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Glioblastoma is the most common and malignant form of
primary astrocytoma. Upon investigation of the insulin-like
growth factor (IGF) pathway, we found the IGF2BP3/IMP3
transcript and protein to be up-regulated in GBMs but not in
lower grade astrocytomas (p< 0.0001). IMP3 is anRNAbinding
protein known to bind to the 5�-untranslated region of IGF-2
mRNA, thereby activating its translation. Overexpression- and
knockdown-based studies establish a role for IMP3 in promot-
ing proliferation, anchorage-independent growth, invasion, and
chemoresistance. IMP3 overexpressing B16F10 cells also
showed increased tumor growth, angiogenesis, and metastasis,
resulting in poor survival in a mouse model. Additionally, the
infiltrating front, perivascular, and subpial regions in amajority
of theGBMs stained positive for IMP3. Furthermore, two differ-
ent murine glioma models were used to substantiate the above
findings. In agreement with the translation activation functions
of IMP3, we also found increased IGF-2 protein in the GBM
tumor samples without a corresponding increase in its tran-
script levels. Also, in vitro IMP3 overexpression/knockdown
modulated the IGF-2 protein levels without altering its tran-
script levels.Additionally, IGF-2neutralization and supplemen-
tation studies established that the proproliferative effects of
IMP3 were indeed mediated through IGF-2. Concordantly,
PI3K and MAPK, the downstream effectors of IGF-2, are acti-
vated by IMP3 and are found to be essential for IMP3-induced
cell proliferation. Thus, we have identified IMP3 as a GBM-spe-
cific proproliferative and proinvasive marker acting through

IGF-2 resulting in the activation of oncogenic PI3K and MAPK
pathways.

Gliomas, as the name suggests, are tumors of glial origin and
are classified histologically depending on their cell type of ori-
gin as astrocytomas, oligodendrogliomas, or ependymomas (1).
Based on the World Health Organization system of classifica-
tion, gliomas are classified according to the hypothesized line of
differentiation, i.e. whether they display features of astrocytic,
oligodendroglial, or ependymal cells. They are further graded
on a scale of I to IV according to their degree of malignancy as
judged by the various histological features. Astrocytomas,
accounting for �60% of the primary brain tumors diagnosed
each year, are further classified into four grades based on their
histology and immunohistochemical parameters as per the
World Health Organization guidelines: grade I (pilocytic astro-
cytoma), grade II (diffuse astrocytoma;DA),3 grade III (anaplas-
tic astrocytoma;AA), and grade IV (glioblastoma;GBM).Grade
III and grade IV tumors are considered as malignant astrocyto-
mas (2). The grade IV tumors present with significant intratu-
moral heterogeneity and remain to this day one of the most
daunting therapeutic challenges due to their refractory
responses to conventional therapeutics such as surgery, radio-
therapy, and chemotherapy. Despite intensive therapeutic
strategies and technical advances, the median survival of GBM
patients has remained at a meager 15 months for the past dec-
ade (1, 3, 4).
The insulin-like growth factor (IGF) pathway arose early in

evolution and has evolved to have key roles in regulating mul-
tiple aspects of organismal physiology ranging from energy
metabolism, body size, longevity, cellular proliferation, and
apoptosis, which has led to great interest in the relevance of this
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regulatory system to neoplasia (5). The IGF family includes the
polypeptide ligands IGF-1 and IGF-2, two types of the cell
membrane receptors (IGF-1R and IGF-2R), and an increasing
number of binding proteins, IGFBPs. There are also a large
group of IGFBP proteases, which hydrolyze the IGFBPs and
modulate IGF bioavailability. Work done over the past decade
or so has also identified novel RNA binding proteins (IGF-2BPs
(insulin-like growth factor-2 binding proteins) or IMPs). This
family of RNA binding proteins was identified based on their
ability to bind to the IGF-2 mRNA and thereby regulate its
stability and translation. Thus, the available information about
the IGF pathway suggests it to be a complex signaling cascade
withmultiple layers of regulation. Interestingly, a large number
of epidemiological studies have shown high levels of the IGF
signaling to be associated with an increased risk for several
common cancers, including those of the breast, prostate, lung,
and colorectum (5–9). IGF-1 and IGF-2 have also been found to
be strongmitogens for awide variety of cancer cell lines (10, 11).
Upon investigation of the IGF family in glioma development,

we identified IGF2BP3/IMP3, a translational activator of the
IGF-2 mRNA, as a gene selectively overexpressed in GBMs. In
addition to demonstrating a diagnostic and prognostic utility,
we also establish a causal role for IMP3 in promoting prolifer-
ation, anchorage-independent growth, angiogenesis, and inva-
sion. We also show that these pro-oncogenic roles of IMP3 are
mediated through the translational activation of IGF-2, which
further leads to the activation of its immediate downstream
effectors, the PI3K and the MAPK pathways.

