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ABSTRACT
The diffusely infiltrative nature of glioblastoma (GBM) makes them highly 

recurrent. IGF2 mRNA-binding protein 3 (IMP3), a GBM upregulated RNA binding 
protein, promotes glioma cell migration. An integrative bioinformatics analysis 
identified p65 (RELA), a subunit of NF-κB heterodimer as a target and an important 
mediator of IMP3 promoted glioma cell migration. IMP3 increased p65 protein levels 
without any change in p65 transcript levels, but promoted its polysome association. RIP-
PCR demonstrated the binding of IMP3 to p65 transcript. UV crosslinking experiments 
with in vitro transcribed RNA confirmed the specific and direct binding of IMP3 to 
sites on p65 3′UTR. Further, IMP3 induced luciferase activity from p65 3′UTR reporter 
carrying wild type sites but not mutated sites. Exogenous overexpression of p65 from 
a 3′UTR-less construct rescued the reduced migration of glioma cells in IMP3 silenced 
condition. In addition, IMP3 silencing inhibited glioma stem-like cell maintenance and 
migration. The exogenous overexpression of 3′UTR-less p65 significantly alleviated the 
inhibition of neurosphere formation observed in IMP3 silenced glioma stem-like cells. 
Further, we show that IMP3 is transcriptionally activated by NF-κB pathway indicating 
the presence of a positive feedback loop between IMP3 and p65. This study establishes 
p65 as a novel target of IMP3 in increasing glioma cell migration and underscores the 
significance of IMP3-p65 feedback loop for therapeutic targeting in GBM.

INTRODUCTION

Glioblastoma (GBM) is one of the leading causes 
of death caused due to brain tumors. Despite the technical 
advances in diagnostics and the present treatment modalities 
the median overall survival of the patients remains 14.6 
months [1, 2]. Malignant and heterogeneous nature of 
the GBM tumors contribute to the observed resistance 
and recurrence [3]. In the recent past, many authors have 
demonstrated the existence of a small population of glioma 
stem-like cells (GSCs) in the tumors which in multiple ways 

contribute to this heterogeneity and the belligerence of the 
disease [3–5] . They have been demonstrated to be resistant 
to the current treatment modalities and are ascertained to 
be the culprits for the high rates of GBM recurrence [4]. 
They have also been shown to have high migratory capacity 
[5]. Thus, the identification of molecules contributing to 
migratory potential of glioma cells and in GSC maintenance 
will help in adding lucrative potential targets for adjuvant 
therapies. Inhibition of such molecules will diminish the 
tumor load and resistance to existing therapies which may 
result in lower recurrence rate.
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Increasing evidence establishes the role of RNA 
binding proteins in regulating RNA splicing, stability, 
localization, modifications and translation [6, 7]. While, 
recent evidence associates derailed expression or activity 
of these RBPs with several genetic diseases including 
cancer, their cellular target repertoire, how they regulate 
the transcriptome and proteome and whether they can 
be used for therapeutic intervention warrants further 
investigation [8–11]. IMP3 is an example of an oncofetal 
RNA binding protein, which has been associated with 
various malignancies [12–16]. Few of the bonafide targets 
of the protein are emerging from the recent research [9]. 
In this study, we have identified p65 (RelA) as a mediator 
of IMP3 functions including migration of glioma cell 
lines and maintenance of GSCs. IMP3 binds to 3′UTR 
of p65 transcript and enhances its translation. p65 is a 
subunit of NF-κB transcription factor and this increase in 
translation of protein also resulted in a higher activity of 
the NF-κB pathway. Moreover, we demonstrate IMP3 to 
be a transcriptional target of p65. We have thus, delineated 
IMP3- NF-κB cascade by which IMP3 contributes in 
migration of glioma bulk and stem-like cells.

RESULTS

Identification of RELA/p65 as an IMP3 target in 
promoting glioma cell migration

We have previously demonstrated that high IMP3 
GBM tumors are highly migratory/ invasive as seen by the 
presence of IMP3 positive tumors cells in tumor infiltrating 
front, perivascular and subpial regions [17]. In this work, 
we set out to identify IMP3 targets that promote glioma 
cell migration. An integrated bioinformatics approach was 
used to identify IMP3 targets that encode transcription 
factors since they are global regulators (Figure 1A). 
Many RNA binding proteins regulate their targets at 
mRNA translation level, and few of the identified IMP3 
targets were also regulated at this level [17, 18]. We were 
particularly keen to identify transcription factors whose 
expression is regulated by IMP3 at the translation step. To 
begin with, we utilized the PAR-CLIP data containing a 
list of mRNAs with IMP3 binding sites and transcriptome 
data of IMP3 silenced condition in HEK293 cells from 
Hafner et al. [19]. Firstly, we selected transcripts that 
contained IMP3 binding sites and whose transcript levels 
are unaltered under IMP3 silenced conditions (n = 4132). 
Next, this list was compared with transcription factor (TF) 
data base [20] which identified a list of 404 TFs. We then 
superimposed the TCGA GBM transcriptome data and 
short listed 162 TFs with their transcript levels unaltered 
between high- and low-IMP3 GBM tumors. These TFs 
were arranged according to the number of IMP3 binding 
sites present in their mRNA (Supplementary Table 1). 
Among top 5 genes with 10 or more IMP3 binding sites, 
we chose p65 (RELA) for further studies since p65 is a 

member of NF-κB heterodimeric transcription factor 
complex [21]. NF-κB pathway has been extensively 
associated with aggressive phenotypes of GBM, especially 
migration, invasion, angiogenesis, chemo-resistance and 
GSC maintenance [22–24].

