–8 kb). This family currently comprises 68 docu-
mented genera, including the well-known Enterovirus and
Cardiovirus. The enteroviruses consist of many important
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human pathogens such as poliovirus (causing paralytic
poliomyelitis), coxsackieviruses, rhinoviruses (the cause of
common colds, but also exacerbations of asthma and chronic
obstructive pulmonary disease), as well as emerging viruses
such as EV-D68 and EV-A71. The cardioviruses include
important animal viruses such as encephalomyocarditis virus
(EMCV) and Theiler's encephalomyelitis virus, but also the
human pathogen Saffold virus (1). These viruses have severe
impacts on human and animal health, but as of yet, vaccines
are available only for poliovirus and for EV-A71 (in Southeast
Asia), and no antiviral therapy is currently approved.
Picornaviruses contain a single open reading frame

encoding a polyprotein that is autocatalytically cleaved by viral
proteases into four structural proteins and seven or eight
nonstructural proteins (2). The structural proteins form the viral
capsid, whereas the nonstructural proteins are mainly involved
in viral RNA replication and the modulation of host cell func-
tions to create an environment wherein the virus can replicate
efficiently. Although the sequence overlap between viruses of
different genera is low, the replication strategy of these viruses
is similar. Host cells are equipped with sensors and strategies
to counteract viral infection. Upon viral infection, particularly
viral replication, the host sensors can detect virus RNA, which
elicits antiviral pathways such as the induction of stress re-
sponses leading to stress granules and interferon production
and signaling. The activation of these pathways is disadvan-
tageous for viral replication and production, and hence, vi-
ruses have evolved mechanisms to suppress these antiviral
host responses. Within the picornavirus family, the leader
proteins (e.g., cardioviruses) and the 2A proteins (e.g., en-
teroviruses) play key roles in suppressing stress and antiviral
host responses and are therefore called the security proteins.
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Assessment of Kinome Activity upon Picornavirus Infection
Although these proteins regulate similar processes, they are
one of the least conserved proteins of the picornaviruses and
execute their roles using distinct strategies (3, 4).
The human kinome is strongly involved in these essential

host-virus interactions. The human kinome consists of over
500 kinases regulating cellular signaling by adding phos-
phate groups (phosphorylation) to proteins and other mole-
cules (5). Each kinase can phosphorylate a limited repertoire
of substrates, thereby regulating specialized cellular
signaling (6, 7). Previously, we showed that upon infection
with coxsackievirus B3 (CVB3), at least 85% of the phos-
phoproteome is dynamically regulated, substantiating the
pertinent role of kinase activity during picornavirus infection
(8). As a result of that study, we found mTORC1, a kinase
complex involved in regulating many processes, to become
inactivated during CVB3 infection. This inactivation led to an
activation of transcription factor EB and, subsequently, the
release of viruses via secretory autophagy. Other groups
have also demonstrated that kinases are regulated during
picornavirus infection, for example, the activation of
extracellular signal-regulated kinase (ERK) or CaMK-II (9–15).
However, a comprehensive overview of the (de)regulation of
cellular kinases during picornavirus infection is still lacking.
Quantifying kinase activity remains challenging. Most ki-

nases are low abundant, and their signaling pathways govern
multiple kinases. Thus, a complete understanding of kinase
activity entails system-wide and highly sensitive measure-
ments (16, 17). Over the years, numerous impactful assays
have been developed that increased the ability to probe kinase
activity, such as heavy-labeled substrates-based assays (e.g.,
KAYAK), probe-based assays (e.g., Kinobeads and KiNativ),
and substrate-coated microarrays (e.g., PamChip) (18–23).
These assays have extensively been used in research, leading
to an increased understanding of kinase activity. Still, an
assay that could reliably quantify kinase activity directly at the
kinase level in a system-wide and highly sensitive manner was
lacking. We have contributed to filling this gap by introducing
targeted mass spectrometry assays that quantify the activity-
determining phosphorylations in activation loops of kinases,
providing a highly sensitive, multiplexed, system-wide kinase
activity profile (24, 25).
Due to the low abundance and complex nature of kinase

activation, prior efforts resulted in limited insights into a
system-wide understanding of host-cell kinome activity
remodeling by picornaviruses. To acquire such insights, we
here aimed to quantify the regulated kinome dynamics upon
virus infection, focusing on both CVB3 and EMCV in human
HeLa R19 host cells, using our targeted mass spectrometry
assays. Additionally, to probe specifically the role of the viral
2Apro and L proteins, we also monitored the alterations in
kinome activity induced by viruses harboring a CVB3-2A
mutant containing a nonfunctional 2A protein (CVB3-2Am)
and an EMCV-L mutant containing a nonfunctional L protein
(EMCV-Lzn). Altogether, the assay introduced here provides a
2 Mol Cell Proteomics (2024) 23(5) 100757
unique system-wide view of the kinome activity remodeling
taking place in host cells upon viral infection. Our findings
contribute fundamental insights into viral infection and repli-
cation that may be used in the future development of new
antiviral treatments to tackle picornavirus infections.
EXPERIMENTAL PROCEDURES

Cell Culture and Viral Infection

HeLa R19 and HEK293T cells were maintained in Dulbecco’s
modified Eagle’s medium (Capricorn Scientific) supplemented with
10% fetal bovine serum and 1% Pen-Strep (Lonza). BHK-21 cells
were cultured in Dulbecco’s modified Eagle’s medium containing
sodium pyruvate and glutamax (Gibco; 2206106) and supplemented
with 10% fetal bovine serum and 1% PEN-STREP (Lonza).