EXPERIMENTAL PROCEDURES

Reagents, Cell Lines, and Plasmids—Temozolomide, adria-
mycin, cisplatin, taxol, etoposide, and MTT were obtained
from Sigma. LY294002 and U0126, the pharmacological inhib-
itors for the PI3K and theMAPK pathways were obtained from
Alomone Biosciences. Purified IGF-2 protein was obtained
from Abcam (Ab9575). A neutralizing antibody against human
IGF-2 was obtained from Sigma-Aldrich (I-7276). U373, U138,
H1299, HaCaT, LN18, U343, LN229, K562, U87-MG, MDA-
MB231, Rat C6, B16F10 murine melanoma cells, and SVG cells
were cultured in DMEM and minimum essential medium,
respectively with 10% fetal bovine serum, penicillin, and strep-
tomycin at 37 °C in a humidified atmosphere with 5%CO2. The
cDNA for IGF2BP3/IMP3 (Open Biosystems) was subcloned
into the mammalian expression vector pCEP4 with a hygromy-
cin resistance gene.
Additional Methods can be found in the supplemental

material.
Tumor Samples—Tumor samples were collected from

patients who were operated on at the Sri Sathya Sai Institute of
Higher Medical Sciences and National Institute of Mental
Health andNeurosciences (Bangalore, India). Normal brain tis-
sue samples (anterior temporal lobe) obtained during surgery
for intractable epilepsywere used as control samples. The study
has been scrutinized and approved by the ethics committee of
the two clinical centers, and patient consent was obtained prior
to initiation of the study as per the Institutional Ethics Com-
mittee guidelines and approval. Tissues were bisected, and one-
half was snap-frozen in liquid nitrogen and stored at �80 °C

until RNA isolation. The other half was fixed in formalin and
processed for paraffin sections. These were used for histo-
pathological grading of the astrocytoma and immunohisto-
chemical studies. A total of 227 patient samples were used as
follows: 121 glioblastoma (GBMs), 31 anaplastic astrocytoma,
grade III (AAs); 26 anaplastic oligodendroglioma, grade III
(AOs); 22 diffuse astrocytoma, grade II (DAs); seven diffuse
oligodendroglioma, grade II (DOs); and 20 normal brain sam-
ples have been used in this study, of which a subset was used for
the transcript analysis and the immunohistochemical andprog-
nostic studies. The prognostic studies were limited to a subset
of the GBM samples (n � 83).
Clinical Cohort for Survival Analysis—Newly diagnosed glio-

blastoma patients (n � 83) who underwent surgery in the two
clinical centers (National Institute of Mental Health and Neu-
rosciences/Sri Sathya Sai Institute of Higher Medical Sciences)
were included prospectively. The study was approved by the
ethics committee, and patient consent was obtained prior to
initiation of the study. Adult patients (ages between 18 to 65
years) with a supratentorial lobar tumor who underwent max-
imal safe resection of the tumor with minimal residue noted on
post-operative MRI scans and those with a post-operative Kar-
nofsky’s performance score of �70 were included in the study.
All patients were treated uniformly with adjuvant radiotherapy
and chemotherapy. Radiotherapy was administered with a total
dose of 59.4 gray, given in 33 fractions along with concomitant
chemotherapy with temozolomide, administered at the dose of
100 mg/day, which was continued daily for 45 days. Subse-
quently, five cycles of cyclical chemotherapy with temozolo-
mide (150 mg/m2 body surface area for 5 days every 28 days)
was administered. The patients were followed up clinically and
withMRIs. Additional surgery was offered for those who devel-
oped symptomatic recurrences. The maximum follow-up
period was 34 months.

RESULTS

IMP3 IsUp-regulated inGBM—Todissect the role of the IGF
pathway during glioma development, we analyzed the tran-
script levels of all themembers (ligands, receptors, ligand bind-
ing proteins, etc.) of the IGFpathway across the different grades
of glioma (supplemental Fig. S1, A–L). Further analysis identi-
fied IGF2BP3/IMP3 (insulin-like growth factor-2 binding pro-
tein-3/IGF-2 mRNA binding protein-3) as an IGF family mem-
berwhose transcript levels were dramatically up-regulated only
in the GBMs (supplemental Table S1). We further investigated
the IMP3 transcript levels in an independent cohort of patient
samples and found the transcript levels of IMP3 to be up-regu-
lated to very high levels specifically in the GBMs (median log2
ratio � 6.49) as compared with DA, AA, DO, AO, and normal
brain samples (median log2 ratios � �0.52, 0.28, �0.46, 0.78,
and 0.30, respectively) (Fig. 1A). Furthermore, cytoplasmic
expression of IMP3 protein was present in 87.60% (85/97) of
GBMs (Fig. 1B, e and f) compared with AA (14.2%; 3/21), DA
(5%; 1/20), and normal brain samples (0.0%; 0/20) with p �
0.0001 (Fig. 1B, a–d). TheGBM-specific up-regulation of IMP3
protein is also confirmed by immunoblotting (data not shown).
We also found IMP3 to be up-regulated in most glioma and
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non-glioma-derived cell lines (transcript and protein) (Fig. 1, C
and D, and data not shown).
IMP3 Induces Cell Proliferation, Anchorage-independent

