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ABSTRACT

Protein synthesis, the most energy-consuming process in cells, responds to changing physiologic priorities, e.g., upon mitogen-
or stress-induced adaptations signaled through the mitogen-activated protein kinases (MAPKs). The prevailing status of protein
synthesis machinery is a viral pathogenesis factor, particularly for plus-strand RNA viruses, where immediate translation of in-
coming viral RNAs shapes host-virus interactions. In this study, we unraveled signaling pathways centered on the ERK1/2 and
p38� MAPK-interacting kinases MNK1/2 and their role in controlling 7-methyl-guanosine (m7G) “cap”-independent transla-
tion at enterovirus type 1 internal ribosomal entry sites (IRESs). Activation of Raf-MEK-ERK1/2 signals induced viral IRES-me-
diated translation in a manner dependent on MNK1/2. This effect was not due to MNK’s known functions as eukaryotic initia-
tion factor (eIF) 4G binding partner or eIF4E(S209) kinase. Rather, MNK catalytic activity enabled viral IRES-mediated
translation/host cell cytotoxicity through negative regulation of the Ser/Arg (SR)-rich protein kinase (SRPK). Our investigations
suggest that SRPK activity is a major determinant of type 1 IRES competency, host cell cytotoxicity, and viral proliferation in
infected cells.

IMPORTANCE

We are targeting unfettered enterovirus IRES activity in cancer with PVSRIPO, the type 1 live-attenuated poliovirus (PV) (Sabin)
vaccine containing a human rhinovirus type 2 (HRV2) IRES. A phase I clinical trial of PVSRIPO with intratumoral inoculation
in patients with recurrent glioblastoma (GBM) is showing early promise. Viral translation proficiency in infected GBM cells is a
core requirement for the antineoplastic efficacy of PVSRIPO. Therefore, it is critically important to understand the mechanisms
controlling viral cap-independent translation in infected host cells.

Mammalian mRNAs have starkly diverse 5= untranslated re-
gions (UTRs), ranging from simple �50-nucleotide (nt)

leaders preceding a single initiation AUG to vast (�1,000-nt),
intricate structures with multiple upstream AUGs. The physio-
logic purpose of 5=-UTR complexity is to impede the scanning
phase of protein synthesis initiation (1). Scanning occurs when
43S preinitiation complexes (PICs), containing 40S ribosomal
subunits/eukaryotic translation initiation factor 3 (eIF3) and the
eIF2–GTP–Met-tRNA ternary complex, connect with mRNA.
The PIC-mRNA link is eIF4G, which binds PICs via eIF3, engages
the translation initiation helicase eIF4A, and propels PICs to-
ward the initiation AUG (2). Conventionally, eIF4G binds to
eIF4E, tethering PICs to the 5= 7-methyl-guanosine (m7G) cap of
mRNAs. Alternatively, certain templates can recruit PICs to 5=
UTRs internally, independent of a 5= end, m7G cap, or eIF4E (3).
This requires an internal ribosomal entry site (IRES), a concept
first described with enteroviruses (EVs) (4) and cardioviruses (5).
EV (type 1) and cardiovirus (type 2) IRESs initiate translation by
recruiting the eIF4G/4A translation initiation helicase (3, 6), a
mechanism that may be shared by eukaryotic, IRES-competent
mRNAs (7, 8).

Translation initiation at IRESs is tightly restricted in cells, as
unbridled cap-independent PIC recruitment would derail global
protein synthesis control. Such restraints affect viral pathogens
that rely on IRESs, because translation of incoming viral genomes
must occur promptly, prior to virus-induced host cell rearrange-

ments that favor viral protein synthesis. Poliovirus (PV) IRES
competence is reduced by point mutations in IRES stem-loop
domain V of the live-attenuated (Sabin) vaccines (9) that impair
eIF4G/PIC engagement (10, 11). Similarly, a deficit for PIC re-
cruitment in PVSRIPO, the type 1 live-attenuated PV (Sabin) vac-
cine containing an HRV2 IRES (12, 13), maps to human rhinovi-
rus type 2 (HRV2) IRES stem-loop domains V/VI (14) in a region
harboring the eIF4G/4A helicase complex footprint (10). PV is
sensitive to such IRES impediments, specifically in neuron-like
cells (15), e.g., in the primate central nervous system (CNS) (16),
but is unaffected in less differentiated cancer cells (17). This sug-
gests fundamentally different conditions for IRES competency in
postmitotic neurons versus mitotically active tumor cells.

Protein synthesis responds to phosphoinositol 3-kinase (PI3K)/
mTOR and Raf-ERK1/2 signal transduction pathways that con-
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verge on translation machinery. Thus, inappropriate cooption of
such signaling, a hallmark of cancer, may enable unfettered IRES
activity. For example, PVSRIPO translation defects in (neuron-
like) HEK293 cells (15) are fully restored upon transformation
with oncogenic Ras, due to activation of Raf–ERK1/2–mitogen-
activated protein kinase (MAPK)-interacting kinase (MNK) sig-
naling (18). MAPK-mediated activation of MNK and simultane-
ous protein kinase C (PKC)-Raf-ERK1/2 signals to eIF4G (19)
lead to MNK-eIF4G binding (20) and phosphorylation of eIF4E
(S209) (21). Although MNK facilitates mitogen-induced protein
synthesis, tumorigenesis (22), and tumor chemoresistance (23),
the mechanisms of MNK-mediated posttranscriptional gene reg-
ulation remain obscure.

In this work, we deciphered MNK-centered signaling networks
that control PVSRIPO IRES-mediated translation, cytotoxicity,
and cancer cell killing. Two genes give rise to MNK1 and -2 iso-
forms that occur in two splice variants each (MNK1a and -b/
MNK2a and -b). The “b” isoforms lack MAPK activation domains
and nuclear export signals, and only the “a” isoforms respond to
upstream MAPK signals (thus, “MNK1/2” here refer to the latter).
Our studies revealed novel MNK functions, independent of
MNK-eIF4G binding/phosphorylation of eIF4E(S209), that sub-
stantiate major unrecognized roles for MNK in posttranscrip-
tional gene control. Our findings suggest that MNK regulates Ser/
Arg (SR)-rich protein kinase (SRPK) and its prime substrates, the
SR-rich proteins, key factors of constitutive and alternative splic-
ing, mRNA export, stability, and translation (24), including trans-
lation initiation at type 1 picornavirus IRESs (25). These signals
permit rampant IRES activity, viral translation, and tumor-spe-
cific cytotoxicity of PVSRIPO in cancerous cells with constitu-
tively active Raf-ERK1/2 MAPK signal transduction networks.