CVB3 and EMCV stocks were produced by passaging the virus on
HeLa R19 cells. EMCV-Lzn was generated by producing RNA from the
previously described pM16.1-VFETQG-Zn infectious clone, trans-
fecting this RNA into BHK-21 cells, and passaging the virus once on
BHK-21 cells (26, 27). CVB3-2Am was generated by introducing mu-
tations in the catalytic site of 2A (H21A, D39A, and C110A) and a 3CD
cleavage site between P1 and P2. RNA was produced from these
infectious clones, transfected into HEK293T cells, and passed once in
HEK293T cells. Renilla luciferase (Rluc)-CVB3 and nonsecretable
Gaussia luciferase (Gluc)-EMCV were generated by producing RNA
from their respective infectious clones (pRLuc-53CB3T7 for CVB3 and
pdNGLuc-VFETQG-M16.1 for EMCV) and transfecting this RNA into
HEK293T cells (28, 29). For all the viruses, the cultures were freeze-
thawed three times, and cell debris was pelleted at 4,000g for
15 min upon the presence of complete cytopathic effect. Subse-
quently, the viral stocks were either aliquoted and stored at −80 ◦C
directly or concentrated by ultracentrifugation (30% sucrose,
140,000g for 16 h, 4 ◦C, SW32Ti rotor), diluted in PBS, and stored
at −80 ◦C. Virus titers were determined by endpoint titration on HeLa
R19 and BHK-21 cells according to the Spearman–Kärber method and
expressed as 50% tissue culture infectious dose (TCID50).

Cell Lysis, Protein Digestion, and Phosphopeptide Enrichment

HeLa R19 pellets were lysed, reduced, and alkylated in lysis buffer
(1% sodium deoxycholate, 10 mM tris(2-carboxyethyl)phosphine hy-
drochloride), 40 mM chloroacetamide, and 100 mM TRIS, pH 8.0
supplemented with phosphatase inhibitor (PhosSTOP, Roche) and
protease inhibitor (cOmplete mini EDTA-free, Roche). Cells were
heated at 95 ◦C and sonicated with a probe sonicator to shear DNA. A
bicinchoninic acid assay (Thermo Fisher Scientific) was used to
determine the protein amount, after which samples were split into
200 μg aliquots. Proteins were digested overnight at 37 ◦C with trypsin
(1:50 μg/μg) (Sigma-Aldrich) and lysyl endopeptidase (1:75 μg/μg)
(Wako Chemicals), after which the heavy-labeled phosphorylated
peptides were added to the samples. The sodium deoxycholate was
precipitated twice with 2% formic acid, after which samples were
desalted and enriched in an automated fashion using the AssayMap
Bravo platform (Agilent Technologies) with corresponding AssayMap
C18 reverse-phase column (Agilent Technologies) and Fe3+ tips for the
enrichment of phosphorylated peptides (Agilent Technologies), as
previously described (30).

Targeted Kinome Quantification of Virus-Infected Cells

The targeted kinome assay was adopted from assays described
previously (24, 25). Heavy-labeled peptides are spiked-in and act as a
reference for quantification of the endogenous peptides. Additionally,
the assay utilizes optimized collision energies and retention



Assessment of Kinome Activity upon Picornavirus Infection
time-based peptide quantification to measure peptide fragments that
reveal the phosphorylation site. Samples were analyzed on a TSQ Altis
(Thermo Fisher Scientific) coupled to an UltiMate 3000 (Thermo Fisher
Scientific) and an easy spray analytical column (ES802A, 25 cm,
75 mm ID PepMap RLSC, C18, 100 Å, 2 mm particle size column
(Thermo Fisher Scientific)). Samples were loaded on a trap column
(Acclaim PepMap 100 C18 HPLC Column 0.3 × 5 mm with 5 μm
particles (Thermo Fisher Scientific)) with 2.2% Buffer A (0.1% formic
acid) for 3 min, subsequently separated using 0 to 32% buffer B
(99.9% acetonitrile, 0.1% formic acid) in 35 min at 300 nl/min, followed
by a 20 min column wash with 80% buffer B at 300 nl/min, and 10-min
column equilibration at 2.2% B. The TSQ Altis spray voltage was set at
1.9 kV and fragmented at 1.5 mTorr in the second quadrupole. The
first quadrupole was set at 0.7 da full width at half maximum, and the
third quadrupole was set at 1.2 da full width at half maximum. All
transitions were measured with optimized collision energy within a 5-
min window, and a cycle time of 5 s, resulting in more than 10 points
across the peak.

