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Many animal viruses exhibit proficient growth in trans-
formed cells, a property that has been harnessed for 
the development of novel therapies against cancer. 
Despite overwhelming evidence for this phenomenon, 
understanding of the molecular mechanisms enabling 
tumor-cell killing is rudimentary for most viruses. We 
report here that growth and cytotoxicity of the proto-
type oncolytic poliovirus (PV), PVSRIPO, in glioblastoma 
multiforme (GBM) is promoted by mitogen-activated 
protein kinases (MAPKs) converging on the MAPK 
signal-integrating kinase 1 (Mnk1) and its primary sub-
strate, the eukaryotic initiation factor (eIF) 4E. Inducing 
Mnk1-catalyzed eIF4E phosphorylation through expres-
sion of oncogenic Ras substantially enhanced PVSRIPO 
translation, replication, and cytotoxicity in resistant cells. 
This effect was mimicked by expression of constitutively 
active forms of Mnk1 and correlated with enhanced 
translation of subgenomic reporter RNAs. Our findings 
implicate Mnk1 activity in stimulation of PVSRIPO cap-
independent translation, an effect that can be synergisti-
cally enhanced by inhibition of the phosphoinositide-3 
kinase (PI3K).

Received 20 May 2010; accepted 14 June 2010; published online  
20 July 2010. doi:10.1038/mt.2010.145

Introduction
Poliovirus (PV) has been engineered for selective replication in 
neoplastic cells by exchange of its cognate internal ribosomal entry 
site (IRES) with that of human rhinovirus type 2 (HRV2).1 This 
diminishes replication potential in cells of neuronal derivation, e.g., 
neuroblastoma cell lines2 or human embryonic kidney 293 (HEK-
293) neuroblastic cells3,4 and eliminates the inherent neuropatho-
genicity associated with PV infection. The prototype oncolytic PV/
HRV chimera, PVSRIPO, was devoid of pathogenic properties after 
intracerebral inoculation of 5 × 109 tissue culture infectious doses 
in an investigational new drug-directed dose-range finding, toxi-
cology, and biodistribution study in Macaca fascicularis (personal 
communication). Yet, despite neuronal incompetence of PVSRIPO, 
it is associated with significant cytotoxicity and progeny production 
in neoplastic cells, e.g., cell lines derived of malignant glioma.1

This suggests that conditions restricting PVSRIPO in the 
normal central nervous system are absent in glioblastoma multi-
forme (GBM) and that the cell type-specific environment in GBM 
favors viral growth. Indeed, PVSRIPO retained its highly neuroat-
tenuated genotype after serial passage in GBM xenografts in vivo, 
suggesting optimal conditions for function of the heterologous 
5′ untranslated region driving viral RNA translation and propa-
gation.5 Unraveling the mechanism responsible for PVSRIPO 
cytotoxicity in GBM is of key interest because PVSRIPO onco-
lysis categorically depends on IRES-mediated protein synthesis 
and understanding the regulation of viral IRES function may shed 
light on control of translation initiation in cancer.

Conventional translation initiation occurs upon eukaryotic 
initiation factor (eIF)4E binding the m7G-cap on eukaryotic 
mRNAs6 along with eIF4G,7,8 a scaffold protein which attracts 40S 
ribosomal subunits through binding the multisubunit eIF3 com-
plex. The principle of cap-independent, IRES-mediated transla-
tion was first discovered with picornaviruses,9,10 whose (+)strand 
RNA genomes are naturally uncapped.11 Translation initiation 
at picornaviral RNAs bypasses eIF4E and occurs via binding of 
eIF4G directly to the IRES.12,13 Malignant transformation entails 
profound changes to protein synthesis machinery. Notably, this 
entails post-translational modification of translation factors that 
regulate ribosome recruitment to mRNAs. For example, activation 
of the phosphoinositide-3 kinase (PI3K) pathway leads to phos-
phorylation of eIF4E-binding proteins (4E-BPs)14 and eIF4G15 
via the mammalian target of rapamycin (mTOR). The 4E-BPs 
preclude eIF4E–4G interaction and decrease cap-dependent 
translation,16 but their eIF4E-binding capacity is reversed upon 
phosphorylation. Activation of the mitogen-activated protein 
kinases (MAPKs) Erk1/2 or p38 induces eIF4E phosphorylation 
at Ser209 via their common substrate, Mnk.17,18 In order to phos-
phorylate eIF4E, Mnk must associate with eIF4G.19

To provide correlative mechanistic support for PVSRIPO, we 
investigated the effect of oncogenic signaling on virus-mediated 
cancer-cell killing. PVSRIPO translation, growth, and cytotox-
icity are responsive to major mitogenic signaling pathways via 
PI3K/mTOR and Ras/MAPK. PVSRIPO oncolysis is enabled by 
Ras/MAPK signaling and the MAPK substrate Mnk1 in particu-
lar. Mnk1 is a convergence node for multiple major signal trans-
duction pathways and is broadly activated in GBM, tumors with 
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universally active Erk1/2 and p38-MAPK signaling. Based on 
our findings, we propose that signal transduction to Mnk1 favors 
viral, cap-independent translation, enabling efficient PVSRIPO 
propagation and cytotoxicity. This effect can be further enhanced 
by concomitant inhibition of PI3K, potentially due to stimulation 
of cap-independent translation via inhibition of the mammalian 
target of rapamycin (mTOR) and resulting dephosphorylation of 
4E-BPs.20