MATERIALS AND METHODS
Cell lines, expression plasmids, viruses, stimulants, and inhibitors.
Du54, 43, and U87 glioma cells and HeLa R19 cells were grown in Dul-
becco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine
serum (FBS). Stable doxycycline (Dox)-inducible HeLa (8) and HEK293
(20) cell lines were grown in DMEM supplemented with 10% FBS, blas-
ticidin S (2.5 �g/ml; Sigma-Aldrich), and hygromycin B (100 �g/ml; In-
vitrogen). PVSRIPO was described previously (16). CHICO virus was
cloned as follows: the hepatitis C virus (HCV) IRES was amplified from a
full-length HCV genomic cDNA (26) using primer pair 1/2 (Table 1),
digested with MluI and SacI, and ligated into corresponding sites of an

infectious coxsackievirus B3 (CBV3) cDNA (27); virus was derived as
previously described (27). PVSRIPO, PV type 1 (Sabin), CBV3, and
CHICO were propagated in HeLa cells as described previously (18) and
concentrated by centrifugation through a 100-kDa-cutoff spin column
(Millipore). HRV16 was obtained from Y. Bochkov, University of Wis-
consin, and propagated as described previously (28). 12-O-Tetradeca-
noylphorbol-13-acetate (TPA) (Tocris) was dissolved in dimethyl sulfox-
ide (DMSO). Inhibitors of MEK (UO126; Promega), MNK (CGP57380;
Tocris), and SRPK (SRPin340; Millipore) were dissolved in DMSO and
used as described in the figures and figure legends. Dox (Sigma) was dis-
solved in sterile water and used at a final concentration of 1 �g/ml. Unless
otherwise indicated, 5 � 105 cells were seeded in 6-well plates the day
before infection and treated with TPA (200 nM), UO126 (20 �M), or
CGP57380 (10 and 30 �M) 30 to 60 min prior to infection or with SR-
Pin340 (1 to 10 �M) at the time of infection. After the growth medium
was replaced with prewarmed serum-free DMEM (Invitrogen) contain-
ing virus at a multiplicity of infection (MOI) of 5, inhibitors were added to
maintain the signal blockade, whereas TPA was removed with the addi-
tion of virus.

Viral proliferation and cytotoxicity assays. Viral progeny/one-step
growth curves were determined as previously described (20), except that a
30-min virus attachment step at room temperature was replaced by incu-
bation with prewarmed medium at 37°C for 60 min. For ATP release
assays, 5 � 104 glioma cells (U87, Du54, and 43) were seeded in 24-well
plates, mock or PVSRIPO infected, and treated as described in the figure
legends. Supernatants were harvested at the designated intervals after in-
fection (MOI � 2 for U87/Du54; MOI � 4 for 43) and analyzed with the
Enliten ATP Assay System (Promega) according to the manufacturer’s
instructions.

siRNA knockdown/reconstitution assays and MNK expression as-
says. For small interfering RNA (siRNA) transfections, 1 � 105 cells were
seeded in 35-mm dishes and transfected the following day. All-Stars non-
targeting control siRNA (siCtrl) or siRNAs targeting MNK1, eIF4E, Dap5,
SRPK1/2 (Qiagen), or hnRNP A1 (Thermo-Dharmacon) were trans-
fected (50 pmol/35-mm dish) using Lipofectamine 2000 (Invitrogen) fol-
lowing the manufacturer’s protocol. The cells were used 60 to 72 h (all but
SRPK1/2 depletions) or 84 h (SRPK1/2 depletions) posttransfection for
further assays. For MNK/eIF4E reconstitution after siRNA transfection,
Dox was added 8 h or 48 h prior to infection, respectively.

IPs, cell fractionation, IF assays, and immunoblots. Immunopre-
cipitations (IPs) were carried out using anti-Flag-conjugated agarose
beads (Sigma) as previously described (19). eIF4G1 knockdown/knock-in
cells were plated out in 150-mm dishes, treated with Dox (96 h), and lysed
with polysome lysis buffer (20). Dap5/eIF4G1(682-1600)-expressing cells
were Dox induced (24 h), and co-IPs were performed as described previ-
ously (20). For fractionation, cells were processed with the NE-PER frac-

TABLE 1 Oligonucleotides used in this study

Oligonucleotide name No. Sequence

chico-5= 1 5=-AGCACGCGTCCCCTGTGAGGAACTACTG-3=
chico-3= 2 5=-CGCCGAGCTCCATATGTTGTGAGACCTTTGATGACCTTACCCAAATTACGCG-3=
deltaCMV-5= 3 5=-TTACGCGTGGGCGGTAGGCGTGTACG-3=
deltaCMV-3= 4 5=- CCAAGCTTAAGTTTAAACGCTAGAG-3=
TO-5= 5 5=-phos-TCGACTCCCTATCAGTGATAGAGATCTCCCTATCAGTGATAGAGATCG-3=
TO-3= 6 5=-phos-TCGACGATCTCTATCACTGATAGGGAGATCTCTATCACTGATAGGGAG-3=
MNK(T334D)-1-5= 7 5=-TCCCCGATCCGCAAGTCCTCCAG-3=
MNK(T334D)-1-3= 8 5=-GATAATGCGGCCGCTCAGATGCTGTGGGCGGG-3=
MNK(T334D)-2-5= 9 5=-GAACCTGAGGTAGTGGAGGTCTTCACGG-3=
MNK(T334D)-2-3= 10 5=-GCGGATCGGGGAGTCCCTTTTC-3=
eIF4E(S209A)-5= 11 5=-TACTAAGAGCGGCGCCACCACTAA-3=
eIF4E(S209A)-3= 12 5=-TTAGTGGTGGCGCCGCTCTTAGTA-3=
Myc-eIF4G1(�MNK)-5= 13 5=-GCGGTACCCACAGAAAGCACAGATAATAG-3=
Myc-eIF4G1(�MNK)-3= 14 5=-GCCTCGAGGGCTGTGACAGATTTAAGGGCC-3=
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tionation kit (Thermo Pierce); whole-cell lysates were collected by lysing
cells in LDS buffer (Invitrogen) containing benzonase (Sigma) and 5%
�-mercaptoethanol (Sigma). For immunofluorescence (IF) assays, cells
were grown on poly-D-lysine (Invitrogen)-coated, UV cross-linked cov-
erslips; transfected with siRNA or treated with inhibitors as described
above; and fixed using methanol at 	20°C (15 min). After blocking with
5% goat serum (1 h; Invitrogen) in PBS-Triton X-100 (0.3%) buffer,
SRPK1 or SF2 antibodies (1:500) were added in PBS-Triton with 1%
bovine serum albumin (BSA) and incubated (1 h) at room temperature.
The cells were washed and incubated with fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse (1:250; Invitrogen) and tetramethyl
rhodamine isocyanate (TRITC)-conjugated goat anti-rabbit (1:250; In-
vitrogen) diluted in blocking buffer (1 h). The cells were washed, Progold
anti-fade DAPI (4=,6-diamidino-2-phenylindole) (Invitrogen) mounting
medium was used to mount coverslips, and the slides were photographed
using an Olympus IX71 fluorescence microscope. Immunoblots were per-
formed as previously described (29) using antibodies specific to poliovirus
2C/2BC (18), CBV3 3D/3CD (a generous gift from K. Klingel, University
of Tübingen, Tübingen, Germany), phosphorylated ERK1/2 (p-ERK1/2),
ERK1/2, p-RSK(S380), RSK, p-S6K(T389), S6K, MNK1, p-eIF4E(S209),
eIF4E, eIF4A, hemagglutinin (HA), hnRNP A1, eIF4G1, eIF3A, poly(ADP-
ribose) polymerase (PARP), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), and Dap5 (Cell Signaling); tubulin and myc (Sigma-Aldrich);
SRPK1 and SRPK2 (BD Biosciences); and SF2 (Novus). All immunoblot
quantitations were performed on a Li-Cor Odyssey Fc.

