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ABSTRACT

The gene encoding the kinase Mnk2 (MKNK2) is al-
ternatively spliced to produce two isoforms––Mnk2a
and Mnk2b. We previously showed that Mnk2a
is downregulated in several types of cancer and
acts as a tumor suppressor by activation of the
p38–MAPK stress pathway, inducing apoptosis.
Moreover, Mnk2a overexpression suppressed Ras-
induced transformation in culture and in vivo. In con-
trast, the Mnk2b isoform acts as a pro-oncogenic
factor. In this study, we designed modified-RNA
antisense oligonucleotides and screened for those
that specifically induce a strong switch in alter-
native splicing of the MKNK2 gene (splice switch-
ing oligonucleotides or SSOs), elevating the tumor
suppressive isoform Mnk2a at the expense of the
pro-oncogenic isoform Mnk2b. Induction of Mnk2a
by SSOs in glioblastoma cells activated the p38–
MAPK pathway, inhibited the oncogenic properties
of the cells, re-sensitized the cells to chemother-
apy and inhibited glioblastoma development in vivo.
Moreover, inhibition of p38–MAPK partially rescued
glioblastoma cells suggesting that most of the anti-
oncogenic activity of the SSO is mediated by acti-
vation of this pathway. These results suggest that
manipulation of MKNK2 alternative splicing by SSOs
is a novel approach to inhibit glioblastoma tumorige-
nesis.

INTRODUCTION

The contribution of altered alternative splicing to cancer
initiation and progression has become clear in recent years.
Some genes encoding alternative splicing factors are mu-
tated, amplified or deleted and act as oncogenes or tumor
suppressors (1,2). The first alternative splicing factor shown
to act as a proto–oncogene is a member of the SR family of
proteins, SRSF1 (3,4). One of the important splicing tar-
gets of SRSF1 is MKNK2, encoding for the Mnk2 enzyme
(5). The Mnk2 protein is one of two serine/threonine ki-
nases (Mnk1, Mnk2) which are components of the Ras–
MAPK pathway and were found to interact with and are
phosphorylated by ERK1/2 and p38-MAPK. Mnk1/2 are
the only known kinases responsible for phosphorylation of
serine 209 of the eukaryotic translation initiation factor 4E
(eIF4E), which binds the 5′ cap structure of mRNAs, and
initiates cap-dependent translation (6). Enhanced mRNA
translation initiation has been documented in many cancers.
Phosphorylation of eIF4E by the Mnk proteins increases
its affinity for capped mRNA, increases export and trans-
lation of several mRNAs implicated in tumorigenesis, and
promotes the oncogenic activity of eIF4E (7,8).

The human Mnk2 pre-mRNA undergoes alternative
splicing which results in two proteins with different C-
termini. The longer isoform of Mnk2, Mnk2a, possesses a
MAPK binding site which is absent from the shorter iso-
form Mnk2b (Figure 1A) (9). The MKNK2 pre-mRNA
is a target of the splicing factor and oncoprotein SRSF1.
Overexpression of SRSF1 reduces the levels of the Mnk2a
isoform while increasing those of Mnk2b (3). Mnk2a was
found to be downregulated in several cancers and acts as
a tumor suppressor by co-localizing with, phosphorylating
and activating p38–MAPK, inducing the transcriptional
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Figure 1. A MKNK2 alternative splicing shift in glioblastoma. (A)
Schematic representation of the alternative splicing of MKNK2. (B) Anal-
ysis of RNA-seq data from GBM and normal brain samples available at
The Cancer Genome Atlas, shows lower PSI values for reads covering the
junction between exon 13 and exon 14a (producing Mnk2a mRNA; indi-
cated with red lines on the splicing scheme) and thus downregulation of
Mnk2a in tumor samples compared to normal brain samples. (C) Anal-
ysis of RNA-seq data from GBM and normal brain samples available at
The Cancer Genome Atlas, shows higher PSI values for reads covering
the junction between exon 13 and exon 14b (producing Mnk2b mRNA;
indicated with red lines on the splicing scheme) and thus upregulation of
Mnk2b in tumor samples compared to normal brain samples. *P = 0.0017
two-sided, **P < 0.0001 two-sided, n = 5 for normal brain samples, n =
155 for tumor samples.