Results
Oncogenic signaling modulates PVSRIPO cytotoxicity
GBM is associated with alteration of genes encoding proteins 
involved in mitogenic signal transduction, producing widespread 
active PI3K/Akt and Ras/MAPK signaling.21 Hence, U-118 glioma 
cells grown in the presence of serum exhibit phosphorylation of 
downstream PI3K and Ras/MAPK effectors (Figure 1a). U-118, 
like other glioma cell lines, is highly susceptible to PVSRIPO 
propagation and cytotoxicity.5 Serial passage of PVSRIPO in 
U-118 xenografts produced potent oncolysis without evidence for 
genetic adaptation of the virus, indicating proper function of the 
engineered 5′ untranslated region in such cells.5 To investigate the 
molecular mechanisms permitting optimal growth of PVSRIPO 

in glioma cells, we tested the influence of oncogenic signals on 
viral translation and growth. To this end, we used inhibitors of 
PI3K (LY294002), Mek1/2 (UO126) and its substrate Mnk1 
(CGP57380) (Figure 1a). All inhibitors had the expected effects in 
U-118 cells. UO126, while inhibiting phosphorylation of the Mek 
substrates Erk1/2 effectively, failed to block eIF4E phosphoryla-
tion (Figure 1a), although the eIF4E kinase Mnk1 is an Erk1/2 
substrate (Figure  1a). This is explained by active p38 MAPK, 
which also feeds into Mnk1 signaling to eIF4E18 (Figure 1a). In 
contrast, CGP57380 inhibits Mnk1 directly, blocking eIF4E phos-
phorylation in a dose-responsive manner (Figure 1a).

U-118 cells were vehicle-treated or treated with the appro-
priate compounds for 2 hours and infected with PVSRIPO at a 
multiplicity of infection (MOI) of 10 (Figure 1b). Progeny (plaque-
forming units) and the viral nonstructural proteins 2C/2BC were 
analyzed at the indicated intervals. PI3K inhibition accelerated 
the onset of viral translation and growth slightly, but reproducibly, 
by ~1 hour (Figure  1b). Interestingly, CGP57380 substantially 
repressed viral growth. The onset of viral translation was delayed 
by 2 hours and peak production of progeny was reduced by ~60% 
(Figure 1b). Conversely, UO126 failed to significantly alter viral 
replication (Figure 1b). Correlation of PVSRIPO propagation and 
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Figure 1  Protein kinase inhibitors modulate PVSRIPO oncolysis in U-118 cells. (a) Immunoblots of kinase substrates in the PI3K- (Akt) and MAPK 
pathways (p38, Erk, eIF4E) 2 hours after treatment with vehicle (−), UO126, CGP57380, or LY924002 (concentrations in µmol/l are shown atop). 
(b) Kinetics of viral growth (top) and translation (bottom) in mock- or inhibitor-treated U-118 cells infected with PVSRIPO (MOI = 10). Progeny was 
quantified by plaque assay and viral translation was measured by immunoblot of the viral nonstructural proteins 2BC/2C. Viral propagation in mock- 
and UO126-treated cells was similar (data not shown). (c) PVSRIPO cytotoxicity in mock- or inhibitor-treated U-118 cells at the indicated intervals. 
(d) Photomicrographs of PVSRIPO-infected (MOI = 1), vehicle- (mock) or CGP57380 (CGP; 30 µmol/l)-treated U-118 cells at the indicated intervals. 
MAPK, mitogen-activated protein kinase; MOI, multiplicity of infection; pfu, plaque-forming units.
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Experimental groups (n = 8)

1 - Vehicle control; PBS (i.t.); DMSO (i.p.)

2 - LY294002 control; PBS (i.t.); LY294002 (i.p.)

3 - PVSRIPO control; PVSRIPO (i.t.); DMSO (i.p.)

4 - Combination; PVSRIPO (.t.); LY294002 (i.p.)
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Figure 2 T esting PVSRIPO and PI3K inhibitor synergy in vivo. Experimental groups and the study regimen are indicated atop. U-118 xenografts 
were measured at study days 0 (when PVSRIPO/vehicle and LY294002/vehicle treatment was initiated), 5, and 10. Four animals of each group were 
euthanized at study days 5 and 10 for histology and virus recovery. The bottom panels show histology from xenografts recovered at day 5 (left 
columns) and 10 (right columns). Tumors from one animal in group 1 at (a,b) day 5 and (c,d) day 10, two animals in group 3 at (e,f,i,j) day 5 and 
(g,h,k,l) day 10 and two animals in group 4 at (m,n,q,r) day 5 and (o,p,s,t) day 10 were analyzed. Low-magnification images in the left columns are 
accompanied by higher magnification images from the same section (red inserts) in the column to their right. (a–d) Tumor histology of a representa-
tive xenograft from group 1 shows the characteristic dense arrangement of tumor cells. (e–l) Histology of two representative tumors from group 3 
at study days 5 and 10 as indicated. Note extensive tumor cell loss and “empty” appearance of the former xenograft in all cases. Red arrows point to 
areas of intense tumor-cell killing and active tissue rearrangement. (m–t) Histology of four representative tumors from group 4 at study days 5 and 10 
as indicated. (m,n,o,p) show almost complete tumor regress at study days 5 and 10. (n,p) The area of the former tumor was invaded by cells with 
fibroblast morphology surrounded by dense extracellular matrix. Isolated viable tumor cells (n; arrow) may remain. (q,r) Active tumor (red arrow), 
which was still present in three animals of group 4 at day 5 and two animals at (s,t) day 10. DMSO, dimethyl sulfoxide; i.p., intraperitoneal; i.t., 
intratumoral; PBS, phosphate-buffered saline.
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cytotoxicity with eIF4E phosphorylation in U-118 cells suggested 
involvement of the eIF4E kinase Mnk in virus susceptibility.