Expression plasmids and stable cell lines. To reduce spurious exog-
enous MNK expression before Dox induction and/or blatant MNK over-
expression, the pcDNA5-FRT/TO vector (Invitrogen) was modified as
follows. First, a MluI-HinDIII fragment containing the cytomegalovirus
(CMV) promoter was replaced with its promoterless counterpart gener-
ated by PCR with primers 3 and 4 (Table 1). Second, 4 added tetracycline
(Tet) operator sequences (TetO) were inserted into a SalI site adjacent to
the existing TetO2 element using complementary oligonucleotides 5 and 6
(Table 1), generating pcDNA5/FRT/TO6. The T334D mutation in HA-
tagged MNK1 was introduced by PCR using primer pairs 7/8 and 9/10
(Table 1) and wild-type (wt) MNK1 as a template. The resulting overlap-
ping fragments were fused by PCR using primers 8 and 9 (Table 1),
digested with Bsu36I and NotI, and ligated into the Bsu36I/NotI-digested
pcDNA3.1 wt MNK1 plasmid. HA-tagged MNK1, MNK1(D191A),
MNK1(�MAPK), MNK2 (20), and MNK1(T334D) fragments were sub-
cloned into pcDNA5/FRT/TO6 using AflII and XhoI sites. A myc-tagged
wt eIF4E expression plasmid (30) was used to generate myc-eIF4E
(S209A) with primer pair 11/12 (Table 1) and a Quick-Change kit 2
(Stratagene). Both wt and S209A myc-tagged eIF4E sequences were sub-
cloned into pcDNA5/FRT/TO. The myc-eIF4G1(�MNK)-Flag construct
lacks 15 amino acids of the C terminus and was cloned by PCR using
primer pair 13/14 (Table 1) and myc-eIF4G1-Flag (29) as a template.
The resulting fragment was cleaved with Acc65I/XhoI and ligated into
the Acc65I/XhoI-digested myc-eIF4G1-Flag vector. The (endogenous)
eIF4G1 knockdown/(exogenous) knock-in cell line system (31) was used
for reconstitution with pcDNA5 (mock), wt myc-eIF4G1-Flag, or myc-
eIF4G1(�Mnk)-Flag. The pCI-flag-Dap5 vector (a generous gift from
Martin Holcik, University of Ottawa, Ottawa, Canada) was digested with
XhoI, followed by treatment with Klenow fragment and NotI digestion,
and the resulting Flag-Dap5 fragment was inserted into EcoRV/NotI sites
of pcDNA5/FRT/TO. The Dox-inducible Dap5-expressing cell line was
established in Flip-In HEK293 cells as described previously (20). MNK,
eIF4E, and eIF4G expression lines in the HeLa Flip-In background were
generated as described previously (8).

RNA reporter constructs and assays. Capped �-globin reporter RNA
was synthesized in vitro using the T7 Message Machine (Ambion), and
uncapped viral IRES-driven reporters were synthesized using the T7 Me-
gascript kit (Ambion) (32). In vitro-transcribed RNA was purified using
the RNeasy kit (Qiagen) and analyzed by agarose gel electrophoresis and
NanoDrop UV spectrophotometry. For reporter translation assays, 0.5 �g

of Renilla luciferase (rluc; IRES driven) RNA and 0.5 �g of capped firefly
luciferase (fluc) RNA were cotransfected per well using DMRIE-C follow-
ing the manufacturer’s protocol (Invitrogen). Four hours posttransfec-
tion, the cells were harvested with passive lysis buffer (Promega), and
rluc/fluc values were measured using the dual-luciferase assay kit (Pro-
mega) (18). rluc values were divided by fluc values to correct for transfec-
tion efficiency. For reporter assays with Dox-induced MNK overexpres-
sion, 3 � 105 cells/well were plated in 6-well plates (with or without Dox);
the fold stimulation was determined by dividing values obtained with Dox
by those without Dox.

Statistics. Quantitated immunoblot/reporter data were normalized
between experiments as described in the figure legends and are repre-
sented as averages and standard errors of the mean (SEM). JMP10 (SAS)
was used to perform statistical analysis using either Student’s t test or an
analysis of variance (ANOVA)-protected Student t test (enabling multiple
comparisons within a data set). Significance was defined as a P value of
�0.05, and the specific tests used for each experiment are described in the
figure legends.

RESULTS
PVSRIPO translation and cytotoxicity in GBM cells respond to
the MEK-ERK1/2 status. PV host cell killing is irrevocably
linked to viral protein synthesis, because instant translation of
incoming viral RNA yields a set of highly cytotoxic viral proteins.
To mechanistically unravel the role of Raf-MEK-ERK1/2 signals
in PVSRIPO tumor-specific translation, we tested PVSRIPO
translation, propagation, and cytotoxicity in glioblastoma (GBM)
cells treated with the MEK inhibitor UO126 or the phorbol ester
TPA (Fig. 1); the signaling schema is shown in Fig. 2A). Since
PSVRIPO has similar growth characteristics in all GBM cell lines
tested (17), we chose 3 well-studied, representative models at ran-
dom: Du54 (33) (ex vivo passage 18), 43 (34) (ex vivo passage 23),
and U87 (35) (ex vivo passage �100). The cells were not serum
starved and displayed significant intrinsic p-ERK1/2. UO126
(added 30 min before infection and throughout the assay) dimin-
ished p-ERK1/2 levels; TPA (added 30 min before infection and
removed with the addition of virus) increased p-ERK1/2 for at
least 8 h (Fig. 1A). The cells were lysed at the indicated intervals
postinfection (p.i.) to assess viral translation (Fig. 1A), propaga-
tion (Fig. 1B), and cytotoxicity (ATP release) (Fig. 1C). These pa-
rameters were reduced in UO126-treated GBM cells and enhanced in
TPA-stimulated cultures (correlating with the p-ERK1/2 status), sug-
gesting that MEK-ERK1/2 signals drive PVSRIPO translation, and
thus cytotoxicity, in GBM.