activation of its target genes and p38�–MAPK-mediated
cell death. In addition, Mnk2a, but not Mnk2b, counter-
acts Ras-induced transformation both in vitro and in vivo,
supporting its anti-oncogenic role (10). Even though over-
expression of either Mnk2 isoform results in elevated lev-
els of eIF4E phosphorylation, Mnk2b does not phospho-
rylate p38–MAPK, hence uncoupling eIF4E phosphoryla-
tion from the induction of the p38–MAPK stress response
(10). Based on the findings that Mnk2a acts as a tumor
suppressor and its production competes with the produc-

tion of the oncogenic Mnk2b isoform, we focused our ef-
forts on the manipulation of MKNK2 alternative splicing
to induce Mnk2a formation, in order to inhibit cancer cell
growth and survival. We designed a set of Splice–Switching
antisense oligonucleotides (SSOs), which bind to MKNK2
pre-mRNA and screened for SSOs that interfere with se-
lection of the Mnk2b splice site at the 3′ of MKNK2 exon
14. We identified a SSO, 2b-block, which binds the junction
between the Mnk2a UTR and exon 14b, making the site in-
accessible to the splicing machinery, thus only allowing the
use of the upstream 3′ splice site which generates Mnk2a. In
this study we show that manipulation of MKNK2 alterna-
tive splicing, elevating Mnk2a levels, inhibited survival and
anchorage-independent growth of several cancer cell lines,
sensitized glioblastoma cells to chemotherapy and inhibited
glioblastoma tumor growth in vivo. Thus, our results sug-
gest that MKNK2 splicing modulation by SSOs can be de-
veloped as a novel therapy for glioblastoma.

MATERIALS AND METHODS

Cell culture

U87MG, HuH7 and MDA–MB–231 cell lines were grown
in Dulbecco’s-modified Eagle’s medium (DMEM) supple-
mented with 10% (v/v) Fetal Bovine Serum (FBS), peni-
cillin and streptomycin. U-251MG cell line was grown
in Eagle’s Minimum Essential Medium (EMEM) supple-
mented with 2 mM Glutamine, 1% non-essential amino
acids, 1 mM Sodium Pyruvate and 10% (v/v) FBS, peni-
cillin and streptomycin. In order to generate a U87MG
cell line labeled with mCherry, cells were transduced with
a recombinant retroviral vector expressing the mCherry
fluorophore. Media was replaced 24 h post-transduction
with selection media containing puromycin (2 �g/ml) for
72–96 h. The cells were then sorted using Flourescence-
Activated Cell Sorter (FACS), in order to isolate the pop-
ulation with the strongest mCherry expression.

Immunoblotting

Cells were lysed with Laemmli buffer and total protein
concentration determined. A total 15 �g of total protein
from each lysate was separated by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis and transferred onto
a Polyvinylidene fluoride (PVDF) membrane (Invitrogen).
The membranes were probed with the following primary
antibodies: �-tubulin (1:2000 Sigma), total p38–MAPK
(1:1000 Santa Cruz), phosphorylated p38–MAPK (1:1000
Cell Signaling). Secondary antibodies: HRP-conjugated
goat anti-mouse and goat anti-rabbit IgG (H+L) (1:10 000,
Jackson Laboratories).

Intracranial injections

U87MG-mCherry cells were injected via stereotactic
surgery into the murine striatum of NOD–SCID mice in
both hemispheres, 2 mm lateral and to a depth of 3 mm
to the bregma. Each hemisphere was injected with 2 �l
of solution, comprised of 100 000 cells/�l resuspended in
12.5 �g/�l oligonucleotide solution. The mice were sacri-
ficed after 2 weeks, the brains were extracted and visualized
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using Nikon SMZ18 stereomicroscope and NIS-Elements
Br software. The brains were dissected and the tumors and
surrounding tissue removed for RNA isolation. All animal
experiments were performed in accordance with the guide-
lines of the Hebrew University committee for the use of an-
imals for research.