NF-κB primarily exists as a heterodimeric 
transcription factor consisting of p65 and p50 subunits 
[21]. To experimentally demonstrate that p65 is a target of 
IMP3, we measured the p65-dependent luciferase activity 
in glioma cells after modulating IMP3 levels. Exogenous 
overexpression of IMP3 in LN229 glioma cells increased 
luciferase activity in a concentration dependent manner, 
while knockdown of IMP3 in U87, T98G and U138 
cells led to a significant reduction in the activity from  
NF-κB dependent reporter (Figure 1B and 1C). Next, we 
assessed the role of p65 as a downstream effector of IMP3 
mediated migration. As expected, we observed a reduced 
migratory capacity of U138 cells upon IMP3 knockdown 
(Figure 1D and 1E; compare bar 1 with 2). Exogenous 
overexpression of p65 alleviated the diminished 
migration observed in IMP3 silenced U138 cells  
(Figure 1D and 1E; compare bar 4 with 2). Silencing of 
IMP3 and overexpression of p65 was confirmed using 
western blot (Figure 1F). Collectively, these results 
establish p65 as a target of IMP3 in mediating its pro-
migratory functions in glioma cells.

IMP3 activates NF-κB activity by promoting 
translation of p65 transcript

To dissect the mechanism behind the regulation of 
p65 and thereby NF-κB activity by IMP3, we checked the 
p65 transcript and protein levels in IMP3 overexpressed 
and knockdown conditions. p65 transcript levels in IMP3 
overexpressing LN229 cells or IMP3 silenced U87, 
A172, U138 and U343 cells was found to be unaltered 
(Figure 2A and 2B). Additionally, there was no significant 
difference in p65 transcript levels between low IMP3 and 
high IMP3 GBM samples from TCGA and GSE22866 
data sets (Supplementary Figure 1A and 1B). Moreover, 
we observed no significant correlation between p65 
protein and p65 transcript in our patient (GBM) cohort 
as assessed by immunohistochemical analysis (IHC) and 
qRT-PCR respectively (r = 0.2521, p = ns, Supplementary 
Figure 1C). We next analysed the effect of IMP3 on p65 
protein levels. While IMP3 overexpression resulted in 
many fold increase in p65 protein in LN229, U373 and 
U251 cells (Figure 2C), IMP3 silencing decreased the 
p65 protein levels in U87, A172, U138 and U343 cells 
(Figure 2D). Moreover, we found the protein levels 
of p65 and IMP3 were significantly correlating in our 
patient (GBM) cohort as assessed by IHC (r = 0.3648, 
p = 0.0175, Supplementary Figure 1D). Furthermore, 
this increased p65 protein is also functionally active, as 
evident by nuclear translocation of p65 protein in LN229 
and U251 cells with IMP3 overexpression (Supplementary 
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Figure 1E). Conversely, IMP3 knockdown led to 
reduced nuclear p65 staining in A172 and U343 cells 
(Supplementary Figure 1F). Thus, IMP3 increases the  
NF-κB activity by increasing the p65 protein levels, 
without any change in its transcript level. Further to 
determine the mechanism behind increased p65 protein 
levels in the presence of IMP3, we looked at the 
translation and protein stability of p65. In knockdown 
conditions of IMP3 in U138 cells, polysome analysis 
revealed a significant decrease in the p65 transcript level 
in polysome fraction and a concomitant increase of the 
transcript in the non-polysome fraction (Figure 2E). To 
check the effect of IMP3 levels on p65 protein stability, 

cycloheximide chase experiment was performed. The rate 
of degradation of p65 protein was seen to be similar in 
IMP3 overexpression conditions (AdIMP3) and control 
(AdGFP) LN229 cells, implying that IMP3 may not be 
playing a role in regulating the protein stability of p65 
(Figure 2F). Taken together, IMP3 increases the levels of 
p65 protein by increasing its mRNA translation.

IMP3 binds to 3′UTR of p65 RNA 

We next sought to investigate whether the increase 
in p65 translation is mediated via direct binding of IMP3 to 
the p65 transcript. The binding of IMP3 to p65 transcript 

Figure 1: IMP3 expression increases NF-κB activity. (A) Schematic representation of the strategy employed to find the transcription 
factor having putative IMP3 binding sites and unregulated at the level of RNA on IMP3 silencing (data provided in GSM545209 and 
http://www.mirz.unibas.ch/restricted/clipdata/RESULTS/CLIP_microArray/index.html) [19]. (B) NF-κB luciferase reporter activity in 
IMP3 overexpressing LN229 cells and in IMP3 silenced U87, T98G and U138 cells. For overexpression condition, NF-κB dependent 
reporter luciferase activity was co-transfected with IMP3 overexpression construct. Increasing concentrations of IMP3 expressing vector 
(1 μg and 2 μg) was used in the assay while keeping the reporter construct constant. Luciferase activity was measured after 48 h of 
transfection. For IMP3 silenced condition, the readings were taken after 48 h of reporter transfection, while 96 h after siRNA transfection. 
The activity obtained in vector control conditions was considered to be 1 and relative activities in increasing IMP3 conditions were plotted.  
(C) Western blots showing IMP3 levels upon exogenous IMP3 overexpression (LN229 cells) or silenced conditions (U87, T98G and U138 
cells). (D) Representative micrographs of migrated U138 cells in the mentioned conditions: siControl with control vector transfection, 
siControl with p65 overexpression vector transfection, siIMP3 with control vector transfection and siIMP3 with p65 overexpression vector 
transfection. (E) Quantitation of the number of migrated cells is represented as a bar graph. (F) Western blots confirming IMP3 silencing 
and p65 overexpression in U138 cells. For all experiments, a student t-test was carried to assign statistical difference in observations made 
in the conditions indicated. A p < 0.05 is represented with *p < 0.01 is represented as ** and p < 0.001 is represented as ***.
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was confirmed in the RNA immunoprecipitation assays, 
where the p65 transcripts were found to be enriched in 
IMP3 overexpressed fraction as compared to control 
fractions in LN229 cells (Figure 3A). Further analysis of 
p65 transcript sequence for the presence of IMP3 binding 
sites revealed that there are 10 potential binding sites, with 
four of them in 3′ UTR of the transcript (Supplementary 
Figure 2A). Since IMP3 binding sites are generally 
enriched in the 3′UTR of transcripts [19], and 3′UTR 
sites have been implicated in translational regulation, we 
investigated the importance of four sites present in the p65 
3′UTR. Based on the conservation of the sites across the 
species (Supplementary Figure 2B), the first three sites 
were taken up for studies.