Growth, Invasion, and Chemoresistance—To determine the
importance of IMP3 overexpression in GBMs, we developed
IMP3 overexpressing U373 stable clones because the parental
cell line had relatively low levels of the IMP3 protein. IMP3
stable clones (U373/IMP3#5 and U373/IMP3#17) showed
increased IMP3 transcript and protein levels compared with
the vector stable (U373/pCEP4#6) clone (Fig. 2A). Also, U373/
IMP3#5 and U373/IMP3#17 cells grow significantly faster than
the U373/pCEP4#6 clone (Fig. 2B). In addition, IMP3 stable
clones formed more colonies in soft agar than the vector stable
clone (Fig. 2C, compare lane 1with lanes 2 and 3). Furthermore,
IMP3 stable clones invaded 3.5 to 4.5 times more through a
Matrigel matrix than the corresponding vector stable cells (Fig.
2D). IMP3 overexpressing stable cells of H1299, a lung carci-
noma cell line with comparatively low levels of IMP3, also
showed similar phenotypes (supplemental Fig. S2,A–E). More-
over, adenovirus-mediated IMP3 overexpression induced pro-
liferation in immortalized human keratinocytes (HaCaT),
immortalized human astrocytes (SVG) and lung carcinoma
cells (H1299) (supplemental Fig. S3, A–C, respectively). Thus,
IMP3 appears to promote cell proliferation, anchorage-inde-
pendent growth and tumor cell invasion in multiple cell types.
To confirm these findings, we tested whether the above-

mentioned properties are reversed upon IMP3 silencing.
Transfection with an IMP3-specific siRNA but not a cyclophi-
lin siRNA resulted in an efficient reduction in the IMP3 tran-
script and protein levels in U138 cells, a glioma cell line with
relatively higher IMP3 levels (supplemental Fig. S4, A and B,
and Fig. 3A). IMP3 knockdown in U138 cells reduced cell pro-

liferation and viability (Fig. 3B and supplemental Fig. S4C), soft
agar colony formation (Fig. 3C), and invasion (Fig. 3D). Fur-
thermore, IMP3 knockdown also made U138 cells more sensi-
tive to taxol, temozolomide, and adriamycin (supplemental Fig.
S4, D–F). Thus, these results establish a role for IMP3 in pro-
moting cell proliferation, anchorage-independent growth,
invasion, and chemoresistance.
IMP3 Promotes Tumor Growth, Angiogenesis, and Metasta-

sis, Resulting in Poor Survival—To confirm these IMP3 func-
tions in vivo, we used B16F10 murine melanoma cells. The
IMP3 stable transfectants of B16F10 cells (B16F10/IMP3)
expressed very high levels of the IMP3 transcript and protein
(supplemental Fig. S5A). B16F10/IMP3 cells also showed
increased proliferation and anchorage-independent growth as
compared with the vector stable B16F10 (B16F10/PCEP4) cells
(supplemental Fig. S5, B–D). In a subcutaneous tumor model,
B16F10/IMP3 tumors grew faster and had more blood vessels
than B16F10/pCEP4 tumors (Fig. 4,A andB). Increased expres-
sion of the IMP3 protein in B16F10/IMP3-derived tumors was
confirmed by immunohistochemistry (supplemental Fig. S5E,
compare c and d with a and b). In the same experiment, when
the survival of mice was followed, we found that mice bearing
IMP3-overexpressing tumors showed shorter survival than the
vector stable tumor-bearingmice (Fig. 4C). In a lungmetastasis
model, tail vein injection of B16F10/IMP3 cells resulted in sig-
nificantly more tumor nodules compared with the B16F10/
pCEP4 cells (Fig. 4D). We have further extended these studies
andmonitored the effect of IMP3 down-regulation on intracra-
nial glioma tumor growth. For this experiment, U87-MG-Luc
cells were transfectedwith the IMP3 or cyclophilin siRNA (effi-
cacy of knockdown was validated; supplemental Fig. S5F) and
injected into the cortex of NIH nude/nude mice, and growth of