RT-PCR

Tissue samples were minced in TRI reagent (Sigma) us-
ing Next Advance Bullet Blender 24. Total RNA was iso-
lated and cDNA was synthesized from 1 �g RNA using
MMLV reverse transcriptase and oligo dT in a final vol-
ume of 25 �l according to the manufacturer’s instructions
(Promega). Polymerase chain reacion (PCR) was conducted
on 1 �l of cDNA by KAPA 2G Fast HS ReadyMix PCR kit
(KAPA Biosystems). PCR conditions were as described in
manufacturer’s protocol of ReadyMix with the addition of
5% (v/v) Dimethyl Sulfoxide (DMSO) for 35 cycles. PCR
products were separated on 2% agarose gels or by LabChip
GX/GXII Touch (PerkinElmer) (Primers: MKNK2, e12
For: gctgcgacctgtggagcctggg, e14a Rev: gatgggagggtcaggc
gtggtc, e14b Rev: gaggaggaagtgactgtcccac; GAPDH, For:
atcaagaaggtggtgaagcag, Rev: cttactccttggaggccatgt).

qRT-PCR

Total RNA was extracted with TRI Reagent (Sigma), and
1 �g of total RNA was reverse transcribed using MMLV
reverse transcriptase (Promega) after DNAse treatment
(Promega). qPCR was performed on the cDNA using Fast
SYBR Green Master Mix (Thermo Fisher Scientific) and
CFX96 (Bio-Rad) real-time PCR machine (Primers: c–
FOS, For: ctgtcaacgcgcaggactt, Rev: ggggctctggtctgcgat;
COX–2, For: ccgaggtgtatgtatgagtgt, Rev: ctgtgtttggagtggg
tttc; IL–6, For: caaattcggtacatcctcgac, Rev: gaaggttcaggttg
ttttctg; β-actin, For: ggcacccagcacaatgaaga, Rev: aggatgga
gccgccgatc).

Oligonucleotides

The RNA oligonucleotides used in this study were synthe-
sized with a full (all nucleotides) phosphorothioate (PS)
backbone and each ribose 2′-hydroxyl is modified to ei-
ther 2′-O-methyl (2′-OMe) or 2′-methoxyethyl (2′-MOE) as
specified in the figure legends. PS greatly increases the stabil-
ity and deliverability of the oligos which is further improved
by the 2′ modifications (11). SCR: ucacuuccuccucccucccc;
2b–block: ggaagugacugucccaccuucaga; 2a-block: cagcugu-
uccugggaaacgggg; +1: ggagggaggaggaagugacu; +2: acaggg
guggggagggagga; +3: cguggaugcgacaggggugg. In 2′-MOE
SSOs thymidine was incorporated instead of uridine.

Transfection of oligonucleotides

Cells were transfected with oligos using lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocol.

Clonogenic assay

Twenty-four hours post-transfection 1000, 500 and 250 cells
were seeded in duplicates in 6-well plates with 2 ml of me-
dia (DMEM, 10% FBS). After 10–21 days cells were fixated

with 2.5% glutaraldehyde solution for 10 min, stained with
1% methylene blue solution, photographed and counted.

Anchorage–independent growth

Twenty-four hours post-transfection 15 000 cells per well
were seeded in duplicates in 6-well plates. Each well was
coated with 2 ml of bottom agar mixture (media, 10% FBS,
1% agar). After the bottom layer had solidified, 2 ml of top
agar mixture (media, 10% FBS, 0.3% agar) containing the
cells was added. After this layer had solidified, 2 ml of me-
dia (media, 10% FBS) was added. Plates were incubated
at 37 ◦C with 5% carbon dioxide. Following 10–21 days,
colonies from 10 different fields were counted and the av-
erage number of colonies per well was calculated.

Trypan blue exclusion assay

Twenty-four hours post-transfection 50 000 cells per well
were seeded in triplicates in 12-well plates. The follow-
ing day media was replaced with media containing either
8 �g/ml of doxorubicin, 50–100 �M of CDDP, 500 �M
of temozolomide (TMZ) or DMSO control. After 48 h
for doxorubicin and CDDP and 72 h for TMZ cells were
trypsinized and spun down, media and phosphate-buffered
saline (PBS) wash were also collected. Cells were resus-
pended in HBSS and the percentage of dead cells was deter-
mined using 0.4% trypan blue and a BioRad cell counter.