As PVSRIPO is under consideration for clinical use because of 
its specific cytotoxic properties, we evaluated the effects of kinase 
inhibitors on infected glioma cells using a lactate-dehydrogenase-
based cytotoxicity assay (Figure  1c). U-118 cells were infected 
at varying MOIs and treated with CGP57380 or LY294002 
(Figure  1c). Tests of mock-infected cells showed that neither 
drug caused significant cytotoxicity on its own during the course 
of the assay (Figure 1c). Mock-treated cells exhibited significant 
PVSRIPO cytotoxicity at all intervals (Figure 1c) and cell killing 
was complete before 48 hours (Figure 1d). CGP57380 exhibited a 
marked cytoprotective effect, reducing virus-mediated cytotoxicity 
by ~70% at the highest MOI at 72-hour interval (Figure  1c). 
Accordingly, CGP57380 prevented cytopathogenic changes of cell 
morphology typical for PVSRIPO. At an MOI of 1, cell killing was 
abrogated almost entirely (Figure 1d). PI3K inhibition modestly 
increased cytopathogenicity at MOIs >1 (Figure 1c).

PI3K inhibition promotes PVSRIPO oncolysis in vivo
Since PI3K inhibition promoted viral translation, accelerated virus 
propagation, and stimulated PVSRIPO cytotoxicity (at MOIs >1), 
it may be used synergistically in clinical applications. Thus, we 
evaluated combination of PVSRIPO with LY294002 in vivo. We 
used a study template employed before, consisting of bilateral 
U-118 glioma xenografts in athymic mice treated with intratu-
moral inoculation of PVSRIPO (Figure 2; top panels).5 At days 
5 and 10 postinfection, animals were euthanized and the excised 
tumors were used for histologic analyses and virus recovery. 
Groups of four xenografted athymic mice each received intra-
tumoral vehicle (phosphate-buffered saline (PBS)) or PVSRIPO 
(2.5 × 108 plaque-forming units) into subcutaneous ~200  mm3 
xenografts (Figure 2). On the day of virus injection, a regimen 
of daily intraperitoneal injections of 25 µg/g LY294002 dissolved 
in dimethyl sulfoxide or dimethyl sulfoxide alone was initi-
ated (Figure  2). This dose/regimen has previously been shown 
to produce sustained PI3K inhibition in similar animal tumor 
models.22

As reported before,5 we observed modest reduction in tumor 
size in PVSRIPO-treated animals (Figure  2; top panels). In 
accordance with prior published work, LY294002 had no sig-
nificant effect on tumor growth alone23,24 or in combination with 
PVSRIPO (Figure 2; top panels). Previous research indicated that 
the true oncolytic potential of PVSRIPO is evident only through 
histological analysis.5 Xenografts from all mice in the study where 
fixed, paraffin-embedded, sectioned, and hematoxylin and eosin 
stained in their entirety (Figure  2a–t). Tumors from group 1 
(vehicle/dimethyl sulfoxide control) displayed typical histology 
at days 5 and 10 (Figure 2a–d). As seen before, PVSRIPO alone 
elicited widespread tumor-cell killing evident at days 5 and 10 
(Figure  2e–l).5 This was accompanied by remarkably efficient 
tumor loss and profound tissue rearrangements (Figure  2e–l). 
At day 5, tumor debris removal, fibroblast invasion, and scar 
formation were significantly enhanced in all PVSRIPO-treated 
animals receiving LY294002 (Figure 2m,n,q,r). Tumor loss was 
near complete in one animal of the group (Figure 2m,n). At study 
day 10, PVSRIPO-treated animals displayed prominent signs of 

tumor-cell killing and tissue rearrangement and a synergistic 
effect of LY294002 was less evident (Figure 2). Xenograft extinc-
tion and scar formation beyond 10 days post-PVSRIPO inocula-
tion has been documented previously5 and tumor regress was not 
followed beyond 10 days in this study.

Xenografts contralateral to the histologically analyzed tumors 
were homogenized and the lysate used to perform plaque assays 
to determine PVSRIPO content at study day 5. All xenografts 
from group 3 contained virus and the average titers recovered 
where 9.8 plaque-forming units/mg tumor. In contrast, tumors 
from group 4 were virus-free in three cases and the titer from the 
remaining animal was 0.97 plaque-forming units/mg. Because 
PVSRIPO recovery correlates with the presence of viable tumor 
in xenografts,5 approximately tenfold reduced titers in group 4 
tumors indicate diminished live cells in the xenograft. The tumor 
lysates were also used to confirm PI3K inhibition, evident through 
reduced phospho-S6 levels in groups 2 and 4 tumors (data not 
shown). Our data suggest that, in accordance with tissue culture 
findings, LY294002 synergistically accelerated PVSRIPO tumor-
cell killing and xenograft regression.

