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ABSTRACT

Translation machinery is a major recipient of the principal mitogenic signaling networks involving Raf-ERK1/2 and phosphoinositol
3-kinase (PI3K)-mechanistic target of rapamycin (mTOR). Picornavirus internal ribosomal entry site (IRES)-mediated translation and
cytopathogenic effects are susceptible to the status of such signaling cascades in host cells. We determined that tumor-specific cytotox-
icity of the poliovirus/rhinovirus chimera PVSRIPO is facilitated by Raf-ERK1/2 signals to the mitogen-activated protein kinase
(MAPK)-interacting kinase (MNK) and its effects on the partitioning/activity of the Ser/Arg (SR)-rich protein kinase (SRPK)

(M. C. Brown, J. D. Bryant, E. Y. Dobrikova, M. Shveygert, S. S. Bradrick, V. Chandramohan, D. D. Bigner, and M, Gromeier, J. Virol.
22:13135-13148, 2014, doi:http://dx.doi.org/10.1128/JV1.01883-14). Here, we show that MNK regulates SRPK via mTOR and
AKT. Our investigations revealed a MNK-controlled mechanism acting on mTORC2-AKT. The resulting suppression of AKT
signaling attenuates SRPK activity to enhance picornavirus type 1 IRES translation and favor PVSRIPO tumor cell toxicity and
killing.

IMPORTANCE

Oncolytic immunotherapy with PVSRIPO, the type 1 live-attenuated poliovirus (PV) (Sabin) vaccine containing a human rhino-
virus type 2 (HRV2) IRES, is demonstrating early promise in clinical trials with intratumoral infusion in recurrent glioblastoma
(GBM). Our investigations demonstrate that the core mechanistic principle of PVSRIPO, tumor-selective translation and cyto-
toxicity, relies on constitutive ERK1/2-MNK signals that counteract the deleterious effects of runaway AKT-SRPK activity in ma-

lignancy.

Translation of picornaviral RNAs occurs via cap-independent
recruitment of preinitiation complexes (PICs) (comprising
40S subunits, eukaryotic initiation factor (eIF) 2-GTP-tRNA;M*'
ternary complexes, eIF3, and eIF1/1A) by type 1 (e.g., enterovirus
[1]) or type 2 (e.g., cardiovirus and aphthovirus [2]) internal ri-
bosomal entry sites (IRESs). Two (vertebrate host) virus IRES
mechanisms with distinct translation factor involvement have
been delineated: (i) direct, eIF4F-independent PIC engagement
(e.g., at the hepatitis C virus [HCV] IRES [3]) and (ii) recruitment
of PICs via the eIF4G/4A/4B translation initiation helicase com-
plex to type 1 (4) or type 2 (5) IRESs. The eIF4G/4A/4B complex,
a dynamic aggregate of three RNA-binding proteins (6), can asso-
ciate with viral (or select eukaryotic) RNAs independently of a 5’
terminus, a 5'-terminal 7-methyl-guanidine (m’G) cap, or the
cap-binding protein, e[F4E. Contact with IRESs is established by
the “core” region of eIF4G (in e[F4G1, approximately amino acids
[aa] 712 to 970), the Huntington/elongation factor 3/protein
phosphatase 2A/TOR (HEAT) domain 1, which interacts with
eIF4A/4B and RNA (7, 8). Noncanonical PIC tethering that lacks
stabile recruitment of eIF4F (at the m’G cap) may explain the
involvement of RNA-binding proteins (IRES trans-acting factors
[ITAFs]) in picornaviral type 1 IRES-mediated translation. While
anumber of RNA-binding proteins have been shown to associate
with type 1 IRESs in various contexts/assays, the strongest empir-
ical support for ITAF activity exists for the poly(rC)-binding pro-
tein 2 (PCBP2) (9). This is because recent evidence directly impli-
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cates PCBP2 in PIC recruitment in vitro (4). The precise
mechanism of PCBP2’s involvement remains unclear but requires
the SR protein SRp20 (10).

All key factors involved in PIC recruitment to picornaviral type
1 IRESs are subject to regulatory adjustment through mitogenic
signal transduction networks. This explains why viral IRES com-
petence is influenced by the prevailing signaling status in host
cells. PVSRIPO, the live-attenuated poliovirus (PV) (Sabin) type 1
vaccine replicating under the control of a foreign human rhinovi-
rus type 2 (HRV2) IRES, is profoundly neuron incompetent due
to cell-type-specific deficits in PIC recruitment to its heterologous
IRES (11). However, PVSRIPO translation, cytotoxicity, and cell
killing are retained in malignant cells, e.g., those derived from
glioblastoma (GBM) (12). We report in an accompanying study
that type 1 IRES efficiency generally, and tumor competence of
PVSRIPO specifically, is facilitated by Raf-ERK1/2 signals and the
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ERK1/2 substrate mitogen-activated protein kinase (MAPK)-in-
teracting kinase (MNK) in particular (13).

Our studies implicate MNK in IRES competence indepen-
dently of its classic functions as an e[F4G binding partner (14, 15)
or eIF4E(S209) kinase (16). Rather, viral translation responded to
MNK-mediated effects on the Ser/Arg (SR)-rich protein kinases 1
and 2 (SRPK1/2), which regulate splicing, mRNA export, and
translation by phosphorylating the SR proteins (13). An impor-
tant question raised by our investigations is the mechanism by
which MNK controls SRPK (and its downstream substrates).
Here, we show that MNK1 activity modulates SRPK through neg-
ative regulation of mTORC2 and its substrate, AKT. Our results
are consistent with recent reports ascribing a predominant role to
AKT signals in control of SRPK partitioning and activity in post-
transcriptional gene regulation (17). In line with our findings,
direct inhibition of mMTORC2-mediated phosphorylation of AKT
stimulated PVSRIPO translation and prevented the repression of
PVSRIPO translation caused by MNK inhibition. Moreover, we
present evidence suggesting that the inhibition of mMTORC2-AKT
by MNK may be a consequence of (MNK-mediated) stimulation
of mTORCI. Thus, PVSRIPO translation competence is respon-
sive to a signaling network centered on MNK that counters AKT
phosphorylation and activity by regulating mTOR signaling.