The activity from a reporter construct with p65 
3′UTR having these three sites downstream to Renilla 
luciferase gene (Figure 3B) is induced in LN229 cells 

overexpressing IMP3 and is reduced in IMP3 silenced 
T98G cells (Figure 3C). UV crosslinking experiments 
using purified IMP3 protein, and radioactively labelled  
in vitro transcribed RNA corresponding to these three sites 
revealed that all the three sites are capable of binding to 
IMP3 (Figure 3D, left panel). This binding is specific as the 
cold RNA of the same site competed efficiently the binding 
by IMP3 (Figure 3E, right panel). Further, IMP3 failed to 
bind to a non-specific RNA (Supplementary Figure 2C). 
The importance of the predicted consensus sequence [19] 
in these sites for the specific binding by IMP3 was further 
confirmed by altering the important residues. Conversion 
of the first two residues CA to AC (Figure 3E) of the 
four nucleotide consensus 5′-CAUH-3′ [19] significantly 
abolished the binding by IMP3 (Figure 3F). To test the 
biological significance of IMP3 binding to p65 3′UTR, 
we tested the ability of IMP3 to activate a luciferase 

Figure 2: Mechanism of p65 expression regulation by IMP3. (A) Transcript levels of p65 and IMP3 in IMP3 overexpressing 
LN229 cells as assessed by qRT-PCR. Log2 ratio of transcript levels in AdIMP3 infected cells relative to AdGFP infected cells was plotted. 
(B) Transcript levels of p65 and IMP3 in IMP3 silenced conditions in glioma cell lines like U87, A172, U138 and U343. Measurement was 
done using qRT-PCR and the log2 ratio of transcript levels in siIMP3 transfected cells relative to siControl transfected cells was plotted.  
(C) Western blotting analysis of lysates from cell lines ectopically overexpressing IMP3 for the levels of IMP3, p65 and loading controls 
(Actin or PCNA). (D) Western blots showing levels of p65 and actin after IMP3 silencing. (E) Polysome analysis to measure the changes 
in p65 transcript translation in IMP3 knockdown condition was performed. p65 transcript levels were measured in non-polysome and 
polysome fraction in IMP3 and control knockdown condition by qRT-PCR. Log2 ratio of transcript levels in siIMP3 transfected cells 
relative to siControl transfected cells was plotted. (F) Western blot analysis followed by cycloheximide chase experiment. p65 levels 
were measured in these lysates. Quantitation of the remaining p65 expression (at 2, 4 and 6 hours) when compared to 0 hours in the two 
conditions is shown as the graph (right). For all experiments, a student t-test was carried to assign statistical difference in observations made 
in the conditions indicated. A p < 0.05 is represented with *p < 0.01 is represented as ** and p < 0.001 is represented as ***.
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reporter construct carrying p65 3′UTR with the mutation 
in the IMP3 binding consensus as described earlier. To 
our surprise, site 1 mutation did not significantly affect 
the ability of IMP3 to activate the reporter activity, 
while both site 2 or 3 mutations abolished the ability of 
IMP3 to activate the reporter activity (Figure 3G). These 
observations underscore the importance of IMP3 binding 
to site 2 and site 3 over site 1 in physiological conditions. 
Thus, we conclude from these experiments that IMP3 

binds to the p65 3′UTR directly, and this binding may be 
important for its regulation on p65 expression.

A positive feedback loop between IMP3 and  
NF-κB pathway

We then investigated the possibility of IMP3 being 
transcriptionally activated by NF-κB pathway involving 
a positive feedback loop. To assess this possibility, we 