FIGURE 1. IMP3 transcript and protein expression analysis. A, log2-transformed gene expression ratios obtained from RT-qPCR analysis of indicated samples
are plotted for IMP3. B, sections from normal brain. Panels a (gray matter), b (white matter (negative)), c (DA (negative)), d (AA (negative)), e (secondary GBM
(positive)), and f (primary GBM (positive)) were stained for IMP3 protein by immunohistochemistry. C, log2-transformed gene expression ratios obtained from
RT-qPCR analysis of indicated cell lines or normal brain samples are plotted for IMP3. D, equal amounts of total protein lysates from indicated cell lines, patient
samples, or normal brain samples were subjected to Western blotting to detect levels of IMP3 (anti-IMP3, Santa Cruz Biotechnology) and actin (anti-actin-HRP,
Sigma) proteins.
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the implanted tumor cells was subsequently followed through
bioluminescence imaging. Similar to our earlier observations,
we found that the tumorswith IMP3 knockdown show retarded
growth compared with the control tumors (Fig. 4E, compare
black bars versus gray bars). These set of data thus validate our
in vitro observations and suggest that IMP3 contributes to
increased tumor growth, angiogenesis, andmetastasis resulting
in the poor survival of mice carrying IMP3-overexpressing
tumors.
IMP3 Expression and Its Localization, Implications for Inva-

sion and Prognosis—Neoplastic glial cells have been proposed
to exhibit perineuronal, perivascular, subpial, and intrafascicu-
lar spread as unique mechanisms of invasion adapted for the
structure and composition of the CNS (12). Interestingly,
among the 83 GBM samples, in addition to the tumor core, a
perivascular accumulation of IMP3 stained cells was seen in the
infiltrating front of the tumor in 68 cases (81.93%) (supplemen-
tal Fig. S6A, c and d). Furthermore, clusters of positively stained
cells were noted invading the gray matter and the subpial
regions in 83.7% cases (supplemental Fig. S6A, a and b). Also,
survival analysis revealed that the median survival of patients

positive for IMP3 expression (black line) was lesser than that of
the group negative for IMP3 expression (red line) on univariate
analysis (supplemental Fig. S6B). However, on multivariate
analysis considering the age of patients, IMP3 expression did
not sustain its significance.
When tested in a mouse model of glioma (13), we found that

the majority of mouse glioma samples showed high IMP3 tran-
script and protein levels (supplemental Fig. S7,A andB, respec-
tively). In addition to the strong positivity in the tumor core,
IMP3 positive cells were seen in the subpial regions (supple-
mental Fig. S7C, boxes A and B, respectively). Thus, these
results establish an association of IMP3 expression with tumor
invasion and patient survival.
Involvement of IGF-2 and PI3K/MAPK Pathways in IMP3-

induced Cell Proliferation—Because IMP3 has been shown to
be a translational activator of IGF-2 mRNA (14), we hypothe-
sized that IGF-2 protein levels may increase in GBMswithout a
corresponding increase in the IGF-2 mRNA levels as a result of
the abundance of IMP3. Indeed, we found that although the
IGF-2 transcript levels do not change between normal brain
samples and the different grades of astrocytoma (supplemental
Fig. S8), there is, however, a substantial significant increase in
the IGF-2 protein levels in the GBMs (Fig. 5A, compare panels
c and d with a and b) as analyzed by immunohistochemistry.
Binding of IGF-1/2 to IGF-1R further activates the oncogenic
PI3K andMAPK signaling cascades (5). In good agreement, the
increased IGF-2 protein levels in theGBMs also correlatedwith
positive staining for phospho-Akt (active form of Akt) (Fig. 5A,
compare panels k and l with i and j), whereas total Akt (Akt2)
levels remain unchanged across all grades of astrocytoma (Fig.
5A, e–h). This observed increase in the IGF-2 protein levels in
GBMs without a corresponding increase in its transcript levels
strongly implicates IMP3 as a possible candidate involved in
augmenting IGF-2 signaling in the GBMs.
To further validate our hypothesis, we examined the levels of

the IGF-2 mRNA and protein in the IMP3 over expressing sta-
ble clones of U373 and found increased IMP3 expression to
correlate with increased IGF-2 protein levels without an equiv-
alent change in the IGF-2 transcript levels (Fig. 5B). Addition-
ally, we knocked down IMP3 levels inU138 cells andmonitored
the effect on IGF-2 levels in the cells. Upon analysis, we found a
significant reduction in the IGF-2 protein levels upon
siRNA-mediated IMP3 knockdown without a corresponding
change in the IGF-2 transcript levels (Fig. 5C). We also carried
out RNA immunoprecipitation studies upon adenovirus-medi-
ated overexpression of IMP3 and assayed for enrichment of
the IGF-2 mRNA. Real-time RT-qPCR based quantitation of
the immunoprecipitates indicates a 3.1-fold enrichment of the
IGF-2mRNA in the IMP3-overexpressing sample upon immu-
noprecipitation with anti-IMP3 antibody, thereby establishing
a direct association between the IMP3 protein and the IGF-2
mRNA (Fig. 5D). To further substantiate the translational acti-
vation functions of IMP3 in regulating IGF-2 levels, we have
monitored the polysomal and nonpolysomal association of the
IGF-2 mRNA under conditions of IMP3 knockdown (supple-
mental Fig. S9). As shown, IMP3 silencing resulted in a 1.8-fold
reduction in polysome-associated IGF-2 mRNA with a con-
comitant 1.0-fold increase in nonpolysome-associated IGF-2