MATERIALS AND METHODS

Celllines, viruses, stimulants, inhibitors, and infections. Wild-type (wt)
and MNK1/2 double-knockout (dko) mouse embryo fibroblasts (MEFs)
(18) and Dub54, 43, U87, and HeLa R19 cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine serum
(FBS). Stable doxycycline (Dox)-inducible HeLa cell lines (19) were
grown in DMEM supplemented with 10% FBS, 2.5 pg/ml blasticidin S
(Sigma-Aldrich), and 100 pg/ml hygromycin B (Invitrogen). Dox-induc-
ible MNK(D191A) and MNK(T334D) cell lines have been described pre-
viously (13). PVSRIPO was described previously (20) and propagated as
described previously (13). 12-O-Tetradecanoylphorbol-13-acetate (TPA)
(Tocris) or insulin-like growth factor 1 (IGF1) (Sigma) were dissolved in
dimethyl sulfoxide (DMSO) and sterile water, respectively. Inhibitors of
phosphoinositol 3-kinase (PI3K) (PI103; Tocris), mTORCI1 (rapamycin
[rapa]; Sigma), mTORCI1/C2 (torin2; Tocris), MNK (CGP57380; Tocris),
and SRPK (SRPin340; Millipore) were dissolved in DMSO and used as
described in the figure legends. Dox (Sigma) was dissolved in sterile water
and used at a concentration of 1 g/ml. All infections were carried out at
a multiplicity of infection (MOI) of 5, as previously described (13). ATP
release assays were performed as reported previously (13).

siRNA, Mnk expression assays, and RNA reporters. For small inter-
fering RNA (siRNA) transfections, 1 X 10 cells were seeded in 35-mm
dishes (MNK depletion) or 2 X 10 cells/well were seeded in a 24-well
plate (all other depletions) and transfected the following day. All-Stars
nontargeting control (Ctrl) siRNA or siRNA targeting MNK1, SRPK1/2,
raptor, or rictor (Qiagen) were transfected (50 pmol/35-mm dish or 12.5
pmol/well for a 24-well plate) using Lipofectamine 2000 (Invitrogen) fol-
lowing the manufacturer’s protocol. The cells were used 60 to 72 h post-
transfection for further experiments. For MNK overexpression assays,
Dox was added at the time points (hours prior to harvest) indicated in the
figures. HRV2, coxsackievirus B3 (CBV3), HCV, and -globin reporter
plasmids (21) were used for in vitro transcription, transfection, and anal-
ysis, as described in reference 13, but scaled down to a 24-well-plate for-
mat. For reporter assays in IGF1/siSRPK-treated cells, the IRES (Renilla
luciferase [rluc]) versus m’G cap (firefly luciferase [fluc]) ratios were
determined. Assays were normalized by dividing plus-IGF1/siSRPK and
plus-IGF1/siCtrl ratios by minus-IGF1/siCtrl ratios.

Antibodies, immunoblotting, and immunofluorescence staining.
Cell lysates were prepared using polysome lysis buffer, and immunoblots
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were performed as previously described (22). The antibodies used in this
study were specific to PV 2C/2BC (23), phosphorylated AKT(S473) [p-
AKT(S473)], p-AKT(T308), AKT, p-ERK1/2, ERK1/2, p-S6K(T389), S6K,
ribosomal protein S6 (rpS6), p-rpS6(SS240/4), MNKI1, p-elF4E(S209),
eIF4E, hemagglutinin (HA), raptor, and rictor (all from Cell Signaling); tu-
bulin (Sigma-Aldrich); and SF2 (Novus). For raptor/rictor depletion assays,
the immunoblots for viral protein 2C (see Fig. 8C) were analyzed in a manner
to permit comparison of viral IRES competency in cells with uneven baseline
viral propagation (due to viability effects of the raptor/rictor depletions). The
filters were subjected to 10 different exposures from a representative experi-
ment, and the DMSO vehicle control values were measured by densitometry
using image J (http://imagej.nih.gov/ij/). Exposures with equal control 2C
levels were used for each siRNA. As for all other immunoblots, the quanti-
tated bar graph data (see Fig. 8C) were obtained using a Licor Odyssey with all
samples on the same blot for each independent experiment. For indirect im-
munofluorescence (IF) staining, cells were grown on coverslips and fixed
using methanol at —20°C (15 min). Staining for SF2 was performed as de-
scribed in the accompanying article (13), and the slides were photographed
using an Olympus IX71 fluorescence microscope.

Statistics. Quantitated immunoblot/reporter values were represented
as averages and standard errors of the mean (SEM) and were normalized
between independent experiments as described in the figure legends.
Paired Student £ tests (used only to compare two groups) or analysis of
variance (ANOVA)-protected ¢ tests (allowing multiple comparisons
within a data group) were performed using JMP10 (SAS). Significance was
defined as a P value of <0.05, and the tests used for each data group are
described in the figure legends.

RESULTS

Our previous observations indicated that PVSRIPO transla-
tion, cytotoxicity, and killing of GBM (i) are stimulated by
MNK1/2 catalytic activity; (ii) are blocked by MNK1 depletion/
MNK inhibition; and (iii) are enhanced by eIF4G-indepen-
dent, MNK-mediated effects on SRPK (13). MNK inhibition/
depletion was associated with events consistent with SRPK
nuclear influx and nuclear-speckle dissociation. MNK effects
on PVSRIPO translation and cancer cytotoxicity depend on
SRPK, because repression of viral translation/cytotoxicity by
MNK depletion or inhibition was reversed by concomitant
SRPK depletion/inhibition (13). SRPK depletion alone, in the
absence of MNK activation, strongly enhanced PVSRIPO transla-
tion and propagation (13). Our investigations raise important ques-
tions about the mechanism of MNK-mediated effects on SRPK
(and its downstream effectors, the SR proteins). MNK may
affect SRPK directly, e.g., through posttranslational changes to
its immediate regulatory context, or it may act indirectly,
through a broader signal transduction network known to con-
trol SRPK subcellular partitioning and activity.