Statistics

Mann–Whitney U-test was used for the analysis of the
RNA-seq data from TCGA. Two tailed Student’s t-test was
used for the analysis of all the other experiments.

RESULTS

A switch in MKNK2 alternative splicing occurs in GBM

MKNK2 is alternatively spliced to yield two isoforms:
Mnk2a and Mnk2b (9). We have shown previously that
Mnk2a is downregulated in several cancer types and acts as
a tumor suppressor by co-localizing with, phosphorylating
and activating p38�–MAPK, inducing the transcriptional
activation of its target genes and p38�–MAPK-mediated
cell death (10). Due to the unknown role of MKNK2 alter-
native splicing in glioblastoma development and progres-
sion, we sought to examine the ratio of MKNK2 splice iso-
forms in glioblastoma patient-derived samples. We mined
the RNA-seq data from normal brain and glioblastoma
multiforme (GBM) samples available from The Cancer
Genome Atlas (TCGA; https://cancergenome.nih.gov). We
used the SpliceSeq resource (12) to analyze RNA-seq data
of the reads covering the junction between exon 13 and ei-
ther exon 14a (producing Mnk2a mRNA) or exon 14b (pro-
ducing Mnk2b mRNA). We observed lower PSI (percent
spliced in; denotes the fraction of mRNAs that represent
the inclusion isoform (13)) for the junction between exon
13 and exon 14a (Mnk2a; Figure 1B) and higher PSI for the
junction between exon 13 and exon 14b (Mnk2b; Figure 1C)
in tumors as compared to normal brain. These results sug-
gested that, similar to what we found in other cancers (10),
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Mnk2a levels are downregulated while Mnk2b levels are up-
regulated in glioblastoma. In light of the fact that Mnk2a
acts as a tumor suppressor and is downregulated in several
cancers, including glioblastoma, we hypothesized that ma-
nipulating MKNK2 splicing to elevate Mnk2a and reduce
Mnk2b will inhibit glioblastoma development and progres-
sion.

The 2b-block SSO switches MKNK2 alternative splicing in
a dose-dependent manner

In an attempt to modulate MKNK2 splicing, we designed
2′-OMe SSOs to mask the 3′ splice sites of the alternative
exons 14a or 14b of MKNK2, which would result in a shift
in the ratio between Mnk2a and Mnk2b mRNA isoforms.
The 2a-block SSO was designed to promote production of
the Mnk2b isoform and the 2b-block SSO was designed
to upregulate Mnk2a (Figure 2A). U87MG glioblastoma
cells, consistent with our TCGA analysis, express low lev-
els of Mnk2a mRNA, making them an appropriate sys-
tem for manipulation of the splicing event to elevate the
tumor suppressive isoform levels (Figure 2B). Hepatocel-
lular carcinoma cells HuH7 and metastatic breast carci-
noma cells MDA–MB–231 also express low levels of Mnk2a
mRNA (Supplementary Figure S1A). We observed that the
2b-block SSO efficiently upregulated the Mnk2a isoform
mRNA in all three cell lines when compared to cells treated
with the scrambled sequence (SCR; Figure 2B and Supple-
mentary Figure S1A). Following the observation that the
2b-block SSO upregulates the Mnk2a isoform, we wanted
to determine if we could pinpoint a more effective SSO in
this region. To this end we performed an oligonucleotide
walk, for which we designed and synthesized 20 overlapping
non-PS 2′-OMe SSOs; 13 targeting the region upstream of
the 3′ splice site of exon 14b and 7 along exon 14b (Figure
2C). Each SSO was individually transfected into U87MG
cells. Several SSOs appeared to influence MKNK2 alterna-
tive splicing, with the +1, +2 and +3 SSOs (in exon 14b) con-
siderably upregulating Mnk2a levels and downregulating
Mnk2b levels (Figure 2D). The 2b-block, +1, +2, +3 SSOs
and SCR oligo were resynthesized, on a small scale, incor-
porating a currently clinically relevant 2′-MOE modifica-
tion (11). These newly synthesized SSOs were transfected
into U87MG cells at a range of concentrations (100 nM–
2.5 �M). All the SSOs (+1, +2, +3 and 2b-block) showed
upregulation of Mnk2a levels in a dose-dependent man-
ner (Figure 2E). However, the 2b-block SSO was clearly
superior, showing greater effect on MKNK2 splicing, ele-
vating Mnk2a levels while reducing Mnk2b. Taken together
these results show that multiple SSOs cause upregulation of
Mnk2a isoform, with the 2b-block SSO being the most ef-
ficient. The fact that this effect is dose responsive and not
all the SSOs behaved similarly (including SCR sequences)
reinforces the conclusion that the effect is specific. Trans-
fection of the 2′-MOE SCR and 2b-block oligos into an-
other glioblastoma cell line, U251MG, showed similar re-
sults. 2b-block treated cells showed a substantial upregula-
tion of Mnk2a, strengthening the conclusion of the effect of
the SSOs (Supplementary Figure S2A). It should be noted
that the 2′-MOE oligos were transfected at a lower concen-
tration (1 �M) given their improved cellular penetration.