Data Analysis of the Targeted Kinome Assay

All experiments were analyzed using Skyline-Daily (version
20.2.1.404) (https://skyline.ms/) (31). The quality of the peptides was
assessed mainly on the signal correlations between the heavy and
the light peptides. The most important aspects were perfect coelu-
tion, peak shape, and relative contributions of each transition be-
tween the heavy and the light peptide, and agreement with the
expected retention time using indexed retention time (iRT) peptides.
An rdotp >0.95 was maintained to indicate the similarity between the
heavy and the light peptide. Further data visualization and analyses
were done in R (version 4.1.3) (https://www.r-project.org/).

Effects of Kinase Inhibitors on CVB3 and EMCV Virus Production

To study the effect of the kinase inhibitors on CVB3 and EMCV virus
production, infection was combined with endpoint titration. HeLa
R19 cells (1*10∧4 cells/well) were seeded in 96-well plates. The
following day, the cells were infected with CVB3 or EMCV for 30 min
(37 ◦C) at a multiplicity of infection of 5. Afterward, the inoculum was
removed, and fresh (compound-containing) medium was added to the
cells. After 7 h of infection, the plates for measuring total virus pro-
duction were directly stored at −80 ◦C. After three freeze-thaw cycles,
virus titers were determined by endpoint titration on HeLa R19 cells
according to the method of Reed and Muench and expressed as 50%
TCID50. For analysis of the titrations, GraphPad Prism (version 8) was
used (https://www.graphpad.com/).

Effects of Kinase Inhibitors on CVB3 and EMCV RNA Replication

To study the effect of putative kinase inhibitors on CVB3 and EMCV
replication, RLuc-CVB3 and GLuc-EMCV were used. Briefly, HeLa
R19 cells (1*10∧4 cells/well) were seeded in 96-well plates. The
following day, the cells were infected with RLuc-CVB3 or GLuc-EMCV
for 30 min (37 ◦C) at a multiplicity of infection of 0.1. Subsequently, the
inoculum was removed, and fresh (compound-containing) medium
was added to the cells. The cells were lysed with 50 μl lysis buffer
(Promega) at the appropriate time points and stored at −20 ◦C for
further use. To measure the luminescence of the cell lysates, a Renilla
assay system (Promega) was used according to the manufacturer's
protocol. Graphpad Prism (version 8) was used to analyze the lucif-
erase assays.

Cell Viability

To measure the effect of the kinase inhibitors on cell viability, the
CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega)
was used. HeLa R19 cells were seeded in 96-well plates at a density of
1*10∧4 cells/well. After incubation with the compound for the appro-
priate time, the CellTiter 96 AQueous One Solution Reagent was
added (10 μl/50 μl medium). This mix was incubated for 0.5 to 1 h at
37 ◦C, after which the absorbance was measured with an Elisa Plate
reader at 490 nm. Viability was determined as the percentage of viable
cells compared to the control (cells incubated with dimethylsulfoxide
only).

Immunoblotting

Samples were either taken from the cell pellet of the proteomics
samples (before lysis) or created in an independent experiment. In
the latter case, HeLa R19 cells were seeded in 6-well plates at a
density of 4*10∧6 cells/well. The next day, the cells were infected for
30 min, after which the medium was refreshed, and the cells were
incubated for the indicated time points. The cells were lysed using
TEN-lysis buffer (100 mM Tris pH 8.0, 1 mM EDTA, 50 mM NaCl,
1% NP40, and protease inhibitor mix (Roche)). Postnuclear lysates
were obtained by centrifugation at 15,000g at 4 ◦C for 15 min.
Protein concentrations were determined using a bicinchoninic acid
assay (Thermo Fisher Scientific). Cell lysates were mixed with
Laemmli buffer, and 20-30 μg was resolved using a 10% SDS-
PAGE gel. The proteins were transferred using the Trans-blot
turbo system according to the manufacturer’s protocol (Bio-Rad).
After transferring, the membrane was washed 2 to 3 times with Tris-
buffered saline with 0.1% Tween-20 detergent (TBST) and blocked
with TBST + 5% bovine serum albumin for phosphoproteins and
TBST+5% milk for nonphosphorylated proteins for 1 h at room
temperature. The primary antibody was diluted in blocking buffer
and incubated overnight at 4 ◦C. The secondary antibody was
diluted again in TBST + 5% milk and incubated for 60 min at room
temperature. For Western blot the following antibodies were used:
yH2AX (Cell Signaling Technology; #2577, 1:1000), tubulin (Sigma-
Aldrich; T6557, 1:5000), Anti-rabbit horseradish peroxidase-linked
Antibody (Cell Signaling Technology; #7074, 1:3000), Anti-mouse
horseradish peroxidase-linked Antibody (Cell signaling
Technology; #7076, 1:3000). Between and after the antibody in-
cubations, the membrane was washed three times with TBST.
Finally, the membrane was developed using enhanced chem-
iluminescence reagents.

Experiment Design and Statistical Rationale

All treated and untreated cellular groups used in this study entailed
n = 3 biological replicates unless specified otherwise. Samples used
for the kinome activity assays were enriched for phosphorylated
peptides, and all samples were injected separately into the liquid
chromatography with tandem mass spectrometry system. Each raw
file was separately evaluated using Skyline (31). This number was
sufficient to assess reproducibility and quantitatively compare the
various conditions.