FIGURE 2. Stable overexpression of IMP3 in U373 glioma cells leads to
increased proliferation, invasion, and anchorage-independent growth.
A, fold change in the IMP3 transcript levels obtained from RT-qPCR analysis of
the parent cell line (U373), the vector stable clone (#6), and the IMP3 stable
clones (#5, 13 and 17) are plotted. The inset shows the Western blotting anal-
ysis for the vector and IMP3 stable clones with the indicated antibodies.
B, viability as an indicator of cell proliferation was measured by MTT assay at
indicated time points for vector and IMP3 overexpressing U373 stable clones
and plotted. C, U373 vector (#6) and IMP3 stable clones (# 5, 17) were sub-
jected to soft agar colony formation assay, and the number of colonies in the
soft agar assay are counted and shown. ANOVA for difference in the colony
formation abilities of the vector and IMP3 stable clones is significant (p �
0.0133). D, the invasion index of the vector and IMP3 stable U373 cells was
determined based on the BDTM Matrigel assay as per the manufacturer’s
instructions 24 h after seeding. ANOVA for difference in the invasion index of
the vector and IMP3 stable clones is significant (p � 0.0249).
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mRNA, thereby suggesting reduced translation of the IGF-2
transcript under IMP3 knockdown conditions (Fig. 5E). The
IGF-2 protein essentially followed a similar stability pattern
upon cycloheximide treatment in both vector and IMP3 stable
cells (Fig. 5F), which ruled out the possibility that increased
stability is a cause of increased IGF-2 protein in IMP3-stable
clones. These data further corroborate well with our observa-
tions from the patient samples and establish IMP3 as a transla-
tional activator of the IGF-2 mRNA in our model system as
well.
Based on this evidence, we next speculated that the propro-

liferative effects of IMP3 could bemediated through the actions
of IGF-2 and its downstream effectors. To validate this, we
monitored the effect of antibodymediated IGF-2 neutralization
on the growth of IMP3 overexpressing clones (H1299). In good
agreement, we found that an IGF-2 antibody significantly abro-
gated the growth of IMP3-overexpressing stable clones and not
the vector clones, thereby suggesting that the proproliferative
effects of IMP3 are indeedmediated through IGF-2 (Fig. 6A). In
a converse experiment, we find that exogenously supplied
IGF-2 is able to rescue the growth inhibition caused by IMP3
knockdown inU138 glioma cells.We found that although IMP3
knockdown compromises the growth of cells as compared with
themock or cyclophilin siRNA transfection, this inhibition was
relieved by the exogenous addition of IGF-2 (Fig. 6B). These
studies implicate IGF-2 as one of the primary effectors of IMP3
function.
To further validate the involvement of IGF-2, we have ana-

lyzed the role of the PI3K and MAPK pathways, which are the

known immediate downstream effectors of IGF-2. Treatment
with IMP3 siRNA and not the cyclophilin siRNA, in U138 gli-
oma cells, resulted in a substantial reduction in the activation
status of both the PI3K andMAPKarms of IGF signaling. Levels
of Ser473 phospho-Akt, Ser2448 phospho-mTOR,Thr37/46 phos-
pho-4EBP1, phospho-MEK1/2, and phospho-ERK1/2 were
reduced upon treatment with the IMP3 siRNAwithout a cor-
responding change in the levels of the total proteins, respec-
tively (Fig. 6C, compare lane 2with 1). To further investigate
the importance of these pathways in IMP3-induced cell pro-
liferation, we monitored the growth of IMP3 overexpressing
cells under conditions wherein either of these pathways was
pharmacologically inhibited. As shown above, U373/IMP3
clones (#5 and #17) showed increased proliferation when
compared with the U373 vector (#6) clone (Fig. 6D, compare
light gray bars). However, when the cells were treated with
the PI3K inhibitor (LY294002) or MEK1/2 inhibitor
(UO126), the proliferation of IMP3 overexpressing cells was
severely abrogated unlike the vector stable cells, which were
only modestly affected (Fig. 6D, compare dark gray bars and
black bars with corresponding light gray bars). Thus, these
results together establish IMP3 as a causal factor involved in
the activation of these two major pro-oncogenic pathways
through the translational activation of IGF-2 in GBMs,
thereby augmenting glioma cell proliferation.