ERK1/2-responsive PVSRIPO translation depends on MNK.
Since it has been implicated in PVSRIPO IRES competence previ-
ously (18), we investigated whether MNK controls TPA-responsive
PVSRIPO tumor cytotoxicity. MNK inhibition with CGP57380 (Fig.
2A) decreased p-eIF4E(S209) and reduced viral translation, propaga-
tion, and cytotoxicity in GBM cell lines (Fig. 2B). To buttress our
results with a rigorous MNK depletion/reconstitution assay, we com-
bined MNK1 depletion with Dox-inducible reconstitution of several
MNK variants. We depleted only MNK1 (and not MNK2) because it
is more abundant then MNK2 (36) and because MNK2 lacks auto-
inhibitory structural features (37), resulting in high basal activity in
the absence of ERK1/2 signaling (38). Thus, MNK2 is less likely to be
involved in TPA-induced PVSRIPO tumor cytotoxicity.

We reconstituted with exogenous, HA-tagged wt MNK1, kinase-
dead MNK1(D191A) (20), non-MAPK-responsive MNK1(�MAPK),
or wt MNK2 (Fig. 3). This achieved efficient endogenous MNK1
depletion with reconstitution of HA-tagged MNK1 (Fig. 3).
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MNK1 depletion reduced eIF4E phosphorylation and PVSRIPO
translation (Fig. 3, lanes 3, 7, 11, and 15). Reconstitution with wt
HA-MNK1 compensated for the MNK1 depletion effect on both
p-eIF4E- and TPA-stimulated PVSRIPO translation (Fig. 3, lanes
1 to 4). Reconstitution with kinase-dead (Fig. 3, lanes 5 to 8) or
non-MAPK-responsive (Fig. 3, lanes 9 to 12) MNK1 did not. The
D191A mutation (in the metal-binding coordinating site) abol-
ishes MNK1 kinase activity, but not MAPK activation. Therefore,
MNK1(D191A) responds to MAPK activation with constitutive
eIF4G binding (20). In contrast, MNK1(�MAPK) cannot assume
a MAPK-induced conformation required for eIF4G binding (20).
Failed reconstitution with MNK1(D191A) indicates that MNK bind-
ing to eIF4G is not sufficient for TPA stimulation of PVSRIPO trans-

lation. Exogenous MNK2 rescued TPA stimulation of PVSRIPO
in MNK1-depleted cells (Fig. 3, lanes 13 to 16), suggesting
that MNK1 and -2 exert similar effects on PVSRIPO translation.
PVSRIPO translation was consistently more resistant to MNK1
depletion in mock-induced cells harboring wt MNK1/2 trans-
genes (Fig. 3, compare lanes 2 and 3 and lanes 14 and 15 with lanes
6 and 7 and lanes 10 and 11), likely because of leaky HA-MNK1/2
expression in the absence of Dox. Our findings suggest that TPA-
mediated stimulation of PVSRIPO translation and cytotoxicity
rely on catalytically active MNK1.

MNK broadly stimulates viral cap-independent translation.
MNK could affect host-virus interactions that precede translation,
i.e., entry. We previously found that Raf-MEK-ERK1/2 activation

FIG 1 ERK1/2 signals control PVSRIPO translation, proliferation, and cytotoxicity in GBM cells. (A) U87, Du54, or 43 GBM cells were treated with DMSO
(mock), UO126 (20 �M), or TPA (200 nM) (30 min); infected with PVSRIPO; and harvested at the designated intervals. UO126 was maintained after infection;
TPA was not. The immunoblots track viral protein (2C); the quantitation represents the average of 3 experiments normalized to the first control value for each
series. (B) Supernatants from cells treated and infected as described for panel A were collected to determine viral progeny (PFU); the averages of two experiments
are shown. (C) ATP release was measured in supernatants from the experiments in panel B. The ATP concentration was determined using a standard curve; the
average of two assays is shown. The error bars represent SEM; the asterisks indicate significant ANOVA-protected t tests.
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does not alter transfer of viral RNA into the host cytoplasm (18).
Subsequent analyses (see Fig. 9 and our companion paper [39])
implicated a signal transduction network with preeminent roles in
posttranscriptional gene regulation and no plausible involvement
in PV entry processes. Also, MNK could influence HRV2 IRES
competency specifically, e.g., through sequence-specific RNA-
binding trans-acting factors, or generally, by broadly promoting

generic conditions for cap-independent initiation. We tested
these possibilities, assessing MNK’s effect on several IRESs in di-
verse viral contexts (Fig. 4A) and conducting translation assays by
transfecting corresponding viral 5=-UTR-driven RNA reporters
(Fig. 4B to E). MNK-dependent TPA stimulation occurred equally
with PV type 1 (Sabin) (the PVSRIPO backbone) and with HRV16
(representing an HRV IRES in an authentic context [data not
shown]). We observed MNK-dependent TPA stimulation of viral
translation equally with CBV3 and with CBV3(CHICO) contain-
ing a foreign HCV IRES (Fig. 4A).

To confirm a role for MNK catalytic activity in PVSRIPO
translation without the possible off-target effects of TPA or siRNA
transfections, we used Dox-inducible expression of (MAPK-de-
pendent) HA-MNK1 and -MNK2 or kinase-dead MNK1(D191A)
compared to (MAPK-independent) constitutively active MNK1
(T334D) (Fig. 4B to E). Expression of wt MNK1 and MNK1
(D191A) failed to induce eIF4E(S209) phosphorylation (Fig. 4B,
lanes 2 and 4). In contrast, expression of MNK1(T334D) and
MNK2 enhanced p-eIF4E(S209) levels (Fig. 4B, lanes 6 and 8), due
to their constitutive or intrinsic basal activity, respectively. In-
creased p-eIF4E(S209) in the absence of Dox is likely due to cryp-
tic expression of MNK(T334D)/MNK2 (Fig. 4B, lanes 5 and 7).
Wt MNK1 expression alone (in the absence of MAPK stimula-
tion) did not increase PVSRIPO translation, due to the lack of
catalytic MNK activity (Fig. 4B). In accordance with eIF4E(S209)
phosphorylation (indicating MNK catalytic activity), at 3.5 h
p.i., PVSRIPO translation was stimulated 
3.5- to 4-fold with
MNK1(T334D)/MNK2 expression.