Figure 3: IMP3 binds to p65 transcript. (A) RNA immuno-precipitation (RIP) followed by qRT-PCR in LN229 cells transduced with 
AdGFP or AdIMP3 virus. RIP was performed 48 h post infection. p65 transcript levels were measured (qRT-PCR) in control antibody (IgG) 
or IMP3 antibody immunoprecipitated fractions from GFP virus and IMP3 virus infected cells and depicted. (B) Schematic representation of 
the luciferase construct used, where partial p65 3′UTR containing 3 putative IMP3 binding sites was cloned downstream to Renilla luciferase 
gene. (C) Construct carrying first three putative IMP3 binding sites in p65 3′UTR was transfected in ectopically IMP3 overexpressing 
cells (LN229) and IMP3 silenced cells (T98G). Luciferase readings were taken 48 h after reporter transfection and relative readings were 
plotted. (D) Phosphorimages after RNA-protein UV crosslinking experiments were performed. α 32P-labelled RNAs (~150 bases each) 
of corresponding sites were incubated in the absence or increasing concentrations of purified IMP3 protein. The radiolabel RNA-protein 
complexes were resolved on SDS-10% PAGE gels and phosphorimaging was performed (three left panels). α 32P-labelled RNA was also 
UV cross-linked to recombinant purified IMP3 protein, with 100, 200 and 400 fold molar excess of unlabelled same site RNA (cold RNA). 
Images after phosphorimaging for these experiments are also shown (three right panels). (E) Partial representation of the sites with four 
nucleotide consensus for IMP3 binding shown in bold letters. The first two mutated bases in the consensus are underlined in the mutated 
sequence. (F) Phosphorimages after RNA UV crosslinking experiments with wild type or the mutant RNA probes for the three sites. (G) 
Luciferase assay performed in IMP3 overexpressing LN229 cells transfected with wild-type or mutated 3′UTR plasmids. Each plasmid only 
had one site mutated as indicated, with the other two sites having wild type sequence. Luciferase readings were taken after 48 h of reporter 
plasmid transfection. Relative luciferase readings were calculated and depicted as bar graphs. For all experiments, a student t-test was carried 
to assign statistical difference in observations made in the conditions indicated. A p < 0.05 is represented with *p < 0.01 is represented as  
** and p < 0.001 is represented as ***.
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sub-cloned partial region of IMP3 promoter (−987 to 
+66) having four p65 binding sites upstream to Fire-fly 
Luciferase gene of pGL3-Basic vector to construct an 
IMP3 promoter-reporter construct (Figure 4A). Treatment 
of U87 and HCT116 cells with a pharmacological 
inhibitor to NF-κB pathway, BAY 11-7082 (an inhibitor 
of IKK complex activity) resulted in a dose dependent 
inhibition of luciferase activity from IMP3 promoter-
reporter construct (Figure 4B). BAY 11-7082 treatment 
also resulted in reduced IMP3 transcript (U343 and H1299 
cells) and protein levels (U87, U343 and H1299 cells) 
(Figure 4C and 4D). As expected, under these conditions, 
BAY 11-7082 treatment inhibited reporter activity from 
NFκB-dependent reporter (Supplementary Figure 3A). 
Further, activation of NF-κB pathway by TNF-α led to 
increase in IMP3 RNA and protein levels in LN229 and 
U251 cells (Figure 4E and 4F). TNF-α treatment resulted 
in the activation of reporter activity from NFκB-dependent 
reporter as anticipated (Supplementary Figure 3B). 
Additionally, a dominant negative form of IκB (IκBSR), 
an inhibitor of NF-κB pathway, decreased IMP3 transcript 
levels in U251 and U87 glioma cells (Figure 4G). We 
also found a significant positive correlation between p65 
protein (as determined by immunohistochemistry) and 
IMP3 transcript levels (as determined by qRT-PCR) in our 
cohort of GBM patient samples (r = 0.2976, p = 0.0304, 
Supplementary Figure 3C). We went ahead to check 
if p65 binds directly to IMP3 promoter by performing 
ChIP-qPCR. We found enhanced p65 occupancy on the 
IMP3 promoter region both in endogenous and TNF-α 
activated condition in U87 cells (Figure 4H). Analysis 
of IMP3 promoter region that was amplified for ChIP-
qPCR in UCSC genome browser [25] also showed an 
enrichment of activated histone marks (H3K27Ac marks) 
(Supplementary Figure 3D). To investigate whether 
IMP3 is itself able to increase its own transcription via 
p65, we checked for the IMP3 reporter activity in IMP3 
overexpression conditions. We see an increased IMP3 
promoter dependent luciferase reporter activity in IMP3 
overexpression condition in LN229 cells (Figure 4I) and 
this increase was abrogated by BAY 11-7082 treatment 
(Figure 4J). These results demonstrate the existence of a 
probable positive feedback loop between IMP3 and NF-
κB pathway in GBM.

IMP3-p65 cascade also regulates glioma stem-
like cells (GSC) maintenance and migration

Since GSCs show enhanced migratory property and 
IMP3 promotes migration of glioma cells, we were intrigued 
if there is any association between IMP3-p65 cascade and 
GSCs [17, 26–28]. We examined the transcript levels of 
1756 RNA binding proteins (RBPs) [29, 30] derived from 
GSE31262 microarray database, which provides transcript 
profile of five adult human neural stem cell lines (ahNSC) 
and nine glioblastoma stem cells lines (GSC) [31]. There 