DISCUSSION

In this study, we found IMP3, a novel RNA binding protein,
to be specifically up-regulated in GBMs. IMP3, also known as

FIGURE 3. siRNA-mediated IMP3 knockdown in U138 glioma cells reduces proliferation, anchorage-independent growth, and invasion. A, equal
amounts of total protein lysates from mock, cyclophilin, and IMP3 siRNA-treated U138 cells at the indicated time points were subjected to Western blotting to
detect levels of IMP3 and proliferating cell nuclear antigen proteins. B, viability was measured by MTT assay as an indicator of cell proliferation at the indicated
time points for either mock, cyclophilin, or IMP3 siRNA transfected U138 cells. C, U138 cells were either mock, cyclophilin, or IMP3 siRNA-transfected and
subjected to soft agar colony formation assay. The number of colonies in the soft agar assay are counted and shown. ANOVA for difference in their colony
formation abilities is significant (p � 0.0004). D, the invasion index of either mock, cyclophilin (Cyc.), or IMP3 siRNA-transfected U138 cells was determined
based on the BDTM Matrigel assay as per the manufacturer’s instructions 24 h after seeding. ANOVA for difference in their invasion index is significant (p �
0.0031).
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L523S or KOC (K homologous domain-containing protein
overexpressed in cancer), is a member of the IMP family that
also consists of IMP1 and -2. Originally identified from a pan-
creatic tumor cDNA screen, IMP3 has since been found to be
expressed in a number of solid tumors and inmany fetal tissues
wherein the IMP family members have been reported to play a
pivotal role in RNA trafficking and stabilization, cell growth,
and migration during embryogenesis (15–17). Recent studies
have also identified IMP3 to be overexpressed in other human
malignancies of thyroid, bladder, pancreas, esophagus, endo-
metrial and cervical carcinoma, melanoma, non-small cell lung
carcinoma, osteosarcoma, and etc. (18–26). IMP3/IGF2BP3
has also been found to be associated with aggressive and
advanced carcinomas in colon, kidney, neuroendocrine skin,
liver, bladder, breast, ovary, and other soft tissue sarcomas (25,
27–39). However, there are no reports of IMP3 involvement
in any type of brain cancer, including glioma. In our studies,
we find IMP3 to be overexpressed to high levels specifically
in the GBMs, potentiating its use as a diagnostic marker,
which could be an invaluable aid in the accurate classifica-
tion of the tumor and subsequently in the treatment protocol
to be followed. We could also demonstrate a possible prog-
nostic utility for IMP3 as patients overexpressing the protein

have a poor median survival. This GBM-specific expression
of IMP3 also suggests that IMP3 may not play a role in the
early events of transformation and may instead be essential
for the features seen in the more advanced grades of cancer
such as neoangiogenesis, invasion, migration, chemoresis-
tance, stress tolerance, etc.
Unlike the previous gene-phenotype association studies

(14, 18, 22–40), we have also established a causal role for
IMP3 in cancer by overexpression and knockdown based
approaches in glioma and non-glioma-derived cell lines.
Through in vitro studies, we show that IMP3 leads to
increased proliferation, anchorage-independent growth,
and invasion. Concordantly, in vivo, we find that overexpres-
sion of IMP3 leads to faster tumor growth with greater
angiogenesis and a consequent poor prognosis for the mice
in an intracranial and a subcutaneous tumor model. IMP3
overexpression also resulted in greater invasive potential in
vivo as evidenced by the increased formation of nodules in a
lung metastasis model.
Glioma cells have been proposed to have uniquemechanisms

of invasion as they migrate through the normal parenchyma,
collect just below the pial margin (subpial spread), surround
neurons and vessels (perineuronal and perivascular satellit-

FIGURE 4. - IMP3 overexpression in B16F10 murine melanoma cells increases its tumorigenic and invasive potential. A, B16F10 vector and IMP3 stable
clones were injected subcutaneously into the flank of NIH nu/nu mice, and the tumor sizes were measured at indicated times points and plotted. An unpaired
t test for difference in their average tumor value on days 17 and 22 is significant (p � 0.0312 and 0.0209, respectively). p � 0.05 is represented with an asterisk.
B, the H&E-stained section of tumors derived from B16F10 vector and IMP3 stable clones (from A) were used for counting the number of blood vessels
microscopically in three representative fields. The mean number of blood vessels for four of the subcutaneous tumors with the S.D. is plotted. An unpaired t test
for difference in their number of blood vessels is significant (p � 0.0092). C, the animals as described in A were monitored for their survival. A Kaplan-Meier curve
was generated based on the survival of the mice in the two groups (the vector and IMP3-stable clones) and was found to be significant (Gehan-Breslow, p �
0.0226). D, the vector or IMP3-stable B16F10 cells were injected into the lateral tail vein of C57BL/6 mice. The total number of macro metastatic nodules formed
in each group after 30 days of injection was counted and plotted. An unpaired t test for difference in their number of nodules is significant (p � 0.0376). The inset
shows representative pictures of the lungs from the two groups. E, U87-MG-Luc cells were either transfected with cyclophilin (Cyc.) or IMP3 siRNA and
implanted into the cortex of NIH nude/nude mice (n � 5) (0.5 million cells per animal). The subsequent growth of the implanted tumor cells was monitored
through bioluminescent imaging based on luciferase activity, and the average photon flux for each group of animals is plotted in the figure along with the S.D.
in each case. An unpaired t test for difference in their average photon flux on days 44 and 51 is significant (p � 0.0436 and 0.0327, respectively). p � 0.05 is
represented with an asterisk.
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osis), and migrate through the white matter tracts (intrafas-
cicular spread) (12, 41, 42). The tumor-infiltrating front rep-
resents the invading glioma cells and the genes expressed in
this region are likely to provide an advantage to the invading
tumor cells (43). Indeed, we found IMP3-positive cells in the
perivascular areas, the infiltrating front of the tumor, and in
the subpial regions. We have further extended our studies to
a mouse model of glioma where, similar to the human GBMs,