To assess MNK’s influence on viral IRES competency directly,
we conducted studies with transfected in vitro-transcribed RNA
reporters (Fig. 4C to E). As was done with PVSRIPO infection
(Fig. 4B), we compared reporter RNA translation in cells express-
ing Dox-inducible, kinase-dead MNK1(D191A) or constitutively
active MNK1(T334D). We tested a firefly luciferase (fluc)-ex-
pressing reporter controlled by the (m7G cap-dependent) �-glo-
bin leader and reporters expressing Renilla luciferase (rluc) driven
by the HRV2, CBV3, or HCV IRES (Fig. 4C). The �-globin leader
is an unstructured 38-nt stretch preceding a single initiation AUG
in an ideal Kozak context and represents an unencumbered trans-
lation template with no scanning impediment. HeLa cells were
each cotransfected with the �-globin leader (internal control for
transfection efficiency and for unencumbered m7G cap-depen-
dent translation) and one of the IRES-driven constructs. Expression
of MNK1(D191A) did not change the ratio of IRES to�-globin leader
efficiency for any of the viral IRESs (Fig. 4D). In contrast, MNK1
(T334D) induction consistently favored cap-independent translation
at all IRESs (Fig. 4D). To test whether IRES induction was linked to
repression of conventional cap-dependent translation, the �-globin
leader values (fluc) from all MNK1(T334D) samples were pooled
(dividing values with Dox by those without Dox) and compared to all
corresponding, pooled IRES/rluc ratios (pooling was used to reach
the highest statistical power possible). Our data suggest that induced
IRES efficiency is the sole contributor to the increased IRES-to-m7G
cap initiation ratio observed after MNK(T334D) expression (Fig. 4E).

MNK stimulation of PVSRIPO translation is independent of
eIF4E(S209) phosphorylation. MNK control over viral IRES-me-
diated translation could implicate its “classic” substrate, eIF4E
(S209). While viral IRES-mediated translation does not require
eIF4E, the effects of eIF4E phosphorylation on translation ma-
chinery at large could affect PIC recruitment to IRESs. To assess

FIG 2 MNK inhibition reduces PVSRIPO translation, proliferation, and cy-
totoxicity in GBM cells. (A) Schema of signaling pathways to translation ini-
tiation factors investigated in this study. (B) U87, Du54, and 43 GBM cell lines
were pretreated (1 h) with DMSO or CGP57380 (10 or 30 �M), followed by
infection in the presence of DMSO/CGP57380. Cells were harvested (6 h p.i.),
and viral protein (2C) was assessed by immunoblotting. Supernatants were
collected (12 h p.i.) to determine viral progeny and ATP release, as indicated.
The bars represent the average of 3 experiments normalized to the control
(DMSO) values, and the error bars represent SEM. The asterisks denote sig-
nificant ANOVA-protected t tests.
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this possibility, siRNA-mediated depletion of endogenous eIF4E
was combined with Dox-induced reconstitution of myc-tagged wt
eIF4E or mutant eIF4E(S209A) (Fig. 5). This created knockdown/
knock-in cell lines with nearly exclusive expression of myc-tagged
wt eIF4E or eIF4E(S209A) at physiological levels (Fig. 5A). Basal
and TPA-stimulated eIF4E(S209) phosphorylation occurred with
wt eIF4E (Fig. 5A, lanes 3 and 4), but not with the S209A mutant
(Fig. 5A, lanes 7 and 8). The PVSRIPO infection/TPA stimulation
assay showed equal stimulation of viral translation caused by TPA,
excluding eIF4E(S209) phosphorylation as a factor in PVSRIPO
translation competence (Fig. 5B). We also evaluated a possible
involvement of hnRNP A1, because it is a proposed HRV IRES
trans-acting factor (40) and MNK substrate (41). siRNA-medi-
ated depletion of hnRNP A1 had no influence on PVSRIPO trans-
lation upon TPA stimulation (Fig. 5C).

MNK stimulation of PVSRIPO translation does not require
MNK binding to eIF4G. To reach its substrate, eIF4E, MNK must
bind to eIF4G (20, 42) (Fig. 2A). Since eIF4E(S209) phosphoryla-
tion is not involved in MNK stimulation of PVSRIPO, we tested if
MNK-eIF4G binding is required. We used a Dox-inducible (en-
dogenous) eIF4G1 knockdown/(exogenous) myc-eIF4G1-Flag
knock-in system described previously (31). Dox induction (96 h)
yielded �90% depletion of endogenous eIF4G1 with reconstitu-
tion to roughly native levels (Fig. 6A). Mammalian cells express 3
eIF4G isoforms, eIF4G1, eIF4G2 (UniProt name, eIF4G-3), and
death-associated protein 5 (Dap5; UniProt name, eIF4G-2),
which were all reported to bind MNK (42). We focused on MNK

binding to eIF4G1 because it is significantly more abundant than
eIF4G2 (
70:1 in HeLa cells [36]) and because we have evidence
that Dap5 does not bind MNK (Fig. 7A). Dox-inducible expres-
sion of Flag-tagged Dap5 or eIF4G1(682-1600), the structural ho-
molog of Dap5, followed by Flag IP led to co-IP of endogenous
MNK1 with eIF4G1(682-1600), but not with Dap5 (Fig. 7A). Our
findings are at variance with earlier reports (42), which may be due
to significant MNK1 and Dap5 overexpression in that study. Con-
firming a dominant role for eIF4G1 in MNK binding, there was
almost complete abolition of p-eIF4E(S209) upon eIF4G1 deple-
tion alone (Fig. 6A and C).

We generated cell lines reconstituted with pcDNA5 (mock), wt
myc-eIF4G1-Flag (reconstitution to the native state), or myc-
eIF4G1(�MNK)-Flag (reconstitution with eIF4G1 incapable of
binding MNK) (Fig. 6C). eIF4G1(�MNK) lacks 15 C-terminal
amino acids and cannot bind MNK (19); Flag co-IP confirmed
eIF4G1-MNK1 interaction only in wt reconstituted cells (Fig. 6B).
The absence of eIF4G1-MNK binding in �MNK reconstituted
cells is evident as decreased p-eIF4E(S209) with and without TPA
stimulation (compare p-ERK1/2 to p-eIF4E) at levels similar to
mock reconstituted cells (Fig. 6C). eIF4G1 depletion reduced vi-
ral translation by 
75%, reflecting eIF4G’s critical role in picor-
navirus IRES-mediated initiation (Fig. 6C). The response of viral
translation to TPA was indistinguishable in wt eIF4G1 and
eIF4G1(�MNK) reconstituted cells (Fig. 6C). This shows that
MNK-eIF4G1 binding is not required for the TPA stimulatory
effect on PVSRIPO translation. Codepletion of Dap5 in eIF4G1

FIG 3 TPA-mediated stimulation of viral translation depends on catalytically active MNK. Dox-inducible cells expressing wt HA-tagged MNK1,
MNK1(D191A), MNK1(�MAPK), or MNK2 (see the text for details) were used for mock or TPA stimulation after siCtrl (mock) or siMNK (MNK1) depletion.
Dox-induced expression (exp.) of the corresponding HA-tagged MNK (lanes 4, 8, 12, and 16) was detected by HA immunoblotting. The MNK1 antibody used
does not recognize MNK1(�MAPK) or MNK2. Viral translation was assayed at 4 h p.i. The percent reconstitution of viral translation was calculated as follows:
(siMNK � Dox � TPA 	 siMNK � TPA) divided by (siCtrl � TPA 	 siMNK � TPA), representing the average of 3 experiments. The error bars represent SEM,
and the asterisks indicate significance (P � 0.05 by Student’s t test compared to 0% reconstitution).
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(�MNK) reconstituted cells did not affect PVSRIPO translation,
either (Fig. 7C), confirming that Dap5 (which does not bind MNK
[Fig. 7A]) does not compensate for eIF4G1(�MNK) in our assay.
In accordance with other assays in this study, PVSRIPO trans-
lation in wt eIF4G1 and eIF4G1(�MNK) reconstituted cells
dropped 
8-fold in response to MNK1 depletion (Fig. 6C and
7B). In aggregate, these results suggest a role for MNK1 in protein
synthesis control independent of its relationship with eIF4G and
eIF4E.