were 73 RBPs upregulated and 73 RBPs downregulated 
in GSC in comparison to ahNSC (Figure 5A). Among the 
GSC specific upregulated RBPs, we found IMP3 to be 
the most upregulated (Fold change in GSC over ahNSC = 
92.94), suggesting that IMP3 may play an important role 
in GSC maintenance (Figure 5A; Supplementary Table 2). 
To confirm the association between IMP3 and GSCs, we 
carried out Gene Set Enrichment Analysis (GSEA) for the 
possible enrichment of gene expression profile of CD133+ 
(a marker for glioma stem-like cells) glioma cells [32], 
in IMP3 expressing glioma tumors. We found a positive 
enrichment of upregulated genes in CD133+ glioma cells 
(CD133+_up) in GBMs with high levels of IMP3 transcripts 
(IMP3 high) (Supplementary Figure 4A). In contrast, 
GBM tumors with low levels of IMP3 transcripts (IMP3 
low) had a positive enrichment of downregulated genes in 
CD133+ glioma cells (CD133+_down) (Supplementary 
Figure 4B). To experimentally validate the importance of 
IMP3 in GSC maintenance, we tested the effect of IMP3 
silencing on the ability of GSCs (SK1035 and MGG4) 
to grow as neurospheres. IMP3 silencing inhibited GSC 
neurosphere growth significantly both in terms of number 
and size (Figure 5B–5D). SK1035 and MGG4 GSCs have 
been described previously [33, 34] and were grown as 
neurospheres, which are known to enrich cells with stem-
like characteristics. IMP3 silencing also resulted in the 
downregulation of four glioma reprogramming transcription 
factors- OLIG2, POU3F2, SOX2 and SALL2 in GSCs 
(Figure 5E). These results were also reproduced in glioma 
cell lines, where a diminished neurosphere forming capacity 
was observed in A172, U87 and U251 cells transfected with 
siIMP3 (Supplementary Figure 4C and 4D). Next, we tested 
whether p65 is also a critical downstream mediator of IMP3 
in GSC maintenance using SK1035. The inhibitory effect 
of IMP3 depletion on neurosphere formation was tested 
in the presence of exogenously expressed p65 transcribed 
from a 3′UTR-less construct. IMP3 downregulation led to 
significant decrease in number of neurospheres as observed 
before (Figure 6A and 6B; compare bar 2 with 1). However, 
simultaneous exogenous overexpression of p65 rescued the 
neurosphere formation significantly (Figure 6A and 6B; 
compare bar 4 with 2). qRT-PCR confirmed the efficient 
silencing of IMP3 and p65 overexpression (Figure 6C). 
We also observed an increase in IMP3 transcript in p65 
overexpression condition establishing the regulation of 
IMP3 transcription by p65 in GSCs also (Figure 6C).The 
spheres formed upon p65 overexpression in IMP3 silenced 
condition indeed showed increased levels of SOX2, 
SALL2 and POU3F2 (Figure 6D). Next, we also checked 
if migration capacity of GSCs is regulated by IMP3. 
IMP3 knockdown led to decreased migration of SK1035 
GSCs (Figure 6E and 6F; compare bar 1 with 2). Further, 
we also observed an alleviation of reduction in migratory 
potential with p65 overexpression in IMP3 depleted cells  
(Figure 6E and 6F; compare bar 2 with 4). Taken together, 
these results underscore the importance of IMP3-p65 
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cascade in maintenance of glioma stem-like cells and their 
migratory capacity. 

DISCUSSION

IMP3 is an oncofetal RBP, implicated in migration, 
invasion, angiogenesis, cancer stem-like cell maintenance 

and is also associated with malignant and recurrent tumors 
[17, 35–41]. IMP3, being an RNA binding protein, has 
promiscuous binding and a plethora of target transcripts 
[18, 19]. From the multiple targets, we were interested 
to identify a global regulator, regulated by IMP3 at the 
level of translation, which may be playing a crucial role in 
migration of glioma cells. We focussed our efforts to IMP3 

Figure 4: IMP3 gene expression is regulated by NF-κB activity and both participate in a positive feedback loop.  
(A) Schematic representation of IMP3 promoter showing putative p65 binding sites revealed by bioinformatics analysis. The positions 
relative to Transcription Start Site (TSS) are indicated in the boxes. The putative consensus sequence of NF-κB binding in each of the sites 
is shown in red. (B) IMP3 promoter dependent luciferase activity of the cells transfected with IMP3 promoter reporter was measured after 
treatment with BAY 11-7082 at the indicated concentrations. Luciferase assays were performed 48 h after transfection and 12 h of inhibitor 
treatment. Luciferase readings were normalized to β-galactosidase readings present in the lysate. (C) Measurement of IMP3 transcript 
levels after treatment of U343 cells (left panel) and H1299 cells (right panel) with BAY 11-7082 (10 µM) at the indicated time points using 
qRT-PCR was performed. (D) Western blot analysis was performed to measure IMP3 protein levels in lysates of cells treated with BAY 11-
7082 (10 µM) for indicated time points. (E) Transcript levels of IMP3 in cells treated with TNF-α (10 ng/ml) for 4 h in LN229 and U251 
cells, as measured using qRT-PCR. (F) IMP3 protein levels in lysates made from cells treated with TNF-α (10 ng/ml) for the indicated 
time points. (G) Transcript levels of IMP3 in U251 and U87 cells after 48 h of IκB super repressor (IκBSR) transfection. Measurements of 
transcript levels were made using qRT-PCR. (H) ChIP was performed in untreated and TNF-α (10 ng/ml) treated U87 cells. qRT-PCR was 
performed to check the levels of region of IMP3 promoter amplified in p65 and control (IgG) immuno-precipitated chromatin. Relative 
enrichment of IMP3 promoter region in p65 pull-down over IgG pull-down conditions is shown in TNF-α treated and untreated cells.  
(I) Relative luciferase activity measurements of IMP3 promoter reporter in LN229 cells with ectopic overexpression of IMP3. All readings 
were recorded after 48 h of reporter transfection. (J) Relative luciferase activity measurements of IMP3 promoter reporter in LN229 cells 
ectopically expressing IMP3 treated or untreated with BAY 11-7082 (10 µM). All readings were recorded after 48 h of reporter transfection 
and 12 h of inhibitor treatment. For all experiments, a student t-test was carried to assign statistical difference in observations made in the 
conditions indicated. A p < 0.05 is represented with *p < 0.01 is represented as ** and p < 0.001 is represented as ***.
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mediated migration as our previously published results in 
GBM clearly reflect the importance of this molecule in 
this hallmark of cancer [17]. Our integrated bioinformatics 
approach identified p65, a transcription factor in NF-κB 
pathway to be a putative target of IMP3. NF-κB pathway 
activates a cascade of genes important during development 
and is also associated with aggressive and resistant tumors 
[42–44]. In addition, the level of NF-κB activation is 
directly proportional to tumor aggressiveness [45], and 
also implicated in cancer stem-like cell maintenance  
[24, 46–48]. In GBM, NF-κB pathway is constitutively 
active in a subset of tumors and represents a survival 
signal sustaining tumor growth [23]. It is also reported 
to play an important role in migration, invasion, GSC 
survival and chemoradiotherapy by its ability to activate 