H-Ras rescues PVSRIPO growth in a nonpermissive 
cell line
Although PVSRIPO responds positively to inhibition of PI3K/
mTOR signaling in vitro (Figure 1b,c) and in vivo (Figure 2), a 
far more pronounced negative effect was achieved with inhibition 
of the Erk1/2 and p38-MAPK substrate Mnk (Figure 1b–d). The 
latter observation is of key importance, because MAPK activity 
may constitute a critical determinant for PVSRIPO tumor-specific 
growth and, thus, oncolytic efficacy. Unraveling signaling path-
ways that enable translation via the heterologous HRV2 IRES in 
PVSRIPO may also provide correlative mechanistic evidence for 
rational patient selection.

To further delineate the potential role for MAPK in viral 
oncolysis, we tested parameters for viral growth and cytotoxic-
ity in a cell line naturally resistant to PVSRIPO. HEK-293 cells 
barely support PVSRIPO growth,3 block polysome association of 
viral RNA25 and resist PVSRIPO cytotoxicity.4 To establish if this 
phenotype correlates with a distinct signaling status, we analyzed 
PI3K/Akt and MAPK signaling in HEK-293 cells (Figure  3a). 
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Figure 3  MAPK signaling in HEK-293 cells. (a) PI3K and Ras/MAPK 
pathways in HEK-293 cells. Erk1/2 signaling and phospho-eIF4E in 
HEK-293 cells is reduced compared to DU54 and U-118 GBM cells. 
(b) Universally active Erk1/2 MAPK signal and eIF4E phosphorylation in 
GBM patients and absent signal in the normal primate brain. (c) Tet 
induction of HEK-293Ras cells produces Erk1/2 and eIF4E phosphorylation 
and a signaling signature similar to U-118 GBM cells or GBM patient 
tissues. GBM, glioblastoma multiforme; HEK-293, human embryonic 
kidney 293; MAPK, mitogen-activated protein kinase; tet, tetracycline.
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Compared to established GBM cell lines, e.g., DU54 or U-118, 
HEK-293 cells show relatively reduced Erk1/2 and p38-MAPK 
activity resulting in low levels of phospho-eIF4E (Figure  3a). 
This implies inherently low Mnk1 activity. This was confirmed in 
a HEK-293 reference cell line (ATCC, Manassas, VA; Figure 2a), 
a master HEK-293 cell bank used to establish an in vitro release 
assay for PVSRIPO at NCI4 (Magenta, Rockville, MD) and a com-
mercially available, tetracycline (tet)-regulated expression system 
(TREx; obtained from Invitrogen, Carlsbad, CA). Comparatively 
low Mnk1 activity in HEK-293 cells contrasts with rampant 
Erk1/2 activity and eIF4E phosphorylation in GBM patients, 
implying universally active Mnk1 in these tumors (Figure  3b). 
Detecting phospho-Mnk1 directly in patient samples is difficult 
due to high-inherent background signal with the only available 
phospho(Thr197/202)-specific antibody. Because eIF4E phospho-
rylation categorically depends on Mnk,26 it is a reliable marker for 
Mnk activity.

To test whether Mnk1 signals rescue PVSRIPO growth in 
HEK-293 cells, we constructed a tet-inducible HEK-293 cell line 
expressing myc-tagged oncogenic (V12) Harvey (H)-Ras (HEK-
293Ras; Figure  3c). Tet induction produced abundant phoshpo-
Erk1/2 and -eIF4E without effects on the PI3K/Akt pathway 
(Figure 3c). PVSRIPO translation and growth in HEK-293Ras cells 
was potently stimulated upon tet induction. Expression of viral 2C 
protein was detected as early as 8 hours and titers increased ~100-
fold over 12 hours compared to ~3.5-fold in mock-induced cells 
(Figure 4a). The stimulatory effect of oncogenic Ras also occurred 
with the PVSRIPO parent, type 1 (Sabin) PV vaccine (PV1S) in 
HEK-293Ras cells (Figure  4b). PV1S propagation in plain HEK-
293 cells is vastly superior to PVSRIPO3,4 and proportionally, 
PV1S growth was stimulated less than PVSRIPO. Thus, the effect 

of oncogenic Ras may be limited by the intrinsic capacity of host 
cells to support PV replication.

To directly implicate MAPKs in PVSRIPO growth stimu-
lation, tet-induced HEK-293Ras cells were treated with kinase 
inhibitors before infection. UO126, CGP57380, and LY294002 
had the anticipated effects on signaling (Figure 4c). Importantly, 
in contrast to U-118 cells, UO126 blocked PVSRIPO propa-
gation in tet-induced HEK-293Ras cells almost completely 
(Figure 4d). As with U-118 cells, CGP57380 potently reduced 
viral translation and proliferation in tet-induced HEK-293Ras 
cells (Figure  4d). We also observed modestly enhanced early 
viral propagation with LY294002, previously noted in U-118 
cells (Figure  4d). Our data show that Ras/MAPK signal-
ing elevated deficient PV growth mediated by a heterologous 
HRV2 IRES or cognate PV1S IRES in HEK-293 cells. Erk1/2 
inhibition blocked replication in HEK-293Ras cells, but did not 
affect PVSRIPO growth or translation in U-118 cells (Figures 
1b and 4d). This discordance correlates with UO126-resistant 
eIF4E phosphorylation in the latter (due to simultaneous activ-
ity of p38 MAPK; Figure 1a) and implicates Mnk1 in PVSRIPO 
growth stimulation.