MNK1 activation alters SRPK activity. Surprisingly, our data
suggest that neither of MNK’s direct links to translation factors
accounts for its effects on PVSRIPO translation and tumor cyto-
toxicity. We identified a possible mechanism, however, by exam-
ining a recently proposed regulatory relationship of MNK2 with
SRPK (43). There are two homologous, ubiquitously expressed
SRPK isoforms in mammals, which are constitutively active (44)
and are controlled by subcellular partitioning and heat shock pro-
tein association. Cytoplasmic retention of SRPK in complexes
with molecular chaperones (45) is reversed by upstream signals
that result in nuclear translocation. Reversible phosphorylation of
the SRPK’s principal substrates, the SR proteins, is essential to
their defining roles in posttranscriptional gene regulation, includ-
ing translation control (46).

Considering its mode of regulation, we first assessed SRPK
partitioning upon MNK activation (by TPA) or MNK1 depletion
(with TPA stimulation). HeLa cells were TPA stimulated, MNK1
depleted, and harvested to generate fractionated extracts. TPA
and/or MNK1 depletion did not alter total SRPK1/2 levels but did
change their nucleocytoplasmic partitioning (Fig. 8A). TPA led to
cytoplasmic accumulation and diminished nuclear presence of
SRPK1/2, while MNK1 depletion (with TPA stimulation) had the
opposite effect, reducing cytoplasmic SRPK2 
5-fold while in-
creasing its nuclear abundance (Fig. 8A). MNK1 depletion in
TPA-stimulated cells altered SRPK partitioning patterns beyond
baseline (without TPA) levels, indicating a role for MNK1 in basal
control of SRPK function. To confirm these results, we performed
indirect IF studies in fixed cells (Fig. 8B to U). SRPK partitioning
is difficult to test directly, because the effects are subtle (Fig. 8A)
(47). A function of SRPK activity is dissociation of nuclear speck-
les (48), which is readily detected. Therefore, we tested the SRPK
substrate and speckle component SF2 (SRSF1, or ASF) by indirect
IF (Fig. 8G to L). SF2 nuclear-speckle disassembly occurs with
SRPK overexpression, suggesting that SRPK activity inversely cor-
relates with SF2 nuclear-speckle intensity (48, 49). Corroborating
these findings, SRPK1 depletion (Fig. 8C) intensified nuclear-
speckle signals (Fig. 8H and S). A similar effect was achieved with

FIG 4 MNK activity selectively enhances viral IRES-mediated translation. (A) HeLa cells were treated with control (siCtrl) or MNK1-targeting (siMNK) siRNA
24 h prior to TPA/mock stimulation. PVSRIPO (left) or CBV3/CHICO (right) infection and subsequent analyses were carried out as for Fig. 1. The assays were
repeated 3 times, and representative series are shown. (B) Cells with Dox-inducible expression of wt MNK1, MNK1(D191A), MNK1(T334D), or MNK2 were
mock/Dox induced (12 h) and infected with PVSRIPO. Viral translation was quantitated, and the fold stimulation of viral translation was calculated by dividing
the Dox-induced value by the mock-induced value for 3 independent tests. (C) Structure of RNA reporters used (32). (D) Uncapped, in vitro-transcribed rluc
RNA reporters driven by the HRV2, CBV3, or HCV 5= UTR were cotransfected with m7G-capped �-globin leader fluc reporters into Dox-/mock-induced
MNK1(T334D)- or MNK1(D191A)-expressing cells (4 h). IRES-driven (rluc) values were divided by �-globin 5=-UTR firefly luciferase values to correct for
transfection differences. Dox-induced values were then divided by mock-induced values for each cell line to calculate the fold stimulation of IRES-mediated
translation due to MNK1(T334D)/MNK1(D191A) expression. The data represent 3 independent assays done in triplicate for each cell line and 5= UTR. (E)
Pooled �-globin 5=-UTR fluc values and IRES-driven rluc values in MNK1(T334D)-expressing cells. (B, D, and E) The error bars represent SEM, and the asterisks
indicate significance (P � 0.05 by Student’s t test).
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TPA stimulation (Fig. 8J and T). MNK1 depletion, in the presence
of TPA, abolished speckle signal in the sample (Fig. 8K and U), in
accordance with nuclear accumulation of SRPK1/2 (Fig. 8A and
E). Our findings suggest that TPA stimulation leads to SRPK1/2
cytoplasmic retention, resulting in speckle stabilization. This ef-
fect is mediated by MNK1, because MNK1 depletion (in the pres-
ence of TPA) favors SRPK1/2 nuclear influx and speckle dissoci-
ation.

MNK1 acts on PVSRIPO translation via SRPK. Nucleocyto-
plasmic shuttling SR proteins have been broadly implicated in
translation (50), and SRp20 has been specifically linked to PV
IRES competence (25). Therefore, SRPK-mediated phosphoryla-

tion of SR proteins, leading to their nuclear import (51) and re-
duced affinity for RNA (50), may negatively affect PVSRIPO
translation and cytotoxicity. MNK1 activity leads to nuclear ex-
clusion and cytoplasmic accumulation of SRPK and restricts nu-
clear SRPK activities, e.g., speckle dissociation. If such restrictive
effects of MNK on SRPK are indeed responsible for PVSRIPO
tumor cytotoxicity, then outright SRPK depletion should enhance
viral translation and cytotoxicity. To test this, we assessed viral
translation in SRPK-depleted cells (Fig. 9).