The 2b-block SSO activates the p38�–MAPK stress path-
way and inhibits the oncogenic properties of glioblastoma,
breast and HCC cancer cells in culture

We have previously shown that Mnk2a acts as a tumor sup-
pressor through phosphorylation and activation of p38�–
MAPK, leading to the transcriptional activation of its tar-
get genes (10) (Figure 3A). Consistent with this, SSO-
mediated promotion of Mnk2a production significantly in-
creased the phosphorylation of p38�–MAPK (Figure 3B;
Supplementary Figures S1B and 2B) and the mRNA lev-
els of its target genes (Figure 3C–E; Supplementary Figures
S1C-D and 2C). Moreover, in some cases we observed a re-
duction in p38�–MAPK phosphorylation and target genes’
mRNA levels following transfection with the 2a-block SSO
which promotes Mnk2b production (Figure 3B–E; Supple-
mentary Figure S1B–D), further corroborating the relation-
ship of MKNK2 alternative splicing with p38�–MAPK ac-
tivation. These results suggest that modulation of MKNK2
alternative splicing by an SSO, which elevates Mnk2a levels,
activates the p38–MAPK stress pathway.

Overexpression of the Mnk2a isoform in Ras-
transformed MCF–10A cells inhibits anchorage-
independent growth, survival and tumor formation in
vivo (10). Consistent with these findings, we observe im-
paired anchorage independent growth in U87MG and
U251MG cells transfected with the 2b-block SSO, as
analyzed by colony formation in soft agar (Figure 3F and
Supplementary Figure S2D). The anchorage independent
growth of MDA–MB–231 cells was also significantly
damaged by the 2b-block SSO (Supplementary Figure
S3A). In addition, the 2b-block SSO restricted survival and
proliferation of U87MG and U251MG cells, as analyzed
by a clonogenic assay (Figure 3G and Supplementary
Figure S2E). HuH7 and MDA–MB–231 cells exhibited
similar inhibition of survival following transfection of
2b-block SSO (Supplementary Figure S3B and C). This
effect, decreased anchorage independent growth and
survival, was also observed in U87MG cells transfected
with the 2′-MOE 2b-block SSO when compared to the
2′-MOE SCR oligo. The 2′-MOE SSO consistently showed
the same effect as the 2′-OMe modified SSO, despite the
lower concentrations (500 nM and 1 �M) (Supplementary
Figure S3D and E). Next, we wanted to determine whether
inhibition of the oncogenic potential in cells transfected
with 2b-block SSO, is mediated through the activation of
the p38–MAPK pathway due to elevated levels of Mnk2a.
To this end, we inhibited p38–MAPK activity in U87MG
cells transfected with the SSOs and repeated the clonogenic
and soft agar assays in the absence and presence of a spe-
cific p38–MAPK inhibitor SB203580 (10,14,15). SB203580
does not perturb the phosphorylation of p38�–MAPK
but inhibits its downstream activity, including the ability
to induce transcription of its target genes. Indeed, we
observed that in U87MG cells treated with SB203580, the
mRNA levels of the p38�–MAPK target genes induced by
the 2b-block SSO, were reduced to levels similar to those
in the SCR treated samples (Figure 4A–C). Similarly, the
reduction in survival and anchorage independent growth
in the 2b-block SSO treated cells, relative to SCR treated
cells, was reversed upon inhibition of p38�–MAPK with
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Figure 4. The cytotoxic activity of the 2b-block SSO is p38-MAPK depen-
dent and it can sensitize glioblastoma cells to chemotherapeutic drugs in
culture. (A–C) qRT-PCR analysis of mRNA isolated from U87MG glioma
cells, transfected with 2.5 �M of either SCR, 2a-block or 2b-block 2′-OMe