Oncogenic Ras does not influence PVSRIPO entry
Pleiotropic H-Ras may affect PVSRIPO propagation at multiple 
levels. In particular, studies with transfection of promoter report-
ers suggested that active Ras may upregulate the PV receptor, 
nectin-like molecule 5 (Necl-5).27 Stimulation of PVSRIPO entry 
by oncogenic Ras via enhanced receptor expression is unlikely, 
because Necl-5 is exceedingly abundant in plain HEK-293 cells4 
and, since wild-type PV or PV1S grow efficiently in these cells,3 is 
not a factor limiting susceptibility. Accordingly, analyses of Necl-5 
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levels in mock- and tet-induced HEK-293Ras cells did not reveal 
Necl-5 induction upon tet-induced Ras expression (Figure  5a). 
Also, probing for viral RNA in membrane-associated and cyto-
plasmic fractions of HEK-293Ras cells did not show any effect of 
oncogenic Ras on entry (Figure 5b).

Active Mnk1 is sufficient to increase PVSRIPO 
susceptibility
We were unable to test PVSRIPO cytotoxicity in tet-induced 
HEK-293Ras cells, because prolonged H-Ras expression caused 
significant toxicity on its own. To resolve this issue and to test 
directly whether MAPKs and their Mnk1 substrate control 
PVSRIPO cytopathogenicity in GBM, we constructed HEK-293 
cell lines expressing constitutively active (T332D) or kinase dead 
(T2A2) Mnk1 mutants18 in a tet-inducible manner. Tet induction 
of HEK-293T332D cells greatly enhanced eIF4E phosphorylation 
(which also occurs in uninduced cells, presumably due to leaky 
transcription), whereas all eIF4E phosphorylation was absent in 
HEK-293T2A2 cells (Figure 6a). After PVSRIPO infection at MOIs 
of 0.1–10, HEK-293T332D cells were significantly more susceptible 
to PVSRIPO cytotoxicity then HEK-293T2A2 cells (Figure  6b). 
Treatment of HEK-293T332D with CGP57380 nearly abolished 
this differential up to 48 hours and significantly reduced viral 
cytotoxicity at 72 hours postinfection (Figure 6b). Partial recov-
ery of cytotoxicity in the presence of CGP57380 may be due to 
degradation of the compound by 72 hours.
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Mnk1 activity enhances viral IRES-mediated 
translation
The only distinction between PV1S and PVSRIPO is the heterolo-
gous HRV2 IRES in the latter. Virus attachment and entry events 
do not seem to respond to oncogenic Ras in HEK-293Ras cells and, 
thus, Mnk1 stimulation of PVSRIPO propagation most plausibly 
involves events following uncoating of the viral genome, i.e., cap-
independent translation at the heterologous IRES. We investigated 
the effect of Mnk1 activity on viral translation by co-transfecting 
uncapped, in vitro-transcribed subgenomic HRV2 IRES-driven 
renilla luciferase and conventional, m7G-cap β-globin leader-
driven firefly luciferase RNA reporters (Figure  6c). Renilla 
luciferase values were normalized to firefly luciferase readings to 
account for changes in cell number or effects on global protein syn-
thesis due to manipulation of transfected cells. Due to the added 
toxicities of sustained H-Ras and RNA transfection in HEK-293Ras 
cells and because transfection-induced stress signals to Mnk1 may 
interfere with our assay, we analyzed viral IRES-dependent trans-
lation in cells with controllable Mnk1 activity (Figure 6a).

The cell lines were tet- or mock-induced and transfected with 
both reporter RNAs (Figure  6c). The renilla luciferase:firefly 
luciferase ratio 8 hours post-transfection suggested that relative 
efficiency of cap-independent translation via the HRV2 IRES 
correlates with Mnk1 activity, evident as phospho-eIF4E levels 
(Figure 6c). Tet-induced dominant negative Mnk1-T2A2 had no 
effect on the IRES:m7G-cap-dependent translation ratio, whereas 
Mnk1-T332D induction specifically favored cap-independent, 
IRES-driven translation. Phospho-eIF4E was detectable in 
mock-induced HEK-293T332D cells, indicating active Mnk1 due 
to leaky Mnk1-T332D expression (Figure 6c). Accordingly, the 
IRES:m7G-cap ratio suggested favorable conditions for cap-
independent translation even in uninduced HEK-293T332D versus 
HEK-293T2A2 cells (Figure 6c). This trend was further enhanced 
with elevated Mnk1 activity in tet-induced HEK-293T332D cells 
(Figure 6a).