MNK inhibition and AKT activation have similar effects on
SRPK. Prior investigations of SRPK and alternative splicing con-
trol via activation of the epidermal growth factor receptor tyrosine
kinase, which signals to Raf-ERK1/2-MNK and PI3K-AKT, sug-
gested a critical role for the PI3K-AKT signaling axis (17). AKT,
which was shown to bind SRPK1, induces its autophosphoryla-
tion, dissociates it from its cytoplasmic “anchor,” and promotes
SRPK1 activity through nuclear influx (17). To avoid confound-
ing effects of dual activation of Raf-ERK1/2-MNK and PI3K-AKT
in our assays, we used selective induction of PI3K-AKT signaling
with IGF1 (the signaling scheme is shown in Fig. 1). IGFI treat-
ment of cells induced strong PI3K-AKT activation, without con-
comitant effects on ERK1/2 (for at least 4 to 5 h) (Fig. 2A and B).

In accordance with the findings of Zhou et al. (17), selective
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FIG 1 Activation of PI3K-AKT has effects on SRPK similar to those of MNK inhibition. (Top) Signaling scheme and inhibitors used. (Bottom) IF of the
nuclear-speckle marker and SRPK substrate SF2 in HeLa cells treated with DMSO (A, F, and L), CGP57380 (10 uM) (B, G, and M), CGP57380 plus SRPin340
(10 uM and 3 uM, respectively) (C, H, and N), IGF1 (10 nM) (D, J, and O), and IGF1 plus PI103 (10 nM and 1 pM, respectively) (E, K, and P) for 2 h.

activation of PI3K-AKT led to nuclear-speckle dissociation (Fig.
1J and O), indicating SRPK activation. The IGF1 effect was pre-
vented by PI3K inhibition, implicating PI3K-AKT in this event
(Fig. 1K and P). MNK’s influence on SRPK partitioning, evident
as nuclear-speckle dissociation upon MNKI1 depletion (13), is
equally manifest with MNK inhibition with CGP57380 (Fig. 1G
and M). CGP57380-mediated speckle dissociation is due to MNK-
mediated effects on SRPK, because adding the SRPK inhibitor
SRPin340 reverses the effect of CGP57380 (Fig. 1H and N). Thus,
activation of PI3K-AKT (with IGF1) and MNKI1 depletion (13) or
inhibition have similar effects on SRPK partitioning and activity.

Activation of AKT represses IRES competence. Our observa-
tions emerging from these tests and our prior findings (13) suggest
opposing effects on SRPK and its role in IRES-mediated transla-
tion competence: repression through activation of Raf-ERK1/2-
MNK and activation through PI3K-AKT. If this is true, then out-
right activation of AKT may have opposite (repressive) effects on
IRES competence compared to activation of MNK. To test this, we
selectively activated PI3K-AKT signaling by treating cells with
IGF1 (10 nM) and assessing the effect on PVSRIPO/HRV2 IRES-
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mediated translation (Fig. 2A). Within the testing interval of the
assay, IGF1 led to strong phosphorylation of AKT(S473/T308)
without changing the ERK1/2 phosphorylation status (Fig. 2A).
This was associated with an ~60% decrease of viral translation at
4.5 h postinfection (p.i.) (Fig. 2A). The effect was overcompen-
sated for by PI3K inhibition (with PI103) (Fig. 2A), but not by
mTORCI inhibition with rapa, suggesting that it involves signal-
ing upstream of mTORCI1 or a rapa-insensitive function of
mTORCI (Fig. 2B). Inhibition of SRPK with SRPin340 abolished
the repressive effect of IGF1 on viral translation, suggesting that
PI3K-AKT activation acts on IRES competence via SRPK (Fig.
2B). These data further implicate SRPK in PVSRIPO translation
competence/tumor cytotoxicity. They illustrate how activating
(via PI3K-AKT) or repressing (via ERK1/2-MNK) SRPK exerts
opposing effects on IRES competence, possibly through a com-
mon mechanism.

To irrevocably link the observed signaling events to IRES-me-
diated translation of viral genomes, we tested the effect of AKT
activation and concomitant SRPK inhibition on IRES-reporter
translation in HeLa cells (Fig. 2C) and on PVSRIPO cytotoxicity
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FIG 2 AKT signals negatively affect PVSRIPO translation and cytotoxicity through SRPK. (A) Cells were treated with IGF1 (5 or 10 nM) and PI103 (1 nM) as
shown 1 h prior to infection and throughout the assay. Cells were harvested at 3.5 and 4.5 h p.i. and analyzed by immunoblotting. Viral protein 2C was quantitated
for 3 experiments and normalized by setting the IGF1 (—) control to 100%. (B) Cells were pretreated with IGF1 (5 nM) or mock pretreated in the presence of
DMSO, rapa (250 nM), or SRPin340 (3 wM) 1 h before infection and throughout the assay. Quantitation of viral protein 2C was determined from 3 assays and
normalized by setting the IGF1 (—) control for each condition to 100%. The asterisks indicate Student’s t test comparing IGF-treated lanes to DMSO-treated
controls for each pretreatment (P < 0.05). (C) Cells were treated with siCtrl or siSRPK1/2 (72 h), pretreated with IGF1 (10 nM; 1 h), and then cotransfected with
fluc and rluc reporters. IGF1 stimulation was maintained after transfection, and cells were harvested at 4 h for fluc/rluc measurements. The assay was performed
in duplicate for 3 tests, and the average fold stimulation values were determined and normalized by setting siCtrl (without IGF1) to 1. (D) Glioma cells were mock
treated or treated with IGF1 in the presence of DMSO or SRPin340 (3 uM) and mock infected or infected with virus, and the supernatants were collected at the

designated intervals and tested for ATP release. (A, C, and D) The asterisks represent ANOVA-protected ¢ tests (P < 0.05). The error bars indicate SEM.