RESULTS

Targeted Mass Spectrometry Assay for Assessing
Kinome-Wide Activation Upon Viral Infection

We hypothesized that CVB3 and EMCV infection could
broadly affect the host kinome. Therefore, to monitor kinome-
wide dynamics upon picornavirus infection, a targeted mass
spectrometry assay was set up that quantifies activity-
determining phosphorylations in the activation loop of
kinases, providing reliable, highly sensitive, and direct mea-
surements (Fig. 1A). The assay consists of stable-isotope
standards of ~480 phosphorylated peptides spanning
Mol Cell Proteomics (2024) 23(5) 100757 3
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FIGURE 1. Targeted mass spectrometry assay for assessing host-cellular kinome-wide activation upon viral infection. A, most kinases
share a universal domain structure, namely an N-lobe (red), a C-lobe (blue), and an activation loop (green). Kinase activity is determined by
phosphorylation in the activation loop, providing a reliable proxy for kinase activity. B, experimental method overview. Phosphorylated stable
isotope standards (SIS) corresponding to the endogenous activation loop peptides are added to the sample before automated desalting and
phosphopeptide enrichment. Subsequently, the samples are measured using optimized mass spectrometry parameters, including transition-
specific collision energies (CE) and retention time alignment using indexed retention time peptides (iRT peptides), resulting in an efficient and
sensitive system-wide quantification of the kinome in a single LC-MS run. C, total ion chromatogram (TIC) from the activation loop peptides
measured by the targeted kinome assay. Each of the 483 quantified kinase activation loops is represented by a different color, including the two
JNK2 phosphoisomers (annotated). In these assays, nearly 100% of the measurement time is allocated to quantifying kinome activity. D, the
extracted ion chromatograms (XIC) of the JNK2 phosphoisomers annotated in Figure 1C. The distinctive y-ions included in the targeted assay
are represented using different colors. JNK, c-Jun N-terminal kinase.
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nearly 200 kinases, covering about ~40% of the human
kinome (Fig. 1B) (supplemental Table S1) (24, 25). Using this
synthetic array of phosphopeptides, first fragmentation effi-
ciencies were optimized by varying the collision energies of
each transition (precursor ion and corresponding product ion
after collision-induced dissociation fragmentation). Single-
shot kinome activity measurements were facilitated by us-
ing iRT peptides and narrow isolation windows (32). As a
result, nearly 100% of the measurement time is allocated to
measuring kinase activation loop phosphorylation (Fig. 1C).
Correct site localization is essential as possible phosphory-
lation sites (S/T/Y amino acids) are often in close proximity
and may attribute to different biological functions (33, 34). In
our assay, 420 of the 448 (~94%) phosphorylated activation
loop peptides contain several putative phosphorylation sites,
showing the necessity of correct phosphosite localization.
While site localization for conventional bottom-up phospho-
proteomic experiments is often challenging, our targeted
assays use iRT peptides, an MS2 library, and phospho-
isomer-specific product ions for unambiguous phosphosite
localization (Fig. 1D) (35, 36). The ability to perform reliable
single-shot measurements of system-wide kinase activity
with confident site localization makes the here-used
4 Mol Cell Proteomics (2024) 23(5) 100757
targeted kinome assay a prominent choice for quantifying
kinome dynamics upon viral infection.

Highly Sensitive Quantification of Viral Kinome Regulation

To elucidate host-cell kinome activity remodeling upon
infection, we infected HeLa R19 host cells with either CVB3
or EMCV. Subsequently, at different time points (4, 6, 8, and
10 hours post infection (h.p.i.)), the kinome assay was used
to monitor in parallel 483 kinase activation loop
phosphorylations.
CVB3 and EMCV belong to different genera within the

family Picornaviridea (Fig. 2A), but use similar replication
strategies. To investigate whether and how the security
proteins 2Apro (CVB3) and L (EMCV) potentially affect
kinome activity remodeling, kinome dynamics were also
quantified upon infection of HeLa R19 cells with either CVB3
harboring a nonfunctional 2A protein (CVB3-2Am) or
EMCV-Lzn.
The targeted assay provided quantifiable activity data for 69

host-cell kinases, of which 62 were significantly regulated in
experiments with at least one out of the four tested viral in-
fections (ANOVA, p < 0.05) (supplemental Table S2). This
substantially lower number of detected kinases than that we
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targeted (i.e., 69 out of ~200) is likely due to the absence or
very low abundance of the “missed” kinases in the HeLa
R19 cells. To validate if our kinome assay could quantify low
abundant kinases, the detected signal in the targeted assay
was compared to the kinase abundance quantified using
bottom-up proteomics earlier reported by Giansanti et al. (8).
Out of the 69 kinases, 28 (41%) were quantified both by the
targeted assay and the proteomics measurements, 20 (29%)
were quantified using the targeted assay but were below
quantifiable limits in the proteomics measurements, and 21
(30%) were only detected in the targeted assay (Fig. 2B). The
targeted assay enhances the depth in kinome profiling sub-
stantially by ~2.5 fold. This is further verified by the abundance
of the identified kinases across the proteome, constituting the
Mol Cell Proteomics (2024) 23(5) 100757 5
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full dynamic range of the proteome (supplemental Fig. S2).
Altogether, the targeted kinome assay provides a sensitivity
required for monitoring the activity of low abundant kinases
putatively involved in picornavirus infection.
The targeted assay covered nearly all kinome families,