various important oncogenes, including IL-6, IGFBP-2 
and c-myc, all of which are known regulators of migration 
capacity, glioma stem-like cells and are associated with 
tumor aggressiveness [49–51]. These reports motivated us 
to validate p65 as a target for IMP3 and as its downstream 
mediator in rendering migratory potential to the cells. 
Our findings in glioma cells with IMP3 overexpression 
and silencing unequivocally establish IMP3 as a positive 
modulator of NF-κB signalling by increasing the 
translation of p65 transcript. These results are in coherence 
with the observations made by Pei et al., where they have 
shown that IMP3 activates NF-κB pathway and contributes 
to migration of renal cell carcinoma cells [52]. Our p65 
rescue experiment in IMP3 depleted U138 glioma cells 
clearly reflects the importance of the molecule downstream 

Figure 5: IMP3 expression is associated with GSC maintenance. (A) Heat map showing significantly differentially expressed 
RNA binding proteins (73 up-regulated and 73 downregulated) between normal neural stem cells (n = 5) and glioma stem like cells  
(n = 8) from GSE31262. Log2 ratio values of expression are plotted ranging from −2 (green: downregulated) to +2 (red: upregulated).  
(b) Representative images showing decrease in sphere number and diameter after IMP3 silencing mediated by siRNA for SK1035 and 
MGG4 GSCs. (C) Quantitative representation of the relative decrease in sphere number after IMP3 depletion in GSCs using bar graph. 
The number of spheres in untreated condition was considered to be 1 and number of spheres in knockdown condition is plotted relative to 
it. (D) Number of spheres falling in different size categories (as per diameter in µm) plotted as bar graphs. Note that in IMP3 knockdown 
condition there is a general decrease in sphere diameter, but the number of spheres with bigger diameter is affected more severely in both 
SK1035 and MGG4 GSCs. (E) qRT-PCR analysis of transcript levels of known glioma stem-like cell markers upon IMP3 knockdown in 
SK1035 and MGG4 GSCs. Log2 ratio values of the transcript levels are plotted. For all experiments, a student t-test was carried to assign 
statistical difference in observations made in the conditions indicated. A p < 0.05 is represented with *p < 0.01 is represented as ** and  
p < 0.001 is represented as ***.



Oncotarget40477www.impactjournals.com/oncotarget

to IMP3 in imparting migratory potential to these cells. 
We also show that IMP3 has a role to play in GSC 
maintenance and migration. GSCs are known for high 
migratory potential and therapy resistance [4, 27, 53] thus 
the association of IMP3 with GSCs makes it a lucrative 
target for therapy.

Another aspect investigated is the binding of IMP3 
to p65 3′UTR. Our results establish a specific binding 
of IMP3 to three sites on the p65 3′UTR. In luciferase 
assays with p65 3′UTR, we observed that mutation in 
site 1 did not significantly alter the enhanced activity in 
IMP3 overexpression conditions (as observed in wild type 
3′UTR construct). Conversely, mutation in either site 2 or 
site 3 significantly impaired the IMP3 mediated increase in 
luciferase activity. This signifies the importance of IMP3 
binding to these two sites (site 2 and site 3) in mediating 

its regulation in the cells. Though there may be various 
reasons behind this observation, one of the scenarios that 
we hypothesize is that IMP3 may be binding to site 2 and 
site 3 in a pseudodimeric configuration as proposed for 
IMP1 (a paralogue of IMP3) to its target [54]. Though the 
exact mechanism by which IMP3 promotes translation of 
target transcripts is not known, we hypothesize that it may 
involve recruitment of auxiliary proteins that may act as 
translation activators.

GBM tumors have high expression of p65 and IMP3 
proteins [17, 45]. Our results explicitly establish p65 as a 
target of IMP3 at the level of translation and also IMP3 
as a transcriptional target of p65. In light of the evidence 
provided, we conclude the existence of a positive feedback 
loop between IMP3 and p65. The presence of such a 
positive feedback loop in GBM tumors will further fuel 

Figure 6: IMP3 regulates GSC maintenance and migration via p65. (A) Representative images of SK1035 neurospheres formed 
in the four mentioned conditions: siControl with control vector transfection, siControl with p65 overexpression vector transfection, siIMP3 
with control vector transfection and siIMP3 with p65 overexpression vector transfection. (B) Quantification of neurospheres formed in the 
indicated conditions. (C, D) Transcript levels of IMP3, p65, SOX2, SALL2 and POU3F2 genes in SK1035 under the mentioned conditions: 
siControl with control vector transfection, siControl with p65 overexpression vector transfection, siIMP3 with control vector transfection 
and siIMP3 with p65 overexpression vector transfection. (E) Representative micrographs of migrated SK1035 GSCs in the mentioned 
conditions: siControl with control vector transfection, siControl with p65 overexpression vector transfection, siIMP3 with control vector 
transfection and siIMP3 with p65 overexpression vector transfection. (F) Quantitation of the number of migrated cells is represented as a 
bar graph. For all experiments, a student t-test was carried to assign statistical difference in observations made in the conditions indicated. 
A p < 0.05 is represented with *p < 0.01 is represented as ** and p < 0.001 is represented as ***.
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the belligerent state of the tumor. Thus, the disruption 
of this axis should bring down the aggressiveness of 
the tumor and its relapse. Taken together, we propose a 
model wherein IMP3 may enhance the translation of 
p65 thus contributing to activation of NF-kB pathway in 
GBM tumors. This may result in transcription of various 
oncogenes including cytokines and IMP3 itself. Thus our 
study establishes that the intricate regulation between 
IMP3 and NF-κB pathway is essential for migration of 
glioma cells (Figure 7).