and cell killing in GBM cells (Fig. 2D). In accordance with our
findings on PVSRIPO translation upon IGF1 stimulation (Fig. 2A
and B), translation of IRES-reporter RNAs (HRV2, CBV3, and
HCV) was depressed upon treatment of cells with IGF1 (Fig. 2C).
This effect was reversed by concomitant depletion of SRPK1/2
(Fig. 2C). Indeed, SRPK depletion (in the presence of IGF1) pro-
duced IRES-reporter translation rates in excess of baseline, indi-
cating a role for SRPK in control of basal viral cap-independent
translation (Fig. 2C). Similar effects of IGF1 and IGF1 plus SRPK
inhibition was observed with PVSRIPO cytotoxicity in GBM cells
(Fig. 2D). These findings and the observation that MNK inhibi-
tion effects on PVSRIPO translation are due—at least in part—to
SRPK activation (13) indicate that ERK1/2-MNK and PI3K/AKT
signals regulate PVSRIPO translation through a common effector,
SRPK.

MNK acts on SRPK via AKT. Our findings may be the result of
separate, opposing effects of active MNK and AKT on the SRPK sys-
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tem, or they could suggest that MNK acts on SRPK by tempering
AKT activity (consistent with reports linking AKT directly to SRPK1
[17]). To test these possibilities, we analyzed the effects of TPA stim-
ulation/MNKI1 depletion on AKT activity (Fig. 3). Phosphorylation
of both AKT(S473) by mTORC2 and AKT(T308) by PDK1 (24) (Fig.
1, top) is required for full activation of the kinase. TPA stimu-
lation of cells depressed p-AKT(S473) by ~40% (Fig. 3A).
However, in TPA-stimulated cells depleted of MNK1, p-AKT
levels were elevated ~4-fold compared to nondepleted cells
(Fig. 3A). To confirm these results without the potential off-
target effects of signal inducers or inhibitors or siRNAs, we
used a Dox-inducible MNK1 overexpression assay (13). This
permitted us to evaluate the effects of selective MNK activation
achieved with Dox induction alone. Expression of constitu-
tively active MNKI1(T334D) consistently depressed p-AKT
(5473) levels to below 40%, while expression of kinase-dead
MNKI1(D191A) had no effect (Fig. 3B). Also, MNK inhibition
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FIG 3 MNKI1 activation leads to depression of AKT phosphorylation. (A) HeLa cells treated with siCtrl (with or without TPA) or siMNK (plus TPA) were lysed
and tested by immunoblotting for p-AKT(S473/T308), and the percent phosphorylation was calculated from the average of 3 tests, setting siCtrl (without TPA)
to 100%. (B) Constitutively active MNK1(T334D) or kinase-dead MNK1(D191A) expression was Dox induced at the designated time points. p-AKT(S473) was
quantitated from 3 independent assays, setting the 0-h (plus-Dox) time point to 100%. (C) HeLa and U87 glioma cells were treated with CGP57380 (10 uM) for
the indicated intervals and analyzed by immunoblotting. p-AKT(S473) was quantitated and averaged between 3 experiments. Quantitation between experiments
was normalized by setting the 0-min CGP57380 value to 100%. The error bars represent SEM, and the asterisks represent ANOVA-protected ¢ tests (P < 0.05).

in HeLa and U87 GBM cells with CGP57380 increased p-AKT
(5473) levels (Fig. 3C). At later time points (>60 min after
CGP57380 treatment), p-AKT(S473) levels tapered off, sug-
gesting that feedback may restore the equilibrium of the system
after prolonged MNK inhibition (Fig. 3C).

For independent corroboration of these results in a different
system (in cells with wild-type PTEN), we tested the response of
MNK1/2 dko MEFs to IGF1 and to CGP57380. Serendipitously,
we found that AKT levels were increased relative to tubulin and

other loading controls in dko MEFs (compared to wt companion
MEFs) (Fig. 4A). This may represent an increase in basal signaling
to AKT, as AKT(T450) is cotranslationally phosphorylated by
mTORC2 to stabilize nascent AKT protein (25). In the preceding
assay, we stimulated wt or MNK1/2 dko MEFs with IGF1 (60 min)
in the presence of DMSO (60 min) or CGP57380 (30 and 60 min)
to compare (i) IGF1-mediated AKT activation in contexts with
and without MNK and (ii) CGP57380-mediated p-AKT(S473/
T308) modulation (Fig. 4B). First, we observed that the overall
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FIG 4 MNK1 activation leads to depression of AKT phosphorylation in mouse MEFs. (A) Wt or MNK1/2 dko MEF lysates were compared by immunoblotting
for total AKT versus tubulin contents. Quantitation is shown below, representing the AKT/tubulin ratio to correct for loading anomalies; the asterisk represents
Student’s t test (P < 0.05). (B) Wt or dko MEFs were mock treated or IGF1 treated (60 min) in the presence of DMSO (60 min) or CGP57380 (10 uM; 30 or 60
min, as indicated) and analyzed for p-AKT(S473) and p-AKT(T308) by immunoblotting. (C) (Top) Quantitation of p-AKT(S473) and p-AKT(T308) in wt and
dko MEFs after treatment with IGF1 (10 nM; 60 min). The values were normalized by setting samples without IGF1 to 1. (Bottom) Quantitation of p-AKT(S473)
from the experiment in panel B. Values were normalized between experiments by setting IGF1 plus DMSO (B, lanes 2 and 6 from left) to 100%. The error bars
represent SEM, the asterisks directly over bars represent ANOVA-protected ¢ tests (P < 0.05), and the asterisks over lines represent Student ¢ tests (P < 0.05).