representing kinases involved in diverse cellular processes
(Fig. 2C). Interestingly, Kyoto Encyclopedia of Genes and
Genomes pathway enrichment analysis of the quantified ki-
nases revealed significant enrichments, notably for various
viral infections, such as HIV and Kaposi sarcoma-associated
herpesvirus infection (Fig. 2D and supplemental Table S3).
ClueGO enrichment of the regulated kinases (independent
triplicate measurements, ANOVA, p < 0.05) clusters 40% of
the found gene ontology terms to the gene ontology term
“Host-pathogen interaction of human Coronaviruses–
mitogen-activated protein kinase (MAPK) signaling”
(supplemental Fig. S3). These results provide confidence that
the kinases we pick up as being regulated are relevant for
microbial infections.

CVB3 and EMCV Infection Activates the MAPK Pathways
and the DNA Damage Response

Next, we explore in detail the kinome activity remodeling
upon either CVB3 or EMCV infection (Fig. 3A). Intriguingly, we
observed, at first glance, very alike patterns of kinase activity
remodeling, independent of which of the four viruses was
used for infection. Of note, none of the here-found activated
kinases showed an increase in abundance in the proteomics
data of Giansanti (2020), suggesting that activation is primarily
caused by the activation of inactive kinases instead of a
change in kinase abundance. To organize the data, we used
K-means clustering, which revealed 4 clusters that all show
high similarity (Fig. 3A).
Two of these clusters represent host cell kinases that are

highly activated, consisting primarily of kinases involved in
MAPK signaling and the DDR (Fig. 3A). Activation loop
phosphorylation increased up to 16 times with the maximum
kinase activation between 6 and 10 h.p.i. The quantified
MAPK signaling pathway consisted of MEK (MEK1 and
MEK2) and ERK (ERK1 and ERK2), which are central acti-
vators of the MAPK pathway (37). Downstream of ERK or
alternative MAPK pathways, the activation of stress-
activated protein kinases was quantified, including c-Jun N-
terminal kinases 1/2/3 (JNK1, JNK2, JNK3), and p38 (38).
These stress-activated protein kinases are activated upon
cellular stress, such as viral infections, and have been earlier
reported to be induced by CVB3 and EMCV to facilitate viral
infection (39–41). RSK1 and RSK2, downstream effectors of
ERK that are involved in processes such as transcription and
cell survival, were found to be increasingly activated upon
infection (42–44).
CVB3 or EMCV infection also activated checkpoint kinase

2 (CHK2), a kinase known to become activated upon DNA
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damage (45, 46). Upon DNA double-stranded breaks, ataxia-
telangiectasia mutated (ATM) and ataxia telangiectasia and
Rad3 related (ATR) are activated. ATM and ATR subsequently
activate CHK1 and CHK2, which activate several down-
stream effectors that together stall DNA replication and
promote DNA repair. In our earlier work, based on the total
phosphoproteome, we predicted that ATM and ATR were
activated during infection (8).We now confirm the activation
of the DDR by quantifying Ser-379 phosphorylation on CHK2
(with and without methionine oxidation) as a measure of
CHK2 activation and found that both CVB3 and EMCV
infection increased phosphorylation by 3 and 8 fold,
respectively (Fig. 3A). This indicates that the DDR is activated
during infection. CHK2 and the DDR have been reported to
be regulated by various viruses (45–47), but the exact role of
CHK2 and the DDR has remained unresolved. However, it is
known that during rotavirus infection, CHK2 is activated and
plays a role in viral replication even in the absence of DNA
damage (48). To test whether there is DNA damage upon
picornavirus infection, we performed a Western blot to
quantify Ser-139 phosphorylation on histone H2AX (γH2AX),
a well-accepted marker of DNA damage, and an ATM sub-
strate, like CHK2 (Fig. 3, B and C) (49). In agreement with the
observed kinase activation of CHK2, after 8 h, γH2AX
abundance increased. This suggests that picornaviruses can
induce DNA damage, and hence DDR is turned on. Alto-
gether, our data suggest highly similar kinome activity
remodeling upon CVB3 or EMCV infection, with the MAPK
pathways and the DDR being at the center.