We tested whether the same is true for the PV IRES, which 
translates more efficiently in HEK-293 cells compared to its HRV2 
counterpart, possibly mirroring enhanced proliferation of PV1S 
versus PVSRIPO. Both IRESes exhibited comparable stimulation 
in tet-induced HEK-293T332D versus HEK-293T2A2 cells (Figure 6d). 
Overall, the degree of stimulation of cap-independent reporter 
translation by Mnk1 activity was modest. However, moderately 
enhanced performance of the PV1S IRES versus its HRV2 coun-
terpart (Figure  6d) correlates with substantially improved viral 
propagation in mock-induced HEK-293Ras cells (Figure 4). Next, 
we examined the effect of kinase inhibitors on the IRES:m7G-
cap translation ratio. LY294002, significantly favored cap-
independent, IRES-mediated translation in HEK-293T2A2 cells, 
an effect that was further enhanced in tet-induced HEK-293T332D 
cells (Figure 6d). This finding reflects the effects of PI3K inhibi-
tion on PVSRIPO translation, growth, and cytotoxicity in U-118 
cells and oncolysis in vivo (Figures 1b and 2) or in tet-induced 
HEK-293Ras cells (Figure 4d). In contrast, Mnk1 inhibition with 
CGP57380 abolished stimulation of IRES-mediated translation 
in tet-induced HEK-293T332D cells, reducing the IRES:m7G-cap 
ratio to levels comparable to HEK-293T2A2 cells (Figure 6d). Our 
data suggest that MAPK control over PVSRIPO translation and 

replication is mediated by Mnk1 signaling and its effects on viral 
IRES-mediated translation.

Discussion
Our studies implicate convergent Erk1/2 and p38-MAPKs signals 
to Mnk1 in PVSRIPO growth and cytotoxicity in GBM. PVSRIPO 
translation and replication in naturally susceptible U-118 glioma 
cells or in HEK-293 cells expressing oncogenic H-Ras strictly cor-
relate with eIF4E phosphorylation. Similarly, only protein kinase 
inhibitors that block eIF4E phosphorylation inhibit PVSRIPO 
growth. Kinase inhibitors, such as CGP57380, are notorious for 
unintended effects on multiple targets, but we confirmed a role for 
Mnk1 in PVSRIPO growth and cytotoxicity directly in cells stably 
expressing mutant forms of Mnk1.

Mnk1 phosphorylation of eIF4E has been implicated in trans-
lation control of DNA virus infections, e.g., herpes simplex28 or 
African swine fever,29 but its effect on translation of viral tran-
scripts has not been defined. The role of MAPK signals in viral 
propagation has also been investigated with oncolytic viruses. For 
example, Ras/Erk1/2 signaling may mediate tumor cell-specific 
cytotoxicity of reovirus,30 or vesicular stomatitis virus (VSV).31 
The latter is pertinent here, because VSV oncolysis-like PVSRIPO-
benefits from simultaneous mTOR inhibition.32 VSV, highly sen-
sitive to interferon defenses, exhibits conditional replication in 
tumor cells with defective interferon response. Ras/MAPK and 
mTOR signals have been linked to suppressive and supportive 
roles in interferon signaling, respectively, explaining their role in 
VSV oncolysis.32

Therefore, it is possible that PVSRIPO tumor cytotoxicity and 
its response to kinase inhibitors, like VSV reflects the status of the 
interferon system. We do not think this is the case for the follow-
ing reasons. PV:host cell interactions are dominated by drastic, very 
early effects on host cell gene expression. These are due to two viral 
proteases, 2A and 3C, which target a range of critical host cell enti-
ties such as eIF4G,33 the poly(A) BP34 or the nuclear pore complex.35 
Thus, PV counters innate immune responses by broadly disrupting 
host cell translation and nucleocytoplasmic transport early after 
uncoating. It can afford such radical measures, because the viral life 
cycle is intact in a severely compromised host cell environment. This 
strategy entirely depends on competitive viral, cap-independent 
translation immediately after release of the viral RNA into the host 
cytoplasm.36 In other words, the success of the PV life cycle depends 
on recruiting ribosomes to incoming viral RNA and, thus, its ability 
to co-opt eIF4G to interact with the viral IRES.

The HRV2 IRES in PVSRIPO may be inherently deficient to 
carry out this critical, rate-limiting step in the normal central ner-
vous system. Mapping the locus for HRV2 IRES incompetence in 
HEK-293 cells identified a discrete region within stem-loop domain 
5 (ref. 3). This area, which also harbors the neuroattenuating IRES 
point mutations in all three Sabin strains, provides the landing 
pad for eIF4G in the PV IRES.12 Overlapping determinants for 
HRV2 IRES central nervous system deficiency and eIF4G binding 
suggest a functional relationship. It also suggests that PVSRIPO 
translation, growth and cytotoxicity in GBM may be enabled by 
an environment supporting eIF4G:IRES interaction.

eIF4E, possibly a rate-limiting translation factor,37 regulates 
initiation by anchoring eIF4G at the m7G-cap, enabling 40S 
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ribosomal subunit recruitment. By controlling initiation complex 
formation at the m7G-cap, eIF4E may in effect regulate the func-
tion of its binding partner eIF4G in cap-independent transla-
tion initiation.20 This would suggest that eIF4E phosphorylation 
by Mnk may alter translation initiation complex formation on 
select mRNAs, either through modulating eIF4F formation at 
the m7G-cap or eIF4G:IRES interaction. Such a role for Mnk has 
been difficult to establish, due to contradictory reported effects 
of eIF4E phosphorylation on m7G–cap interactions. eIF4E phos-
phorylation has been variably proposed to enhance38,39 or reduce 
m7G-cap-binding.40,41 Our data are consistent with reports sug-
gesting reduced affinity of phospho-eIF4E for the m7G-cap.40,41 
This may generate “free” eIF4F not committed to the m7G-cap, 
thus enabling enhanced eIF4G:IRES association and improved 
PVSRIPO translation. Previous investigations of Mnk1 activa-
tion in HEK-293 cells suggested an IRES:m7G-cap ratio altered 
in favor of cap-independent initiation, similar to our findings.42 
Eukaryotic IRES-competent mRNAs may initiate translation via 
eIF4G binding13 and, thus, respond to mitogenic signals similar 
to PVSRIPO. We do not make such a claim, mainly because the 
exceeding structural complexity, heterogeneity, and functional 
plasticity of eukaryotic mRNAs preclude such simple predictions. 
In its simplicity, PVSRIPO is a unique sensor of translation factor 
function in cancer, because the viral RNA lacks an m7G-cap and 
viral translation categorically depends on eIF4G:IRES interaction 
for cap-independent 40S subunit recruitment.