November 2014 Volume 88 Number 22 jviasm.org 13153


http://jvi.asm.org

Brown et al.

A B CGP57380 C
p-AKT(S473)
min CGP57380 (10uM) min IGF1(10nM) 20 MNK1(T334D) MNK1(D191A)
01 2 5101530 01 2 5 10 15 30 min /, 0 6 12 24 0 6 12 24 hdox
— - - — - @ - - - \KT(5473) 15 — = e o= == - - P-S6K(T389)
—_—— — - - - AKT(T308) o ———— ———— 6K
-——— - -———— - = AKT . . = e ee e PIPS6(SS240/4)
05— p-S6K(T389)
- = ---p—SGK(T389) — s = — - - [DSO
p-4EBP(S65)
D D e b > e ;;;;;__%K 5 T 5 56 il - e e e e ow e @9 tubulin
- - - - - —  w= = e DP-IPS6(SS5240/4) IGF1
124 % p-S6K(T389)
Gbererararadar T ™ W W ww = W pS6 p
*
10 200
L X N ——' . 1Y / p-AKT(S473) 160
8 120
SaSssses . DO w iEBP p-S6K(T389) 80
6___
cSo® e == - . e e D-elFAE(5209) p-4EBP(S65) 40
4 e
e P gy - - -~ —elF4E
2_
PGP U D P U P b e» e e» e = e {UDUlIN
0 10 20 30 min

FIG 5 CGP57380 and IGF1 treatments induce AKT(S473) phosphorylation but have the opposite effect on substrates without mTORCI. (A) HeLa cells treated
with 10 uM CGP57380 (left) or 10 nM IGF1 (right) were harvested at the designated time points for immunoblotting. (B) Quantitation of p-AKT(S473)/AKT,
p-S6K(T389)/S6K, and p-4EBP(S65)/4EBP ratios for CGP57380 (top) and IGF1 (bottom). (C) Lysates from cells expressing Dox-inducible MNK1(T334D) or
MNKI1(D191A) (Fig. 3B) were tested for phosphorylation of S6K(T389); the averages of 3 independent assays with SEM are represented for p-S6K(T389),
corrected by dividing by total S6K values. The asterisks denote ANOVA-protected ¢ tests (P < 0.05) comparing Dox induction to a no-Dox control.

responsiveness of p-AKT(S473), but not p-AKT(T308), to
IGF1 in MNK1/2 dko MEFs was significantly increased com-
pared to wt MEFs (Fig. 4C, top). Furthermore, CGP57380, in
the presence of IGF1, incrementally increased p-AKT(S473)
levels in wt MEFs, but not in MNK1/2 dko MEFs (Fig. 4B and
C, bottom). These observations suggest that MNK1 counters
phosphorylation of AKT(S473), either by interfering with its
upstream kinase (mTORC2) or through AKT-specific effects.

MNK inhibition enhances p-AKT(S473) and diminishes
mTORCI activity. In order to unravel the effects of MNK on AKT
activity, we studied several relevant phosphorylation events in a
time course comparing MNK inhibition with CGP57380 and AKT
stimulation with IGF1 (Fig. 5). As expected, both CGP57380 and
IGF1 led to a significant increase in p-AKT(S473) (Fig. 5A and B).
p-AKT(T308) responded weakly to MNK inhibition, while IGF1
led to strong, sustained AKT(T308) phosphorylation (Fig. 5A).
Intriguingly, IGF1 spurred p-AKT(S473) after 1 min, whereas
CGP57380 did so only at 10 min (Fig. 5B). These data, combined
with the observation that expression of constitutively active
MNK1(T334D) suppressed p-AKT(S473) (Fig. 3B), suggest that
MNK catalytic activity blocks phosphorylation of AKT(5473).
Analysis of the phosphorylation status of the mTORCI targets
S6K (and its downstream substrate, rpS6) and the eIF4E-binding
proteins (4EBPs) revealed that, while IGF1 enhanced mTORC1
activity ~8-fold by 10 min (p-S6K) (Fig. 5B), CGP57380 dimin-
ished mTORCI1 activity >2-fold by 15 min (Fig. 5B). mTORC1
repression by CGP57380 occurred prior to the increase in
p-AKT(S473) and coincided with the decline in p-eIF4E(S209),
consistent with a primary effect of MNK.

Itis possible that CGP57380 modulates mTORC1 or mTORC2
activity through effects on kinases other than MNK. Thus, to con-
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firm an apparent role for MNK in stimulating mTORCI1 in a dif-
ferent system devoid of inhibitors or stimulants, we used lysates
from cells with Dox-induced, constitutively active (T334D) or ki-
nase-dead (D191A) MNKI to assess the phosphorylation status of
mTORCI targets (Fig. 5C) (the lysates used were those analyzed in
Fig. 3B). Constitutively active MNK1(T334D) significantly en-
hanced p-S6K(T389) and p-rpS6(SS240/4), while kinase-dead
MNKI1 had no effect (Fig. 5C). This confirms a role for MNK
catalytic activity in stimulating mTORC1 (Fig. 5C) while simulta-
neously inhibiting mTORC2 (Fig. 3B). Thus, MNK either favors
mTORCI1 formation/activation to inhibit mTORC2 [and thus,
AKT(S473) phosphorylation] or MNK may influence AKT(S473)
phosphorylation independently of its apparent role in regulating
mTOR signaling.