oligos and treated with SB203580 (blue bars) or no treatment (black bars)
for 72 h post-transfection. n = 3 for each group. (D) Clonogenic assay
performed on cells transfected with 2.5 �M of either SCR (black) or 2b-
block (red) 2′-OMe oligos and treated with either vehicle, 0.5 or 1 �M of
SB203580 for the duration of the experiment. The number of colonies in
each treatment was normalized to the number of colonies in cells treated
with SCR oligo. n = 2 wells for each group. (E) Colony formation in
soft agar assay performed on cells transfected with 2.5 �M of either SCR
(black) or 2b-block (red) 2′-OMe oligos and treated with either vehicle, 0.5
or 1 �M of SB203580 for the duration of the experiment. The number of
colonies in each treatment was normalized to number of colonies in cells
treated with SCR oligo. n = 2 wells for each group, in each well 10 fields
were counted. *P < 0.05 two-sided. **P < 0.01 two-sided. (F) Trypan blue
exclusion assay performed on U87MG cells transfected with 2.5 �M of
the indicated 2′-OMe oligos and treated with 8 �g/ml doxorubicin (blue
bars) or vehicle (black bars) for 48 h. **P ≤ 0.01 two-sided, n = 3 wells
for each group. (G) Trypan blue exclusion assay performed on U87MG
cells transfected with 2.5 v�M of the indicated 2′-OMe oligos and treated
with 50 �M CDDP (blue bars) or vehicle (black bars) for 48 h. *P ≤ 0.05
two-sided, **P ≤ 0.01 two-sided, n = 3 wells for each group. (H) Trypan
blue exclusion assay performed on U87MG cells transfected with 1 �M of
the indicated 2′-MOE oligos and treated with 500 �M TMZ (blue bars) or
vehicle (black bars) for 72 h. *P ≤ 0.05 two-sided, **P ≤ 0.01 two-sided,
n = 3 wells for each group.
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SB203580 (Figure 4D and E). Altogether, these results sug-
gest that the 2b-block SSO inhibits the oncogenic potential
of glioblastoma cells by activation of the p38�–MAPK
stress pathway.

Induction of Mnk2a by the 2b-block SSO re-sensitized
glioblastoma cells to chemotherapy

Drug resistance of cancer cells is a major roadblock in
cancer treatment, specifically for glioblastoma treatment
(16). Aberrant pre-mRNA splicing can promote cell sur-
vival in response to chemotherapy by deregulation of
apoptosis, drug metabolism or altering the sequence of
drug targets (17). Given the fact that the longer isoform,
Mnk2a, activates the p38–MAPK stress response, which
inhibits cell survival and promotes apoptosis, we hypoth-
esized that shifting the alternative splicing of MKNK2 to-
ward more Mnk2a could re-sensitize drug resistant tu-
mors to chemotherapy. To test this hypothesis we trans-
fected U87MG cells with SSOs and treated the cells with
either doxorubicin, cisplatinum (CDDP) or TMZ, three
known chemotherapeutic agents. We found that while ei-
ther chemotherapeutic agent alone or the 2b-block SSO
alone had little effect on cell death, cells transfected with the
2b-block SSO combined with chemotherapeutic treatment
showed an enhanced effect. We detected ∼6-fold increase
in cell death following doxorubicin treatment, ∼8-fold in-
crease in cell death following CDDP treatment and approx-
imately 6–fold increase in cell death following TMZ treat-
ment in 2b-block SSO transfected cells compared to SCR
or 2a-block SSO transfected cells (Figure 4F–H). Similar re-
sults were obtained with U251MG cells transfected with 2′-
MOE 2b-block SSO and treated with the same chemother-
apies (Supplementary Figure S4A–C). These data suggest a
link between MKNK2 alternative splicing and the resistance
of glioblastomas to chemotherapy and offer a possible so-
lution for the unsuccessful treatment of these tumors.