SRPK1/2 depletion significantly elevated viral protein synthe-
sis in the presence of TPA, 
4- to 5-fold beyond levels achieved
with TPA stimulation alone (Fig. 9A). Depletion of either SRPK1

FIG 5 eIF4E(S209A) substitution and hnRNP A1 depletion do not affect TPA stimulation of PVSRIPO translation. (A) Dox-inducible cell lines expressing wt
myc-eIF4E or myc-eIF4E(S209A) were treated with siCtrl (lanes 1 and 5) or eIF4E-targeting siRNA (lanes 2 to 4 and 6 to 8). Dox induction reconstituted wt eIF4E
or eIF4E(S209A) to roughly endogenous levels. (B) The assay conditions from panel A, lanes 3 and 4 and lanes 7 and 8, were used to track viral translation after
TPA stimulation in the presence of wt myc-eIF4E or myc-eIF4E(S209A) at 3.5 and 4 h p.i. (C) HeLa cells were mock or TPA stimulated following siCtrl or hnRNP
A1 siRNA, as shown. The cells were infected, and viral protein was analyzed by immunoblotting (3.5 and 4 h p.i.). The experiments were performed in triplicate
(B) or duplicate (C); representative series are shown.

FIG 6 MNK1 stimulation of viral translation does not require MNK1 binding to eIF4G1. (A) Dox-inducible endogenous eIF4G1 knockdown with simultaneous
mock reconstitution (pcDNA5) or reconstitution with wt myc-eIF4G1-Flag or myc-eIF4G1(�MNK)-Flag. (B) Flag IP of lysates from the three cell lines after Dox
induction (96 h). MNK1 co-IP occurred only with wt eIF4G1 reconstituted cells. (C) MNK1/mock depletion, TPA/mock stimulation, and PVSRIPO infection
of the three cell lines as shown in Fig. 4A. Prior to infection, all cells were Dox induced (96 h), followed by siCtrl/siMNK1 treatment and TPA/mock stimulation,
as shown. Note deficient eIF4E(S209) phosphorylation in mock-/eIF4G(�MNK)-reconstituted cells. Viral protein 2C levels were quantitated (4 h p.i.), and the
values represent the average of 3 experiments normalized using the corresponding siCtrl-mock lanes. The error bars indicate SEM.
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or SRPK2 enhanced PVSRIPO translation almost as well as
codepletion of both (Fig. 9A), supporting recent evidence that
proper SRPK activity relies on both kinase isoforms (47). One-
step growth curve assays in SRPK1/2-depleted HeLa cells revealed

20-fold and 
7-fold increases of PVSRIPO protein at 4 h and 5
h p.i., respectively (Fig. 9B). Viral progeny levels were 
200-fold
and 
120-fold elevated at the corresponding intervals (Fig. 9C).
SRPK1/2 codepletion had no effect on PVSRIPO adsorption to
cells (even recovery of PFU at 1 h p.i.) or on the eclipse of bound
particles (at 3 h p.i.) but profoundly altered the efficiency of
PVSRIPO translation and progeny production (Fig. 9C).

To link the observed role of SRPK in control over viral trans-
lation and cytotoxicity to the effects of MNK catalytic activity, we
first tested PVSRIPO translation with combined MNK1 and
SRPK1/2 codepletion (Fig. 9D). At 4 h p.i., MNK1 depletion re-
duced viral translation to 
40% (Fig. 9D). This effect was miti-
gated by codepletion of SRPK1/2, although the SRPK1/2 knock-
down efficiency was reduced in this assay (likely due to triple
depletion in a single sample) (Fig. 9D). Next, we tested PVSRIPO
translation in cells with combined MNK (CGP57380) and SRPK
(SRPin340) blockade (Fig. 9E). As is the case for SRPK1/2 codeple-
tion (Fig. 9D), combining SRPin340 inhibition reversed the effect of
MNK1 inhibition with CGP57380 on PVSRIPO translation. We re-
capitulated this effect in the GBM cytotoxicity experiment (ATP
release assay) (Fig. 2B) by combining the repressive effects of
CGP57380 with SRPK inhibition (Fig. 9F). SRPin340 restored the
loss of PVSRIPO cytotoxicity with MNK inhibition in 43, Du54, and
U87 GBM cells (Fig. 9E). Our findings are in line with a suppressive
role of SRPK activity on picornavirus type 1 IRES-mediated transla-
tion initiation, which is alleviated through MNK activity.

DISCUSSION

Translation machinery is under the tight control of Raf-MEK-
ERK1/2 and PI3K-AKT-mTOR signal transduction networks in
cells. Advanced invasive and treatment-refractory cancers invari-
ably exhibit inappropriate cooption of such signaling cascades,
contributing to an environment of broadly unhinged protein syn-
thesis control. The mechanistic understanding of translation reg-

ulation in cancer is incomplete at best. Targeting GBM (or other
cancer types) with PVSRIPO is based on the observation that type
1 IRES-driven translation is favored in a cancer setting (17). Un-
fettered IRES-driven translation of PV polypeptides in malignant
cells produces rapid and drastic cytotoxicity, leading to the pre-
sentation of combined pathogen- and danger-associated molecu-
lar patterns with a potential for recruiting host immunogenic re-
sponses (52). Because IRES competency is a decisive factor in
PVSRIPO oncolytic efficacy, we set out to unravel the signal trans-
duction network that controls viral m7G cap-independent trans-
lation and viral cytotoxicity in tumor cells.

The present and previous (18) investigations pointed toward a
role for Raf-MEK-ERK1/2 signals and the ERK1/2-activated pro-
tein kinase MNK, in particular. Much evidence links MNK to
important gene-regulatory processes, e.g., oncogenesis (22). How-
ever, few of MNK’s functions are mechanistically understood. We
discovered that MNK affects viral IRES-mediated translation in-
dependent of its best-known roles as an eIF4G binding partner or
the eIF4E(S209) kinase. Rather, our data suggest that MNK
broadly influences posttranscriptional gene regulation via SRPK,
a “master” regulator of the SR proteins, key factors in alternative
and constitutive splicing, mRNA export, mRNA stability, and
translation (53). Activation of MNK was associated with SRPK
cytoplasmic retention and reduced SRPK nuclear activity, consis-
tent with a recent report that MNK2 activity prevents
eIF4G(S1148) phosphorylation downstream of SRPK (43). SRPK
depletion had substantial stimulatory effects on PVSRIPO repli-
cation, even in HeLa cells that naturally support rampant viral
IRES-mediated translation and propagation. The fact that siRNA-
mediated SRPK depletion enhanced viral dynamics eliminates the
possibility of off-target suppression due to the RNA transfection
procedure or host viability effects, which can skew analyses of host
factor involvement in virus susceptibility studies. Combined
SRPK depletion/inhibition reversed the repressive effects of MNK
depletion/inhibition on PVSRIPO translation competence and
cytotoxic potential in HeLa cells or GBM cells.