MNK controls phosphorylation of AKT(S473) through mod-
ulation of mTORC?2 activity. mTORC2 is believed to be a domi-
nant kinase for AKT(S473) in most signaling contexts (24); however,
other kinases were shown to be involved, e.g., integrin-linked kinase
(26). To test if MNK regulates p-AKT(S473) through effects on
mTORC2, we studied a short time course of CGP57380 inhibition/
IGF1 stimulation in the presence of DMSO (vehicle control), rapa
(selective mTORCI inhibition), or torin2 (mTORC1/C2 coinhibi-
tion) (Fig. 1, top, and 6). Confirming the data in Fig. 3 and 5, both
CGP57380 and IGF1 induced AKT(S473) phosphorylation in the
presence of DMSO (Fig. 6A and B). Rapa treatment prior to
CGP57380/IGF1 permitted similar effects on p-AKT(S473), suggest-
ing that MNK-mediated effects on AKT occur independently of rapa-
sensitive functions of mTORCI. However, torin2 dramatically re-
duced p-AKT(S473) basal levels and prevented its stimulation by
CGP57380/IGF1 (Fig. 6A and B). This indicates that MNK inhibition
of AKT(S473) phosphorylation depends on either mTORC2 or a
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FIG 6 CGP57380- and IGF1-mediated effects on p-AKT(S473) occur through mTORC2. HeLa cells were pretreated with DMSO, rapa (250 nM), or torin2
(25nM) (2h). CGP57380 (10 pM) (A) or IGF1 (10 nM) (B) was added 0, 30, 60, or 90 min prior to cell lysis and analysis by immunoblotting. p-AKT(S473)
was quantitated for 3 experiments for each time point, and the fold increase was determined by setting the zero time point for each group to 1. The error
bars represent SEM, and the asterisks represent ANOVA-protected t tests comparing samples treated with CGP57380 or IGF1 to untreated controls.

rapa-insensitive function of mMTORC1 and that, in the context of our
assays, p-AKT(S473) levels are determined exclusively by mTORC2.

MNK inhibition suppresses type 1 IRES activity through a rapa-
insensitive, nTOR-dependent mechanism. Since MNK counters
mTORC2-mediated phosphorylation of AKT(S473) (and thus
suppresses AKT activity) and inhibition of the AKT-SRPK axis
(e.g., with PI3K inhibitors) stimulates PVSRIPO translation
and cytotoxicity, torin2 should mimic the stimulatory effect of
MNK catalytic activity on PVSRIPO. Indeed, torin2 treatment
enhanced PVSRIPO translation ~4-fold and significantly in-
creased viral propagation in HeLa cells (Fig. 7A). We next
asked whether MNK-induced effects on p-AKT(S473) explain
the effects of MNK inhibition/depletion on PVSRIPO transla-
tion and cytotoxicity. To investigate this, cells were pretreated
with DMSO, rapa, or torin2 (2 h), followed by DMSO or
CGP57380 treatment and PVSRIPO infection (Fig. 7B). The
CGP57380-induced increase of p-AKT(S473) is subtle in this
assay, because the study interval was 4 h after addition of the
drug (Fig. 7B; the time course is shown in Fig. 3C). Analysis of
viral 2C expression revealed that MNK inhibition decreased
viral translation ~4-fold (Fig. 7B). The effects were similar in
mock (DMSO)- and rapa-pretreated cells (Fig. 7B), suggesting
that MNK inhibition does not act on viral IRES-mediated
translation via a rapa-sensitive function of mTORCI. Pretreat-
ment with torin2, however, significantly reduced the effect of
MNK inhibition on viral translation (Fig. 7B). These observa-
tions suggest that the repressive effect of MNK inhibition on
PVSRIPO translation is due to either regulation of mTORC2-
AKT or arapa-insensitve mTORC1 function. To confirm these

November 2014 Volume 88 Number 22

relationships in a relevant context, we evaluated the effect of
mTORC1/C2 inhibition (with torin2) on PVSRIPO translation
and cell killing in GBM cell lines (Fig. 7C). Treatment with
torin2 significantly enhanced PVSRIPO translation compe-
tence and GBM cytotoxicity (Fig. 7C). These data imply that
MNK-mediated stimulation of PVSRIPO translation, propaga-
tion, and cytotoxicity depends on an mTOR function not pre-
vented by rapa.

MNK inhibition activates mMTORC2 by attenuating mTORC1
activity. Our data with rapa and torin2 (Fig. 7), coupled with
our observation that MNK activity exerts inverse effects on
mTORCI versus mTORC?2 activity (Fig. 5), raise the possibility
that MNK represses mTORC2-p-AKT(S473) by activating
mTORC1. mTORCI-mediated suppression of mTORC2 has
been reported to occur through several mechanisms, for exam-
ple, via (mTORCI1-driven) S6K activation and downstream
phosphorylation of rictor (27). To test this possibility, we
siRNA depleted cells of raptor or rictor (essential components
of mMTORC1 and mTORC2, respectively [see Fig. 9]); treated
them with DMSO (mock), CGP57380 (10 wM), or IGF1 (10
nM); and measured p-AKT(S473) levels (Fig. 8). Two siRNAs,
each targeting raptor or rictor, were independently used to
account for possible off-target effects caused by any single
siRNA. Two raptor siRNAs consistently had opposite effects on
basal p-AKT(S473) levels; one increased (Fig. 8A, lanes 4 to 6)
and the other reduced (Fig. 8A, lanes 7 to 9) basal AKT(S473)
phosphorylation. We ascribe these differences to distinct de-
pletion efficiencies of the two siRNAs, possibly analogous to
what has been observed with mild versus intense rapa treat-
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FIG 7 mTORC1/2 coinhibition synergizes with PVSRIPO oncolysis and prevents effects of MNK inhibition on PVSRIPO translation. (A) HeLa cells were
infected with PVSRIPO and treated with either DMSO or torin2 (5 nM; 1 h p.i.). Cells were harvested (3.5 and 4 h p.i.) and analyzed for viral protein by
immunoblotting. Quantitation from 3 assays is shown below; control values were normalized to one experiment for each time point. Viral titers were determined
from supernatants of cells. The experiment was repeated twice, and control values were used to normalize between the assays. The error bars represent SEM; the
asterisks denote Student’s ¢ test (P < 0.05). (B) HeLa cells were pretreated with DMSO, rapa (250 nM), or torin2 (25 nM) 1 h prior to treatment with DMSO or
CGP57380 (10 wM) and infection with PVSRIPO. Inhibitors and DMSO were maintained during infection. Cells were harvested 3.5 h p.i. and analyzed by
immunoblotting for viral protein and relevant controls. Quantitation is shown below from 3 assays normalized by setting control values (DMSO treated for each
inhibitor group) to 100%. The statistics were done by comparing groups to the DMSO-plus-CGP57380-treated lane in an ANOVA-protected ¢ test (P < 0.05).
(C) (Top) GBM cells were infected and treated with DMSO (mock) or torin2 (1 or 5 nM) at the time of infection. Lysates were prepared 6 h p.i. and analyzed for
viral protein by immunoblotting. Viral 2C protein was quantitated for 3 tests. (Bottom) GBM cells were infected with PVSRIPO and mock or torin2 (1 or 5 nM)
treated 4 h p.i. The supernatants were collected 12 h p.i. and analyzed for ATP concentrations in 2 assays. The error bars represent SEM, and the asterisks indicate