Both CVB3 and EMCV Infection Affect Kinases Involved in
Cell Cycle Regulation

Besides kinase activation, our assay also reveals the
deactivation of specific kinases. The cluster showing the most
pronounced inactivation comprises cell cycle-regulating ki-
nases, showing up to an 8-fold decrease in activity, some
already becoming inactivated at 4 h.p.i. (Fig. 3A). Among these
are several cyclin-dependent kinases (CDKs), namely CDK12,
CDK1, and CDK2. CDKs are predominantly known for their
role in the cell cycle (e.g., CDK1 and CDK2), but several CDKs
(e.g., CDK12, CDK9, and CDK11) are key regulators of tran-
scription that, for example, phosphorylate the C-terminal
domain (CTD) of RNA polymerase II (Pol II) (50). The Greatwall
kinase (GWL), a critical mitosis regulator, was also found to be
deactivated.
Several other kinases became deactivated, many exhib-

iting broader functionality, such as HIPK3, the dual speci-
ficity tyrosine-phosphorylation-regulated kinase (DYRK)
family of kinases, and the SRC family of kinases. Although
these kinases execute diverse cellular processes, their main
function has been attributed to the regulation of apoptosis,
cell proliferation, and gene transcription (51–54). While the
role of these kinases during infection is currently unknown,
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DYRK2 and DYRK3 play a role in mitosis, and the SRC
family of kinases is also implicated in cell cycle regulation
(51, 53). Together with the inactivation of CDK1, CDK2, and
GWL, this suggests that CVB3 and EMCV infection also
modulates the cell cycle, although additional roles cannot
be ruled out.
Mol Cell Proteomics (2024) 23(5) 100757 7
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Subtle Differences in Kinome Activity Remodeling Induced
by CVB3 or EMCV Infection

Although we observed high similarity in kinome activity
remodeling upon CVB3 and EMCV infection, some differences
were also detected. These can be subtle differences in dy-
namics or unique differences (kinases that are exclusively
affected by either CVB3 or EMCV).
As previously described, the MAPK pathways and cell cycle

kinases were regulated by CVB3 and EMCV, but there are
subtle differences in the dynamics of this regulation
(supplemental Fig. S4A). For example, a comparison of acti-
vation of p38 and RSK1/2 relative to MEKK4 (which is acti-
vated with similar dynamics by CVB3 and EMCV) shows that
p38 activation is more profound upon EMCV infection and that
maximal activation of RSK1/2 is reached earlier in EMCV-
infected cells than in CVB3-infected cells. Notably, it was
recently reported that the EMCV leader protein directly targets
RSK1/2, leading to RSK1/2 activation (which will be further
discussed in the next section) (42). Another difference is the
inactivation of CDK1 and CDK2, both of which are much more
strongly inhibited in cells infected with CVB3 than with EMCV
(supplemental Fig. S4B).
There are also kinases that are exclusively affected by CVB3

or EMCV. CVB3 infection uniquely affects CDKs (CDK9,
CDK11A, and CDK11B) and p21 activated kinases (PAK)
(PAK1, PAK2, and PAK3), while EMCV uniquely regulated
PYK2 (50% increase on Tyr-580 phosphorylation, Fig. 4A), a
kinase whose role in picornavirus infection is unknown. The
PAK kinases are involved in cytoskeleton regulation and in the
entry of echovirus1 (an Enterovirus) through the activation of
macropinocytosis (55). To test whether the PAK kinases have
a role in CVB3 replication, we inhibited these kinases with
FRAX597, but no decrease in viral replication was observed
(supplemental Fig. S5).
The CDKs that we found to be differentially rewired all

regulate the coordination of transcription and RNA process-
ing, which are important processes during picornavirus
infection (50, 56, 57). CDK9 was activated by CVB3 infection,
but not by EMCV, whereas CDK11A and CDK11B were
inactivated by CVB3, but not by EMCV infection. Regulation of
CDKs during CVB3 infection has been described, however,
the possible roles of CDK9, CDK11A, and CDK11B in these
processes are unknown (58).

The Role of Viral Security Proteins

We also investigated the role of security proteins in kinome
activity remodeling by infecting host cells with recombinant
viruses that had either a nonfunctional protein 2A (CVB3-2Am)
or a nonfunctional protein L (EMCV-Lzn). Infection with these
recombinant viruses resulted in a general delay in kinome
activation of nearly all kinases, likely due to the delay in their
replication. Notably, EMCV-Lzn infection showed decreased
capabilities to activate MEK, ERK, and RSK relative to WT
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EMCV (Fig. 4B). Unlike CVB3-2Am, EMCV-Lzn did not only
show a delayed response, but the amplitude of activation did
not reach the same level as for WT EMCV, hinting at a specific
function of L in increasing RSK pathway activation (notably, 8
different quantified phosphorylation sites gave substantial
confidence in differential RSK pathway activation). This agrees
with the recent finding that cardiovirus L binds RSK, prevents
its dephosphorylation and reroutes it to nucleoporins to
trigger their hyperphosphorylation (42). Related, it has been
described that L triggers hyperphosphorylation of nucleopor-
ins by activating p38 and ERK (43). Together, our data suggest
that RSK, ERK, and p38 signaling pathways are regulated by
EMCV-L.
We hypothesize CVB3-2Am and EMCV-Lzn also showed dif-

ferential regulation of CDKs compared to the WT viruses. Only
WT CVB3, but not CVB3-2Am, activates CDK9, pointing to a
role of 2Apro in activating this kinase. Interestingly, the only CDK
involved in transcription that is inactivated by both CVB3 and
EMCV (CDK12) is not inactivated by either CVB3-2Am or EMCV-
Lzn, suggesting a role of 2Apro and L in inhibiting this kinase
(direct or indirect) and in regulating transcription (Fig. 4C).
Finally, we observed that both CVB3-2Am and EMCV-Lzn

still activated CHK2. However, whereas CVB3-2Am and WT
CVB3 activate CHK2 to a similar extent (both show a 5-fold
increase in activity determining phosphorylation on CHK2
(Fig. 4B)), EMCV-Lzn infection did not result in a delay in
CHK2 phosphorylation and even resulted in a 2-fold higher
CHK2 phosphorylation than WT EMCV. This finding hints at
the role of L in limiting CHK2 activation.