A role for SRPK in control over viral IRES-mediated transla-
tion very likely involves its prime substrates, the SR proteins. This

FIG 7 Dap5 does not interact with MNK and does not affect MNK-dependent PVSRIPO translation competence. (A) HEK293 cells with Dox-inducible
expression of Dap5-Flag or eIF4G1(682-1600)-Flag (Ct) (8) were treated with Dox (24 h) and subsequently mock (DMSO) or TPA (200 nM) stimulated (2 h).
Flag IP of Dap5/eIF4G1(682-1600) and co-IP of MNK1, eIF4A, and eIF3a are shown. The experiment was repeated 10 times; a representative series is shown. A
shift in MNK1 electrophoretic mobility after TPA stimulation likely reflects phosphorylation. (B) HeLa (endogenous) eIF4G1 knockdown/(exogenous) wt
eIF4G1 or eIF4G1(�MNK) knock-in cells were treated as for Fig. 5. In addition, the cells were treated with siCtrl or siDap5 (72 h) prior to infection. PVSRIPO
translation was assayed for each condition alongside relevant controls. The assay was repeated twice, and a representative series is shown.
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FIG 8 MNK1 depletion causes SRPK nuclear accumulation and SF2 nuclear-speckle dissociation. (A) Whole-cell, cytoplasmic, and nuclear lysates were prepared from
cells treated with siCtrl with and without TPA (1 h) or siMNK plus TPA (1 h). Immunoblots for SRPK2 were quantitated, and average SRPK2 values for each fraction
from two experiments are shown; the asterisk denotes an ANOVA-protected t test. The error bars indicate SEM. (B to U) Indirect IF using cells treated with siCtrl (with
or without TPA; 1 h), siMNK (plus TPA; 1 h), or siSRPK1 were stained for SRPK1 (green), nuclear-speckle marker SF2 (red), and DAPI (blue), as labeled. Individual
staining for each group (B to Q) and merged tricolor staining (R to U) are shown. A negative-staining (no primary antibody added) control for SRPK1 and SF2 is shown
on the right (F, L, and Q). The indirect IF experiment was performed three times, and representative images are shown.
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FIG 9 SRPK depletion enhances PVSRIPO translation and propagation, counters the MNK depletion/inhibition effect, and increases viral translation and
cytotoxicity in GBM. (A) HeLa cells were treated with siCtrl (with or without TPA) or siRNA targeting SRPK1 and/or SRPK2 (all plus TPA) prior to infection with
PVSRIPO (4 h). The quantitation represents the average viral protein 2C levels normalized for the siCtrl-plus-TPA sample from 2 assays; asterisks denote
ANOVA-protected t test. (B) HeLa cells were treated with siCtrl or siRNA targeting SRPK1 and -2 and assessed for viral 2C expression by immunoblotting at 4
and 5 h p.i. Average quantitations from 3 tests, normalized for the control values for each interval, are shown. (C) Viral titers from HeLa cells treated as for panel
B and infected at an MOI of 10 were determined for the designated intervals; the average of two experiments is shown, normalizing between experiments using
the siCtrl values. (D) HeLa cells were cotransfected with siCtrl or siRNA targeting SRPK1/2 followed by transfection with siCtrl or MNK1 siRNA as shown and
infected as for panel B. The quantitation represents the average viral protein 2C levels normalized between experiments by setting siCtrl values to 1. (E) HeLa cells
were treated with DMSO (mock), CGP57380 (10 �M), SRPin340 (10 �M), or combined inhibitors coincident with PVSRIPO infection (4 h p.i.). Cells were
harvested and analyzed for viral protein by immunoblotting. Quantitation of viral protein 2C is shown for 3 assays normalized by setting the controls (without
CGP57380) to 1. (F) U87, Du54, and 43 GBM cells were treated with DMSO, CGP57380, or CGP57380 plus SRPin340 at the concentrations indicated at the time
of infection. The supernatants were harvested (12 h p.i.), and the average ATP concentration for 3 (Du54) or 2 (U87 and 43) assays was determined. (B to F) The
asterisks denote significant paired Student’s t tests; error bars represent SEM.
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is because most SR proteins shuttle rapidly and continuously (54)
between the nucleus and cytoplasm, associate with translating ri-
bosomes, and stimulate translation of reporter mRNAs in vitro
and in vivo (50). They induce translation of spliced and intronless
mRNAs equally, indicating that their effect on translation is inde-
pendent of a prior splicing event (50). Most importantly, a partic-
ular shuttling SR protein (SRp20) was previously implicated in PV
translation (25). The mechanism of SRp20 involvement in EV
IRES-mediated translation is unknown, but it may occur through
contacts with the poly(rC) binding protein 2 (PCBP2) (25), a host
IRES trans-acting factor (ITAF) implicated in PIC recruitment (3)
and EV IRES-mediated translation initiation (3, 55). A possible
explanation for their contribution to alternative initiation may
involve SR protein-aided tethering of PICs to mRNA. This could
be particularly important for templates that lack conventional re-
cruitment of PICs to the 5= m7G cap by eIF4E, e.g., PVSRIPO
RNA. The broad effects of SRPK on cap-independent translation
shared between very diverse IRESs of HCV and EVs may be ex-
plained by the relatively degenerate RNA sequences recognized by
SR proteins and/or by the common regulation of all SR proteins by
SRPK. Although HCV IRES-mediated initiation is fundamentally
different from that of type 1 picornaviral IRESs, because PIC re-
cruitment is independent of eIF4F (56), it similarly involves
PCBP2 (57).

MNK1-mediated effects on SRPK partitioning/activity, evi-
dent as increased nuclear-speckle intensity and cytoplasmic reten-
tion, is in accordance with previously described effects of SRPK on
the SR proteins’ role in cytoplasmic functions, e.g., translation.
For example, SRPK-mediated SR protein phosphorylation causes
them to lose RNA affinity (50) and enhances their nuclear import
(51). A key question emerging from our studies is the mechanism
underlying MNK-mediated control over SRPK, since SRPK is not
a plausible MNK substrate. This question is addressed in a com-
panion report, which revealed important information on an un-
expected broad and deep involvement of MNK in mitogenic sig-
nal transduction networks impinging on posttranscriptional gene
regulation (39). Given their apparently critical role as host patho-
genesis factors, elucidating the precise mechanism for the SR pro-
tein/SRp20 involvement in IRES-mediated translation is required;
however, this is beyond the scope of this study.

Our research provides mechanistic support for a new experi-
mental cancer therapy demonstrating early promise in clinical
trials in recurrent-GBM patients (52). PVSRIPO exerts forceful
tumor cytotoxicity of a type and range difficult to achieve with
other therapeutic modalities. In targeting ERK1/2-MNK signal-
ing, PVSRIPO cytotoxicity is enabled by a basal, homeostatic sur-
vival mechanism that is critical for mitogenic-, genotoxic-, meta-
bolic-, or hypoxic-stress resilience and therapy resistance of
many cancers (58). Targeting such fundamental aspects of the
malignant phenotype is key for the therapy of notoriously
treatment-resistant and genetically heterogeneous cancers,
such as recurrent GBM.
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