The 2b-block SSO inhibits glioblastoma formation in vivo

To examine if the 2b-block SSO can inhibit glioblastoma
growth in vivo, we labeled U87MG cells with mCherry,
in order to visualize the cells in vivo (Figure 5A). Cells
were mixed with a solution of naked SSOs immediately be-
fore injection into the murine striatum of both brain hemi-
spheres. Two weeks after injection the mice were sacrificed,
the tumors were removed and visualized, and RNA was
extracted. The mice injected with cells mixed with the 2b-
block SSO developed notably smaller tumors, or no tu-
mors at all, than the control group (Figure 5B). Analysis
of RNA extracted from the tumors showed the expected
splice switch; i.e. significantly higher Mnk2a mRNA levels
in tumors containing 2b-block SSO treated cells than SCR–
treated cells (Figure 5C). Although the present setting of the
experiment is not a model for treatment in vivo, these results
suggest that intracranially injected SSOs designed to mod-
ulate MKNK2 alternative splicing can reduce glioblastoma
tumor burden in mice.

DISCUSSION

Here, we present the development of an SSO to modulate
the splicing of MKNK2 with potential to treat glioblas-
tomas. Findings in recent years have demonstrated that the
process of alternative splicing is deregulated in cancer and is
involved in cancer initiation and progression. Drugs which
target the general splicing process, such as Spliceostatin A,
efficiently kill cancer cells, however they show high toxicity
in vivo (18–20). In the past year, two SSOs which modulate-
specific splicing events have been approved by the Food and
Drug Administration (FDA). The first SSO for the treat-
ment of Duchenne muscular dystrophy was developed by
Serepta and the second, for the treatment of spinal muscu-
lar atrophy was developed by Dr Adrian Krainer’s lab and
Ionis pharmaceuticals (21,22). The success of these drugs
encourages the development of splicing modulation for can-
cer therapy as well, a concept which has been proposed
previously (23). In many cases alternative splicing can con-
vert an oncogenic isoform into a tumor suppressor or vice
versa. For example, many growth factor receptors such as
EGFR, VEGFR, ERBB2, which are amplified in cancers,
can also generate a soluble decoy receptor by alternative
splicing (24). Furthermore, the short isoforms of BCL–X
or MCL–1 induce apoptosis while their long counterparts
are known to protect from apoptosis (25). The manipula-
tion of the BCL–X pre–mRNA alternative splicing by 2′-
OMe SSOs as an approach to induce apoptosis in cancer
cells has been previously demonstrated (26).

Glioblastoma is a devastating disease with a median sur-
vival of ∼15 months (27). The current first line of care for
brain cancer patients with poor prognosis is composed of
surgical removal of the tumor, followed by chemotherapy
and radiation treatments. Typically tumor excision is asso-
ciated with a survival benefit. However, in addition to be-
ing risky and toxic, this course of action is non-specific and
does not address the underlying biology of the tumor, which
might play a crucial role in the development of the disease.
Even though there have been attempts to develop targeted
therapies for glioblastoma, such as EGFR and VEGFR in-
hibitors erlotinib (28) and tivozanib (29), to date there is no
effective treatment for this cancer and development of drug
resistance is one of the major problems with current thera-
pies (30).