The importance of this study relies on the fact 
that there are limitations in the utilization of NF-κB 
inhibitors for the management of various cancers. Pre-
clinical trials of NF-κB inhibitors have shown promising 
reduction in tumor burden, but serious concerns about 
side effects are still raised [55]. These observations 
thrust upon the importance of alternate strategies for 
NF-κB pathway inhibition. Molecules targeting IMP3 
could be considered for attenuating and disrupting  
NF-κB thus ensuring pronounced tumor specific inhibition 
with minimum side effects. Previously published report 
from our group demonstrated that IMP3 depletion results 

in enhanced sensitivity to chemotherapy in glioma cell 
lines [17]. Current study establishes that IMP3 is critical 
for migration of both differentiated and glioma stem-
like cells. Thus, IMP3 depletion may render even the 
GSCs, which have higher migratory potential and are 
refractory to the existing therapeutic modalities sensitive 
to chemotherapy. Further, it has been shown that peptides 
derived from IMP3 induce immune response of helper 
T cells and cytotoxic T lymphocytes resulting in better 
clinical response in esophageal cancer [56, 57]. Hence, 
IMP3 targeting may prove to be useful as an adjuvant 
therapy leading to targeting highly infiltrative cells thus 
improving the median survival, quality of life of patients 
and reducing the probability of recurrence in a patient.

MATERIALS AND METHODS

Culture of adherent cells and glioma stem-like cells

293T, U87 and HCT116 (Sigma); LN229, U138, 
U343, U251 (from Dr. Abhijit Guha’s laboratory), were 
grown in Dulbecco’s modified Eagle Medium (DMEM) 

Figure 7: Proposed model of regulation of p65 and IMP3 in GBM tumors. Low IMP3 expressing GBM tumors are relatively 
less invasive in nature. High IMP3 expressing GBM tumors will have high IMP3 protein resulting in enhanced translation of p65 transcript, 
and thus an increased expression of p65 protein is observed. The activated p65 translocates to the nucleus and induces the expression of 
NF-κB target genes including several cytokines and oncogenes. IMP3 also acts as another transcriptional target of p65 and the levels of 
both molecules are regulated in a positive feedback loop (depicted by long red arrow). This contributes in enhanced glioma cell migration 
and GSC maintenance in high IMP3 expressing GBM tumors. 
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supplemented with 10% Foetal Bovine Serum (10% FBS), 
penicillin (Sigma, U.S.A.), gentamicin (Sigma, U.S.A.) 
and streptomycin (Sigma, U.S.A.) at 37°C in a humidified 
atmosphere with 5% CO2. Primary tumor GSCs were kindly 
given by Dr. Santosh Kesari (University of California, 
San Diego) and Dr. Wakimoto H. (Massachusetts General 
Hospital, Boston). They were cultured in Neurobasal 
medium (Invitrogen, U.S.A.) supplemented with 3 mmol/L 
L-Glutamine (Invitrogen, U.S.A.), basic fibroblast growth 
factor (bFGF; 20 ng/ml, Promega), epidermal growth factor 
(EGF; 20 ng/ml; Promega), 1X B27 supplement (Invitrogen, 
U.S.A.), 0.5 × N-2 (Invitrogen, U.S.A.), 2 μg/mL Heparin 
(Sigma, U.S.A.), penicillin, gentamicin and streptomycin 
in ultra-low attachment plates (Corning, U.S.A.). SK1035 
neurospheres were passaged by mechanical dissociation after 
days 8–10, while chemical dissociation kit (Catalog# 05707, 
STEMCELL technologies, U.S.A.) was used for dissociation 
of MGG4. Fresh medium was supplemented every 2–3 days.

Human tumor samples

Source of tumor samples are GBM patients operated 
at National Institute of Mental Health and Neurosciences 
(NIMHANS) and Sri Sathya Sai Institute of Higher 
Medical Sciences (SSSIHMS), Bangalore, India. Tissues 
were bisected and one portion was used for placed in 
RNA later (Ambion Inc., USA), stored at −70°C and used 
for RNA isolation, while the other half was fixed in 10% 
buffered neutral formalin, processed for paraffin sections 
and was used for immunohistochemistry (IHC). The study 
was approved by the ethics committee of NIMHANS 
and SSSIHMS (the two clinical centres) and the consent 
of the patients was obtained as per the Institute Ethical 
Committee guidelines and approval. For assessing the 
transcript levels of various genes (IMP3 and RELA) in 
tumor samples we had used forty six GBM samples.

Plasmids and other reagents 

IMP3 overexpression construct used has been 
described earlier [17]. IMP3 promoter reporter was 
procured from Switch Gear genomics (S717055) and sub-
cloned into pGL3 Basic vector (Promega, U.S.A.). NF-κB 
dependent luciferase reporter vector was a kind gift from 
Dr. Balaji, IISc, India. IκB super-repressor (IκBSR) was 
kindly provided by Dr. Inder Verma. pAG23 RELA 3ʹUTR 
was a gift from David Bartel (Addgene plasmid # 14505).