the majority of the tumor samples showed high levels of the
IMP3. Also, similar to the patient samples, many tumors
derived from this mouse model of glioma showed IMP3 pos-
itivity in the subpial regions. Thus, these results collectively
establish IMP3 as a protumorigenic gene overexpressed in
the more malignant grades of glioma with a role in promot-
ing proliferation, invasion, migration, angiogenesis, and
chemoresistance.

FIGURE 5. IMP3 exerts its proproliferative effects through the translational activation of IGF-2 mRNA. A, immunohistochemical of staining for IGF-2
for section from DA (a), 3/9 (33.3%) positive for staining; AA, 2/10 (20%) positive for staining (b); secondary GBM (c) and primary GBM (d), positive for
staining (29/50; 58.00%). Including four normal brain samples (all four negative), ANOVA for difference in their IGF-2 positivity was carried out (p �
0.0239). Immunohistochemical staining for AKT expression for a section from DA (e), all cases positive for staining (9/9); AA, all cases positive for staining
(10/10) (f); secondary GBM (g), and primary GBM (h), (30/34; 88.20%) positive for staining. Including four normal brain samples (all cases positive) ANOVA
for difference in their Akt positivity was carried out (p � 0.4139). Immunohistochemical staining for phospho Akt for section from DA, 1/9 (11.1%)
positive for staining (i); AA, 2/10 (20%) cases positive for staining (j); secondary GBM (k) and primary GBM (l), 23/34 (67.60%) positive for staining.
Including four normal brain samples (all four negative), ANOVA for difference in their pAkt positivity was carried out. p � 0.0008). B, equal amounts of
lysates for the vector and IMP3 overexpressing stable clones of U373 were subjected to Western blotting to detect the levels of IMP3 (anti-IMP3, Sigma),
IGF-2 (anti-IGF-2, Santa Cruz Biotechnology), and actin (anti-actin HRP, Sigma). Fold change in the IGF-2 transcript levels obtained from RT-qPCR analysis
in the IMP3-overexpressing and vector-stable clones relative to the control cells is depicted below. There is a significant increase in the IGF-2 protein
levels upon IMP3 overexpression without a change in the IGF-2 transcript levels (compare lane 2 with 1). C, equal amounts of total protein lysates from
cyclophilin (Cyc.) and IMP3 siRNA-transfected U138 cells at 120 h after transfection were subjected to Western blotting to detect levels of IGF-2
(anti-IGF-2, Abcam), IMP3 (anti-IMP3, Sigma), and proliferating cell nuclear antigen (anti-proliferating cell nuclear antigen, oncogene) proteins. The
bottom panel shows the fold change in the IGF-2 transcript levels obtained from RT-qPCR analysis of the siRNA transfected U138 cells at 120 h. There is
a significant decrease in the IGF-2 protein levels upon IMP3 knockdown without a change in the IGF-2 transcript levels (compare lane 2 with lane 1).
D, fold change in the real-time RT-qPCR-based quantitation of the IGF-2 transcript levels in the IMP3 and control antibody immunoprecipitates is
plotted. LN229 cells were infected with a control adenovirus and an Ad-IMP3 adenovirus and IMP3 and the control antibody immunoprecipitates were
used to analyze for the IGF-2 transcript levels. E, U138 cells were transfected with IMP3 or cyclophilin siRNA, and 4 days after siRNA transfection, the cell
lysates were made and subjected to polysomal fractionation. Relative fold change in the IGF-2 transcript levels between cyclophilin and IMP3
siRNA-transfected cells within polysome or non-polysome fractions are shown. F, H1299 vector and IMP3-stable cells were treated with 50 �g/ml
cycloheximide (CHX) for 10, 18, and 24 h. Equal amounts of lysates were subjected to Western blotting to detect the levels of IGF-2 and actin.
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The embryonic expression of IMP3 and its reappearance in
malignant cancers may correspond to the reacquisition of the
neoplastic cell of primitive migratory behavior, which is seen
during development of the central nervous system, leading to
the diffuse spread of individual tumor cells over long distances,
resulting in the extreme mortality associated with the disease
(17, 34, 42–44).
Structurally, studies reveal IMP3 to be an RNA binding pro-