ANOVA-protected ¢ tests (P < 0.05).

ment of cells (28) (Fig. 8A). Raptor depletion reduced basal
S6K(T389) phosphorylation in line with residual raptor levels
(Fig. 8A, compare lanes 1, 4, and 7), suggesting mTORCI inhibi-
tion. It also diminished the inhibitory effect of CGP57380 on
p-S6K(T389) (Fig. 8A, compare lanes 2 and 5). This is consistent with
our finding that MNK inhibition (CGP57380) acts on p-S6K via
mTORCI1 (Fig. 5). S6K phosphorylation upon IGF1 stimulation was
resistant to raptor depletion (Fig. 8A, lanes 3, 6, and 9), likely because
of the potent stimulation it exerts on mTORCI signaling and the
incomplete raptor depletion. Intriguingly, CGP57380-medi-
ated stimulation of AKT(S473) phosphorylation was reduced by
both siRNAs (Fig. 8A). As anticipated, raptor depletion did not affect
the AKT phosphorylation response to IGF1, since IGF1 activates
AKT independently of mMTORCI (Fig. 8A). Depletion of rictor signif-
icantly reduced basal p-AKT(S473) and tempered the increase in p-
AKT(S473) caused by both CGP57380 and IGF1 (Fig. 8B). This was
expected, since mMTORC?2 is the kinase for AKT(S473) in most con-
texts (24). Taken together, our findings suggest that increased
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p-AKT(S473) in response to MNK inhibition requires both
mTORC1 and mTORC2 activity and supports the hypothesis
that MNK activates mTORCI, consequently diminishing
mTORC2-mediated AKT(S473) phosphorylation.

Raptor and rictor depletion diminishes the effect of MNK
inhibition on PVSRIPO translation. To test if MNK’s effect on
PVSRIPO is exerted through mTORCI-mediated mTORC2-AKT
suppression, we evaluated viral translation in cells treated with
siCtrl or one of two siRNAs targeting raptor or rictor (Fig. 8C).
Raptor or rictor depletion mitigated the effect of MNK inhibi-
tion on PVSRIPO translation to various degrees, in accordance
with the depletion efficiency (see Materials and Methods for
test details) (Fig. 8C). These data suggest that MNK enhances
PVSRIPO translation by acting on (rapa-resistant) mTORC1
to impede mTORC2-AKT activation. The resulting negative
regulation of AKT reduces SRPK activation and enables PVS-
RIPO translation and cytotoxicity (a summary of the proposed
mechanism is shown in Fig. 9).
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FIG 8 MNK inhibition affects AKT phosphorylation and PVSRIPO translation through mTORCI1-mediated inhibition of mTORC2. HeLa cells were treated
with siCtrl or one of two siRNAs targeting raptor (A) or rictor (B), followed by treatment with DMSO, CGP57380, or IGF1 (60 min). Cells were harvested and
analyzed by immunoblotting for AKT phosphorylation. p-AKT(S473) levels were quantitated as shown for 4 tests each, normalizing between experiments by
setting DMSO-treated samples to 1. The asterisks denote ANOVA-protected ¢ tests (P < 0.05), and the error bars represent SEM. (C) HeLa cells were transfected
with siCtrl or one of two different siRNAs targeting raptor or rictor as in panels A and B, treated with CGP57380 (30 min), infected with PVSRIPO, and harvested
(3.5 h p.i.). The lysates were assessed for viral protein (2C), which is quantitated below for 4 assays, normalizing between experiments by setting the DMSO
control for each siRNA to 1 (see Materials and Methods). The asterisks indicate significant ANOVA-protected ¢ tests compared to the siCtrl-plus-CGP57380

values. The error bars represent SEM.

DISCUSSION

We deciphered a link between MNK and SRPK that broadly en-
hances cap-independent translation initiation via type 1 picorna-
virus IRESs and, by extension, favors PVSRIPO oncolysis of GBM
(13). Unfettered PVSRIPO translation, cytotoxicity, and killing in
most tumor cells, including those derived from GBM (12), sug-
gests that type 1 IRES competence benefits from the particular
posttranscriptional gene-regulatory conditions of the malignant
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state. Indeed, MNK activity has been intricately associated with
oncogenesis (29, 30), which may involve eIF4E(S209) phosphor-
ylation (31), but the mechanisms of its involvement remain ob-
scure (30). In the present study, we unravel a novel intersection
between ERK1/2-MNK and mTOR-AKT signal transduction
pathways that controls the partitioning and activity of SRPK (Fig.
9). Ultimately, these signaling events explain how MNK facilitates
type 1 IRES function and PVSRIPO oncolysis. They also delineate
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FIG 9 Proposed signal and functional relationships emerging from the present study and the companion report (13). (Step 1) Constitutive Raf-MEK-ERK1/2
signals in GBM cause MNK activation. (Step 2) MNK modulates mTORCI, possibly by intercepting inhibitory PRAS40-raptor binding (36). (Step 3) Our data
suggest that MNK-mediated mTORCI activation represses mTORC2. (Step 4) Inhibition of mMTORC2 prevents phosphorylation of AKT(S473) and reduces
mTORC2-AKT signaling to SRPK. (Step 5) SRPK-mediated regulation of viral cap-independent translation may occur via SR proteins, e.g., SRp20, a proposed
PV ITAF (10). Phosphorylation of SR proteins by SRPK enhances their nuclear import (42) and decreases their affinity for RNA (43). Thus, MNK stimulation
of viral m’G cap-independent translation may be due to SRPK inhibition, favoring SR protein cytoplasmic retention and viral RNA binding.

abroad influence of MNK on posttranscriptional gene-regulatory
systems far beyond its classic role as the e[FAE(S209) kinase.