We observed stimulation of viral, cap-independent transla-
tion, PVSRIPO growth, and cytotoxicity upon PI3K inhibition. It 
has been reported previously that mTOR inhibition resulting in 
4E-BP phosphorylation stimulates viral IRES-mediated transla-
tion.20 Parallel to our hypothesis regarding the role of Mnk1 and 
eIF4E phosphorylation in PVSRIPO oncolysis, it has been pro-
posed that “decommissioning” eIF4G from m7G-cap binding (in 
this case by promoting 4E-BP-mediated dissociation from eIF4E) 
stimulates cap-independent translation.20 Based on these findings, 
there is compelling molecular correlative evidence for synergistic 
combination of PVSRIPO with inhibitors of PI3K/mTOR. Indeed, 
our studies document accelerated tumor-cell killing and xenograft 
regression when combining PVSRIPO with the PI3K inhibitor 
LY294002 in vivo.

Materials and Methods
Viruses, cells, tet-inducible cell lines. PVSRIPO is the live attenuated PV 
serotype 1 (Sabin) (GenBank accession no. V01150) containing a heter-
ologous IRES of HRV2 (GenBank accession no. X02316). Construction 
of PVSRIPO as well as propagation and purification of PVSRIPO and 
PV1S stocks have been described previously.1,3,5 U-118 cells (ATCC) 
were propagated according to the provider’s instructions. Tet-inducible 
HEK-293Ras, HEK-293T332D, HEK-293T2A2 cells, based on the Flp-In TREx 
293 line (Invitrogen), were grown in Dulbecco’s modified Eagle medium 
(DMEM), 10% fetal calf serum (-tet) (Invitrogen), 100 µg/ml zeocin, and 
15 µg/ml blasticidin. HEK-293Ras cells were generated with a PCR fragment 
obtained with primers 5′-aaggatccgacaagacggaatataagctt and 5′-aactcgagt 
caggagagcacacacttgcag from V12 H-Ras complementary DNA and cloned 
in frame into the FRP-Myc plasmid13 placing it under CMV/TetO2 pro-
moter control and providing hygromycin resistance. The mutant Mnk1 
ORFs were excised from pEBG-Mnk1(T332D/T2A2)18 with BamH1 and 
cloned into the pcDNA5/FRT/TO plasmid creating FRP-T332D/-T2A2. 
Flp-In TREx cells were co-transfected with 0.1 µg FRP-myc-Ras, FRP-

T332D, FRP‑T2A2 or vector (EF6) + 1  µg pOG44 (expressing the Flp 
recombinase). Selection with hygromycin and blasticidin was performed 
according to the manufacturer’s instructions. All assays were performed 
with cells at passage <10.

Immunoblots and kinase inhibitors. Cells were washed with PBS and 
scraped in lysis buffer [10% glycerol, 50 mmol/l HEPES, 1 mmol/l EDTA, 
5 mmol/l EGTA, 150 mmol/l NaCl, 0.5% NP40, protease inhibitor (com-
plete EDTA free; Roche Diagnostics, Indianapolis, IN), Halt-phosphatase 
inhibitor (Thermo Scientific, Waltham, MA)]. Twenty microgram of total 
protein was loaded per well of 4–12% Bis–Tris gel (NuPage; Invitrogen) 
and separated at 150  V for 75  minutes. Proteins were transferred to 
nitrocellulose membrane (Protran; Whatman, Piscataway, NJ) at 4 °C in 
transfer buffer (150 mmol/l glycin, 20 mmol/l Tris-HCl, 20% methanol). 
Membranes were blocked overnight in blocking solution (Starting Block; 
Thermo Scientific) and incubated with primary antibody for 1 hour at room 
temperature (RT), washed three times with TPBS (PBS containing 0.5% 
Tween-20) and incubated with secondary antispecies antibody for 1 hour 
at RT. Membranes were washed again three times with TPBS and devel-
oped with chemiluminescence reagent (Super Signal West Pico; Thermo 
Scientific) on HyBlot CL film (Denville, Metuchen, NJ). Antibodies against 
the following antigens were used according to the manufacturers specifica-
tions: Akt, p-Akt(Ser473), S6, p-S6(Ser240/244), eIF4E, p-eIF4E(Ser209), 
eIF4G, p-eIF4G(Ser1108), Erk1/2, p-Erk1/2 (Thr202/Tyr204), p38-
MAPK(Thr180/182), 4E-BP, p-4EBP (Thr36/47), Mnk1, and p-Mnk1 
(Thr197/202) (Cell Signaling Technology, Danvers, MA) and c-myc (Sigma, 
St Louis, MO). Kinase inhibitors in this study include LY294002, UO126 
(Cell Signaling Technology) and CGP57380 (Calbiochem, Gibbstown, NJ) 
used at the concentrations indicated in figures or figure legends. Tet induc-
tion was carried out with 1 mg/ml tet in 100% ethanol as 1:1,000 stock 
solution for the indicated intervals. Inhibitors were added 2 hours before 
cells were processed.