Role of MAPK Pathway and DDR Activation in the Viral Life
Cycle

The observed activation of several kinases upon CVB3 or
EMCV infection suggests a role of these kinases in viral
reproduction. Therefore, we hypothesized that inhibition of
these kinases may potentially decrease viral reproduction. To
investigate this, we selected 16 available kinase inhibitors
targeting these kinases. The inhibitors included MAPK
pathway inhibitors, DDR inhibitors, an inhibitor of CDK9, and a
pan-PAK kinase inhibitor (supplemental Table S4). To inves-
tigate the inhibitor effect on viral reproduction, each inhibitor
was evaluated on luciferase-expressing viruses to monitor
viral RNA replication and a TCID50 assay to determine viral
titers at 7 h.p.i., which represents a single-round infection
cycle (supplemental Table S5).
Nearly all 16 inhibitors could decrease viral reproduction (in

minimally one assay), albeit most of them often only at rela-
tively high concentrations (supplemental Table S5, Fig. 5, A
and B and supplemental Fig. S5). However, almost all in-
hibitors also reduced cell viability at these higher concentra-
tions, illustrating a likely narrow therapeutic window balancing
effective treatment and cellular toxicity. Only a few inhibitors
reduced viral RNA replication (luciferase assay, Fig. 5A) and
virus production (TCID50 assay, Fig. 5B) at low concentrations
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when still no or just a minimal decrease in cell viability was
observed, including LJH-685, SCH772984, SB203580, and
BML-277, which inhibit RSK, ERK, p38, and CHK2, respec-
tively. Notably, EMCV was observed to be more sensitive to
inhibition by these compounds than CVB3, especially when
inhibiting RSK and CHK2, suggesting that EMCV might be
more reliant on these kinases than CVB3.
DISCUSSION

Picornavirus infections can cause a plethora of diseases in
humans and animals and consequently have a large socio-
economic impact (1). These viruses are known to deregulate
key host-cellular processes, such as gene expression,
nucleocytoplasmic trafficking, intracellular membrane organi-
zation, and transport, and stress responses of the cell (59–62).
It is known that picornaviruses remodel the activation of
specific kinases (8–10, 12, 15, 63, 64), but a comprehensive
overview of the (de)regulation of cellular kinases during
picornavirus infection was lacking. Here, we aimed to provide
a detailed map of the activity remodeling of the host cell
kinome upon picornavirus infection using a targeted mass
spectrometry-based system-wide kinase activation assay. In
our assay, we included CVB3, EMCV, and two mutant viruses
harboring either a nonfunctional 2Apro protein (CVB3-2Apro) or
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L protein (EMCV-Lzn). These nonstructural proteins belong to
the so-called security proteins of picornaviruses that are
pivotal in combating antiviral responses elicited by the host.
We observed a considerable overlap in the kinome activity

remodeling of the host cells infected by either CVB3 or EMCV.
The MAPK pathways and the DDR become activated,
although the dynamics of activation of specific kinases within
these pathways were different for CVB3 or EMCV. For
example, RSK1/2 reached the maximal activation earlier for
EMCV compared to CVB3, and p38 was activated stronger
upon EMCV compared to CVB3 infection. It has been reported
that the EMCV L protein can bind to RSK and inhibit the
removal of the activity-determining phosphorylation by phos-
phatases, resulting in a constitutively activated RSK that is
targeted by L to hyperphosphorylated nucleoporins leading to
a nucleocytoplasmic trafficking disorder (NCTD) (42, 65).
Consistent with these findings, we observed high and sus-
tained RSK activation in EMCV-infected cells but only mar-
ginal RSK activation during infection with EMCV-Lzn. Our data
also revealed that EMCV-Lzn infection decreased MEK and
ERK activation, which activate RSK, implying that L inhibits
RSK dephosphorylation and increases RSK phosphorylation
through MEK-ERK activation. These findings agree with earlier
reports that inhibition of ERK and p38 prevented L-induced
NCTD (43). Consistently, we observed that EMCV replication
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was sensitive to RSK, ERK, and p38 inhibition. Considering
the binding of L to RSK, the activation of p38 and ERK, and
the differences in the dynamics in MEK, ERK, and RSK acti-
vation that we observe upon EMCV-Lzn infection, we hy-
pothesize that L-triggered activation of kinases upstream of
RSK and the L-mediated inhibition of dephosphorylation of
RSK together regulate the function of L.
Although we did not observe a pronounced effect of in-