We previously reported that PI3K inhibition enhances
PVSRIPO oncolysis in a GBM xenograft model (23). This was
anticipated, because PI3K downstream signals to mTORCI inac-
tivate the 4EBPs, which in their active state enhance IRES-medi-
ated translation (32). However, given our finding that MNK re-
presses SRPK (which is controlled by PI3K/AKT signaling; [17])
to stimulate PVSRIPO translation (13), we tested whether PI3K-
mediated effects on type 1 IRES-mediated translation are due to its
role in regulating SRPK. We determined that, while 4EBP inacti-
vation (with rapa) subtly enhances the PVSRIPO translation rate,
the IRES-suppressive effect of PI3K activation is attributable to
SRPK. This implicates SRPK as a key determinant of picornaviral
type 1 IRES competence.

The central finding in this study that MNK acts on SRPK by
impeding AKT(S473) phosphorylation by mTORC2 (Fig. 9) sup-
ports earlier evidence that AKT has important roles in the regula-
tion of SRPK partitioning and activity (17). Intuitively, AKT sig-
nal attenuation through MNK as a mechanism of PVSRIPO
tumor-selective cytotoxicity seems implausible, given the fre-
quency of PI3K upregulation in neoplasia. However, HeLa cells
with very high intrinsic PI3K signaling respond to IGF1 with dis-
sociation of nuclear speckles and strongly enhanced p-AKT(S473/
T308). In U87 glioma cells, which have PTEN deleted, IGF1-me-
diated activation of AKT delayed PVSRIPO translation and
cytotoxicity. MNK inhibition with CGP57380 produced AKT ac-
tivation in HeLa and U87 cells, despite inherently high levels of
PI3K-AKT signaling. Together, our observations suggest that
downstream of overactive PI3K signaling (i.e., with PTEN dele-
tion or activating PIK3CG mutations), both AKT and SRPK main-
tain a level of adaptive plasticity that is accomplished through
MNK (and possibly other signal connections). The balance be-
tween PI3K-AKT and Raf-ERK1/2-MNK signaling necessary to
prevent constitutive SRPK activation facilitates PVSRIPO oncol-
ysis. The finding that MNK diminishes AKT(S473) phosphoryla-
tion (by mTORC2) adds to the rapidly accumulating evidence for
extensive, multilayered Raf-ERK1/2 cross talk with PI3K-AKT
(33). Thus, in the malignant context, MNK, along with other sig-
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naling nodes, maintains homeostasis that prevents excessive acti-
vation of AKT signaling, such as overactive SRPK in the present
study. Such cross talk is likely necessary to achieve a balance be-
tween PI3K and Raf-ERK1/2 signaling commensurate with life,
because chronic aberrant AKT activity is lethal in cancer cells (34).

Although the MNK-AKT-SRPK connection has been the pri-
mary focus of the present and accompanying studies (13) because
SRPK controls PVSRIPO IRES competence/cytotoxicity in malig-
nancy, our observation that MNK regulates mTORCI inversely to
mTORC?2 is of the utmost biological significance. A relationship
between MNK and mTOR signaling is in line with several recent
findings, including that (i) MNK activity is correlated with en-
hanced p-4EBP1(S65), an mTORCI substrate (35); (ii) MNK2
binds to raptor and prevents PRAS40 association with mTORCI,
an endogenous inhibitor of mTORCI activity (36); and (iii) rapa-
induced survival feedback signals leading to MNK activation
could represent a feedback loop for compensatory mTORCI stim-
ulation (37, 38). Our studies indicate that MNK inhibition with
CGP57380 activates mTORC2 [and AKT(S473) phosphorylation]
while diminishing phosphorylation of mMTORC1 targets. Accord-
ingly, expression of constitutively active MNKI1 enhanced
mTORCI activity while reducing p-AKT(S473). Accumulating
evidence for key roles of MNK in protumorigenic and prosurvival
gene-regulatory functions (39) may well be explained by its role in
regulating mTORCI.

At this point, it remains unclear how MNK acts on mTOR. It was
proposed that MNK2 specifically associates with the mTORC1 com-
plex, thus preventing inhibitory PRAS40-mTORCI interactions
(36). This may result in activation of mMTORCI and, consequently,
mTORC2 suppression. This is seemingly contradicted by our finding
that rapa did not prevent AKT(S473) phosphorylation (by
mTORC2) upon MNK inhibition with CGP57380 (Fig. 6A). How-
ever, rapa affects only phosphorylation of select mTORCI substrates
(40, 41).

Our work described in this study and a companion report (13)
revealed a network of surprisingly close integration of MNK and
mTOR/AKT signals that impinge on SRPK and its role in post-
transcriptional gene regulation (Fig. 9). This network controls
picornaviral type 1 IRES competence and, by extension, PVSRIPO
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cytotoxicity and tumor cell killing. Our data suggest that major
signal-responsive elements in type 1 IRES-mediated translation
may be RNA-binding proteins with ITAF roles, e.g., PCBP2/SR
proteins, which are controlled by the AKT-SRPK axis.
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