Cells, infections, and one-step growth curves. HEK-293 and U-118 cells 
were maintained in DMEM (Invitrogen), supplemented with 10% fetal 
calf serum at 37  °C in 5% CO2. To determine viral replication kinetics, 
~90% confluent monolayers (consisting of ~5 × 105 cells) in 35 mm dishes 
were overlaid with DMEM-containing virus at an MOI as indicated. 
Subsequently, plates were rocked for 30 minutes at RT. Cells were then 
washed three times with serum-free DMEM to remove unbound virus 
particles and covered with DMEM supplemented with 2% fetal bovine 
serum. Infected cells were incubated at 37 °C and were lysed at the indi-
cated intervals by two freeze/thaw cycles. Viral titers were quantified by 
plaque assay on HeLa cells as described before.3

Cytotoxicity assay. Ten thousand U-118, HEK-293Ras, or HEK-293T332D/T2A2 
cells were plated in 100  µl DMEM (-sodium pyruvate) (Invitrogen) in 
96-well plates. PVSRIPO at various MOI was added to the wells and the 
cells were incubated for the indicated intervals at 37 °C. Cytotoxicity was 
analyzed with the lactate-dehydrogenase-cytotocixity plus kit (Roche 
Diagnostics) and quantified with a Genios plate reader (Tecan, Durham, 
NC) at 492 nm. If required, tet/vehicle or kinase inhibitors were added 
6 hours or 2 hours before the cells, respectively. To enable normalization 
of values, “low” (native cells) and “lysed” (cells treated with the manu-
facturer-provided lysis buffer) standards were obtained and used in the 
following formula: [(value-low)/(lysed-low)] × 100. Due to instability of 
lactate-dehydrogenase released from infected cells, the extent of cell death 
might be significantly higher than suggested by this formula, especially 
after prolonged incubation. Values shown are representative for experi-
ments performed in triplicate and repeated at least twice.

Mouse xenograft studies, histology, virus recovery from xenografts. 
All vertebrate animal procedures were carried out with approval of the 
Institutional Animal Care and Use Committee. Flank U-118 xenografts 
were established by depositing 6 × 106 cells subcutaneously in 8-week 
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old, female athymic Balb/c mice (bred in-house) as described before.5 
Intratumoral PVSRIPO/vehicle injections were carried out as described 
in detail previously.5 LY294002 was dissolved in dimethyl sulfoxide 
and injected intraperitoneally at a dose of 25 µg/g. The total volume of 
dimethyl sulfoxide administered daily was 1  µl/g. Tumors were mea-
sured by Vernier caliper in 5-day intervals and their size was calculated 
as follows: v = (length) × (width)2 × (π/6). Animals were euthanized with 
intraperitoneal pentobarbital (250 mg/kg), perfused with PBS and their 
carcasses processed for dissection of xenograft tissues. Dissected tumor 
tissues were fixed in 4% neutral-buffered paraformaldehyde (in PBS) for 
2 hours at RT and processed for paraffin embedding, sectioning at 20 µm 
and hematoxylin and eosin staining as described before.5 For PVSRIPO 
recovery, xenograft tissues were immersed in 750  µl DMEM and thor-
oughly dounced in microtissue grinders (Potter-Elvejhem). The resulting 
slurry was briefly centrifuged to remove large debris and the homogenate 
was serially diluted and used in a standard plaque assay as described.5

Real time-PCR. To analyze virus entry, mock-/tet-induced HEK-293Ras 
cells were rinsed with PBS, scraped, pelleted, and incubated in hypotonic 
buffer (25 mmol/l HEPES, 400 mmol/l KOAc, 15 mmol/l Mg(OAc)2, 2% 
digitonin, 1 mmol/l dithiothreitol) for 5 minutes at 4 °C. The lysate was 
dounce-homogenized and centrifuged to separate the membrane-enriched 
pellet and supernatant comprising the cytosolic compartment. Real time-
PCR was performed as described before.

RNA reporters. RNA reporters, constructed as described,43 were 
in vitro-transcribed using the T7 Message Machine Kit or T7 Megascript 
Kit (Applied Biosystems, Foster City, CA) for m7G-cap-equipped/
uncapped RNA reporters, respectively. One million of the respective tet-
inducible HEK-293 cells were co-transfected with 1-µg IRES-dependent 
RNA reporter and 0.5-µg cap-dependent RNA. RNA transfections 
were performed by mixing in vitro transcript RNA and 5  µl DMRIEC 
(Invitrogen) transfection reagent in 100  µl OPTI-MEM (Invitrogen). At 
8  hours post-transfection, cells were washed in PBS and scraped into 
100 µl lysis buffer. Luminometer readings were performed with 10 µl lysate 
in a GloMax20/20n luminometer (Turner, Madison, WI) using the Dual 
Luciferase Reporter Assay System (Promega, Madison, WI) according to 
the manufacturer’s specifications. HEK-293T332D or HEK-293T2A2 cells were 
mock- or tet-induced for 6 hours, and inhibitors, if indicated, were added 
2 hours before RNA transfection.
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