hibitors of RSK, MEK, and ERK on CVB3 replication, activation
of these pathways may play a role in regulating virus release,
cytokine secretion, cell death, and/or another process during
CVB3 infection, which might be relevant or the outcome of
infection in vivo. For instance, it has already been described
that the inhibition of p38 has a role in CVB3 release and that
apoptosis might be regulated through the activation of MAPK
pathways (66–68).
Infection by CVB3 or EMCV also activated CHK2, a kinase

that is part of the DDR. The induction of yH2Ax, a marker of
DNA damage further confirmed activation of the DDR. Acti-
vation of DDR upon CVB3 infection is in agreement with our
earlier phosphoproteomics study, which already hinted at the
activation of several kinases involved in the DDR, such as
ATM, ATR, CHK1, CHK2, and aurora kinases (8). Also, for
other enteroviruses, in particular EV-D68 and EV-A71, acti-
vation of the DDR and the presence of DNA damage has been
reported (15, 69), suggesting that induction of DNA damage is
a common phenomenon among picornavirus infection. Also,
for other viruses (e.g., HIV, human papillomavirus, rotavirus,
and influenza A virus), activation of the DDR and the presence
of DNA damage has been reported, which is often linked to
reactive oxygen species production, DNA replication, and cell
cycle inhibition (46, 70–75). However, especially for RNA vi-
ruses, the exact causes and consequences of the activation of
the DDR are yet to be understood. In our experiments, inhi-
bition of CHK2 did not affect CVB3 replication, yet reduced
EMCV replication. Obviously, similar to that described above,
activation of the DDR pathway by CVB3 may be important for
alternative, postreplication steps and, thereby, in the outcome
of infection in vivo. How inhibition of the DDR reduces EMCV
replication remains to be established. Strikingly, CHK2 was
activated more strongly by EMCV-Lzn than EMCV WT. Further
studies into the regulation of the DDR in picornavirus-infected
cells are needed to unravel more about the underlying
mechanisms.
During both CVB3 and EMCV infection, several kinases

involved in regulating the cell cycle became affected (e.g.,
cyclin-dependent kinase (CDK)1/2 and the GWL). Interest-
ingly, most of these have roles within mitosis, suggesting that
both viruses regulate cell cycle, especially mitosis. Deregula-
tion of the cell cycle has been observed before upon CVB3
and EMCV infection (76–78). Also, for EV-D68 and EV-A71,
cell cycle deregulation has been observed (79, 80). However,
in all these cases, different mechanisms can underlie the
interference of the cell cycle. For instance, it has been
described that one of the structural proteins of CVB3, VP1,
can interact with CDK complexes, thereby inhibiting prolifer-
ation, but also that cyclin D is degraded upon CVB3 infection.
Moreover, DNA damage can also be a trigger to halt the cell
cycle (58, 77). All in all, we observe an inhibition of kinases that
regulate the cell cycle, but further studies are needed to reveal
the exact mechanisms.
Notably, apart from CDKs involved in the cell cycle, also

transcriptional CDKs are affected upon infection. Tran-
scriptional CDKs are kinases involved in transcriptional
control and associated processes such as RNA capping,
splicing, and chromatin remodeling. Among these tran-
scriptional CDKs are CDK7, CDK8, CDK9, CDK11, and
CDK12 (50). CDK12, known to phosphorylate the CTD of
polymerase II and to regulate the expression of genes
involved in DNA repair, was affected by both CVB3 or EMCV
but not by the mutant viruses (81, 82). CDK11, implicated in
regulating transcription and cell cycle progression, was
inhibited by CVB3, while CDK9, also involved in phosphor-
ylating the CTD of polymerase II, was activated by CVB3 but
not by CVB3-2Am nor by EMCV or EMCV-Lzn (83, 84). For
both CVB3 and EMCV, it is known that cellular transcription
is rapidly inhibited after infection. The 3C protease and/or its
precursors can enter the nucleus probably via a combination
of a nucleus localization signal and the induction of NCTD
(62, 85, 86). It has been reported that 3CD can cleave
several transcription factors in the nucleus during entero-
virus infection, thereby inhibiting cellular transcription (62).
For CDK12 and CDK9, we observed a differential activation
between the WT and the mutant viruses. Notably, no such
differential regulation was observed for the other CDKs.
Since the induction of NCTD is severely impaired during the
infection with the mutant viruses, it is possible that the
absence of the NCTD and, therefore, a hampered trans-
location of 3C to the nucleus and inhibition of cellular
transcription leads to differential regulation of transcriptional
CDKs. Together, our findings indicate that both CVB3 and
EMCV regulate transcription, although likely through
different mechanisms, and that the security proteins might
be involved in this regulation.
Altogether, this research contributes to understanding

system-wide kinome regulation upon picornavirus infection by
providing a quantitative overview of kinome activity dynamics.
We demonstrate that both CVB3 and EMCV activate MAPK
pathways and the DDR while inhibiting kinases involved in cell
cycle regulation and that EMCV replication is sensitive to in-
hibition of the activated kinases. Our data increase insights
into picornavirus-induced infections with the potential to
contribute to new therapeutics.
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