tein with two RNA recognition motifs and four KH domains,
which bind to the IGF-2 mRNA, thereby activating its transla-
tion (14).We therefore hypothesized that the increased levels of
IMP3 in the GBMs could lead to greater levels of the IGF-2
protein without an increase in its transcript levels. We also
found higher levels of IGF-2 protein inGBMs as comparedwith
the lower grades without a corresponding increase in the IGF-2
transcript levels. Furthermore, through knockdown and over-
expression studies, we found IMP3 to play a causal role in
increasing the levels of IGF-2 protein in the cells without a
corresponding increase in the IGF-2 transcript levels. Through
IGF-2 neutralization or exogenous supplementation in the
background of IMP3 overexpression or knockdown, we also
establish that the proproliferative effects of IMP3 are indeed
mediated through the actions of IGF-2. Themitogenic effects of

the IGF pathway are known to be mediated through the PI3K
and the MAPK pathways. We have further established a causal
role for IMP3 in the activation of these pathways as the
siRNA-mediated knockdown of IMP3 adversely affected these
signaling cascades.We also establish their role inmediating the
proproliferative effects of IMP3 by the use of pharmacological
inhibitors of these pathways, which abrogated IMP3-induced
proliferation specifically. This becomes increasingly relevant as
activation of the Akt pathway has been identified as a key event
responsible for the conversion of the grade III AA to the grade
IV GBMs (45). Our studies establish IMP3 as a critical onco-
genic factor expressed solely in the GBMs with the potential to
activate the PI3K/Akt pathway through the translational acti-
vation of IGF-2 levels where it could play a vital role in the
progressive conversion from lower grade astrocytomas to
GBMs.
Our current understanding suggests a pro-oncogenic role for

the IGF pathway in multiple cancers. The IGF pathway is
known to be hyperactivated in a number of cancers through
diverse mechanisms such as the increased expression of the
ligands (IGF-1, IGF-2) and the receptor (IGF-1R); alterations in
the IGFBPs; and loss of the negative regulator IGF-2R (10, 11,
46–50). In this light, our work reveals a novel mechanism for

FIGURE 6. IMP3 exerts its proproliferative effects through the IGF-2-PI3K and IGF-2-MAPK cascades. A, viability was measured by MTT assay at
indicated time points for H1299 vector and IMP3 stable clones treated with a neutralizing antibody for IGF-2 as indicated. The assays were carried out
in triplicate, and the mean value for each cell type at each time point was used to generate the graph. A one-way analysis of variance was carried out to
test the significance of the observed differences between the groups and a p � 0.05 is represented with an asterisk, p � 0.01 is represented as double
asterisks and p � 0.0001 is represented as triple asterisks. B, viability was measured by MTT assay as an indicator of cell proliferation at the indicated time
points for either mock, cyclophilin (cyclo.), or IMP3 siRNA-transfected U138 cells. IGF-2 was exogenously supplemented as indicated to monitor its ability
to rescue the effects of IMP3 knockdown. A one-way analysis of variance was carried out to test the significance of the observed differences between the
groups. A p value � 0.05 is represented as an asterisk, which is significant, and NS refers to nonsignificant difference. C, equal amounts of total protein
lysates from cyclophilin and IMP3 siRNA-treated U138 cells were subjected to Western blotting with the indicated antibodies. Note that the intensity of
phospho-mTOR, phospho-Akt, phospho-4EBP1, phospho-MEK1/2, and phospho-ERK1/2 bands reduces in lane 2 compared with lane 1, whereas that of
total the corresponding total proteins remain unchanged. D, viability was measured by MTT assay on day 9 after plating for the U373 vector clone (#6)
and IMP3 stable clones (#5 and 17) treated with dimethyl sulfoxide (vehicle), LY294002 (20 �M), or U0126 (10 �M). Please note that dimethyl sulfoxide
(DMSO)-treated IMP3 stable clone (#5 and #17) grow faster than vector stable clone (compare light gray bars). Both LY294002 and U0126 treated IMP3
stable clone (#5 and #17) failed to show faster growth than vector stable clone (compare dark gray and black bars with light gray bars).
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activation of the IGF pathway at the level of mRNA translation.
We find IMP3, a novel RNA binding protein to be dramatically
up-regulated in GBMs, wherein this protein exerts its pro-on-
cogenic functions through the translational activation of the
IGF-2 mRNA. However, it is also conceivable that IMP3 has
other IGF-2-independent functions in regulating cell physiol-
ogy and tumorigenesis.
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