We previously found that MKNK2 alternative splicing
can generate a tumor suppressive isoform (Mnk2a) and
an oncogenic isoform (Mnk2b; Figure 1A) (10). Moreover,
Mnk2b is upregulated while Mnk2a is downregulated in
many cancers, including glioblastoma (Figures 1 and 2;
Supplementary Figures S1A and 2A) (10). We assume that
due to variability between patients, the fact that these are
not matched samples and low number of normal brain sam-
ples in the TCGA data, these results are an underestimation
of the real splicing changes in glioblastoma tumors com-
pared to normal tissue.

Here, we performed an oligonucleotide screen and iden-
tified the most efficient SSO that elevated Mnk2a levels in
a dose-dependent manner (Figure 2) and inhibited brain
cancer cell survival (Figure 3F and G; Supplementary Fig-
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ures S2D-E and 3D-E). This effect is mediated through
the phosphorylation of p38� and activation of the p38–
MAPK stress response (Figure 3A–E; Supplementary Fig-
ure S2B and C), consistent with what is known (10). Fur-
thermore, the significance of p38–MAPK signaling for the
2b-block SSO-mediated glioblastoma inhibition is demon-
strated by the reversal of the signaling and biological ef-
fects promoted by the 2b-block SSO, using the p38–MAPK
inhibitor SB203580. Cells treated with the SB203580 in-
hibitor following the transfection with the SSOs, exhib-
ited weaker or no induction of p38� transcriptional targets,
as well as increased survival and anchorage independent
growth (Figure 4A–E). Given that we tested multiple SSOs
that did not affect MKNK2 splicing and did not inhibit the
growth/survival of cancer cells, we are confident that this
effect is specific. In addition, the identification of the biolog-
ical pathway responsible for the anti-oncogenic effect, and
its reversal, reinforce our conclusion that the 2b-block SSO
is acting by directly targeting the MKNK2 splicing.

Another characteristic of glioblastoma cells is their in-
trinsic resistance to conventional chemotherapy (31,32).
Thus, we examined if MKNK2 splicing modulation by
the 2b-block SSO can sensitize glioblastoma cell lines to
chemotherapeutic agents such as, CDDP, doxorubicin and
TMZ. We found that the effect of the 2b-block SSO is am-
plified when combined with either CDDP, doxorubicin or
TMZ, elevating the cytotoxicity of these chemotherapeutic
agents up to 8-fold compared to each treatment alone (Fig-
ure 4F–H; Supplementary Figure S4A–C). While CDDP
and doxorubicin are not currently used for treatment of
glioblastoma, due to poor penetration of the blood brain
barrier (33,34) and resistance mechanisms (35,36), we sug-
gest that in combination with the 2b-block SSO and with
direct delivery to the brain they could possibly prove bene-
ficial. More relevant to glioblastoma treatment is the combi-
nation of the 2b-block SSO with TMZ, which is the current
first line of chemotherapy for glioblastoma. These results
suggests that the 2b-block SSO can significantly enhance
the efficacy of current glioblastoma treatments.

At last, we sought to examine the ability of the 2b-block
SSO to inhibit glioblastoma growth in vivo. The alternative

splicing of the murine Mknk2 mRNA does not occur in a
mode similar to the human MKNK2, so the 2b-block SSO
cannot be tested directly on mouse glioblastomas. Hence,
it was necessary to perform xenograft experiments, using
human glioblastoma cells, to test the activity of 2b-block
in vivo. In order to assess the ability of the SSO to pene-
trate tumor cells in vivo without a transfection reagent and
to provide a proof of concept for treatment of glioblastoma
with SSOs in vivo, we co-injected the naked SSO together
with mCherry–labeled U87MG cells intracranially and ex-
amined the tumors two weeks later. We found that the 2′-
OMe phosphorothioated backbone 2b-block SSO both in-
duced a shift in MKNK2 splicing in vivo and inhibited tumor
growth (Figure 5). These results suggest that modulation of
MKNK2 splicing by SSOs is a valid novel strategy to in-
hibit glioblastoma tumorigenesis. Taking into account its
enhanced activity with chemotherapeutic drugs, MKNK2
splicing modulation can be examined as a single or com-
bined therapy for glioblastoma.
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