Control siRNA pool (Catalog # D-001810-10-50) 
and siRNA pool used against IMP3 (GenbankTM accession 
number NM_006547; Catalog # L-003976-00-0050) were 
purchased from GE HealthCare Dharmacon Inc (On-
TARGET plus Human siRNA SMART pool). These siRNA 
against IMP3 contains a pool of 4 siRNAs. The details of 
these are given in previously published literature [17]. GFP 
Adenovirus and IMP3 adenovirus used were described 

earlier in previously published literature [17]. BAY  
11-7082 (Calbiochem, U.S.A.) and TNF-α (Cell Signaling 
Technology, U.S.A.) were also used in this study. 

RNA isolation and real-time quantitative RT-PCR 
analysis

Total RNA was isolated using TRI reagent (Sigma, 
U.S.A.) and 2 µg of RNA was reverse transcribed using 
the High capacity cDNA reverse transcription kit (Life 
technologies, USA) according to the manufacturer’s 
protocol. qRT-PCR was performed using the ABI PRISM 
7900 HT Sequence Detection System (Life technologies, 
USA). Expression of the genes of interest was analyzed 
and normalized to 18S rRNA, ATP5G1, AGPAT or 
RPL35a as internal control genes following the ΔΔCt 
method [58]. The primer sequences used for p65 and IMP3 
are p65 (forward): GAAGAAGAGTCCTTTCAGCG, 
p65 (reverse): GGGAGGACGTAAAGGGATAG, IMP3 
(forward): CACCTCTGCGGCTTGTAAGTC, IMP3 
(reverse): CAGCGTCAATTCCTGCAATGG, POU3F2 
(forward): TGACGATCTCCACGCAGTAG, POU3F2 
(reverse): GGCAGAAAGCTGTCCAAGT, SOX2 
(forward): AACCCCAAGATGCACAACTC, SOX2 
(reverse): GCTTAGCCTCGTCGATGAAC, SALL2 
(forward): TAATCTCGGACTGCGAAGG, SALL2 
(reverse): TAGAACATGCGTTCTGGTGG, OLIG2 
(forward): CCAGAGCCCGATGACCTTTT, OLIG2 
(reverse): AGGACGACTTGAAGCCACTG

Western blotting

Equal amount of lysates (quantified using Bradford 
reagent) were resolved on SDS-PAGE gels, transferred 
on PVDF membrane and probed with antibodies against 
IMP3 (Catalog # HPA002037, Sigma, U.S.A.), actin 
(Catalog # A3854, Sigma, U.S.A.), PCNA (Catalog #  
NA-03, Calbiochem, U.S.A.) and p65 (Catalog # 3034S, 
Cell Signaling Technology, U.S.A.). For cycloheximide 
chase experiment, cylcoheximide (50 µg/ml) (Sigma, 
U.S.A.) was added to the cells and the cells were harvested 
at the indicated time points. The lysates were made and the 
western blotting was performed. The blots were probed for 
p65 and the loading control. 

Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde, 
washed with Tris-buffered saline, and incubated with 
anti-p65 (Catalog # 8242, Cell Signaling Technology, 
U.S.A.). Primary antibodies were incubated for 16 h at 
4°C followed by detection with Alexa 488 anti-rabbit 
(Invitrogen). Nuclei were stained with DAPI (Sigma) and 
slides were mounted using anti-fade (Invitrogen). Images 
were taken with a confocal microscope (Leica, U.S.A.).
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Luciferase reporter assay

IMP3 promoter region was purchased from Switch 
gear genomics and the promoter region was sub-cloned in 
pGL3-Basic vector. NF-κB reporter luciferase construct 
was a kind gift from Dr. K.N. Balaji (IISc., Bangalore 
India). Luciferase assays were performed using reporter 
lysis buffer RLB (catalog # E3971, Promega, U.S.A.) 
and Luciferase Assay reagent (LAR, catalog # E1500, 
Promega, U.S.A.) as per manufacturer’s instructions. 
Briefly, plasmids were transfected in the cells plated in  
12 well plates using Lipofectamine 2000 (a total of  
2–4 μg in each well). Cells were harvested after 48 h of 
transfection and lysates were made. Luciferase readings 
were recorded using luminometer. β-galactosidase assays 
or Renilla luciferase readings were performed to normalize 
the transfection differences. These assays were carried in 
duplicates. 

For 3′UTR luciferase assays, the plasmid was 
obtained for Addgene. The wild type or mutated 3′UTR 
plasmids (containing Renilla luciferase) were co-
transfected with pCMV-luc (having firefly luciferase 
gene) and the luciferase assays were performed using dual 
luciferase assay kit (Catalog # E1910, Promega, U.S.A.). 

Transfection of GSCs, neurosphere assay and 
sphere diameter measurement

GSCs transfections were carried out in single cell 
suspension state for both siRNA and plasmids. After  
48 h of transfection, the aggregates formed were 
dissociated into single cells, counted and equal numbers 
of cells were plated at a density of 4 cells/µl in 24-well or 
6-well plate. Number of spheres was counted after 7 days of 
plating. Again, fresh medium was added to the wells every  
2–3 days. Sphere diameter measurements were done with 
ImageJ software. Number of spheres above the median 
diameter were calculated and plotted for total number of 
spheres. These assays were performed in duplicates.

Migration of glioma cells and GSCs

U138 glioma cells and SK1035 GSCs were 
transfected with control siRNA or siRNA against IMP3. 
After 36 h of transfection, cells were plated for p65 
overexpression transfection (5 μg in a 35 mm). After 36 
h of p65 transfection, cells were made into single cell 
suspension and 25,000 cells were plated for migration in 
a Corning® BioCoat™ Control Inserts with 8.0 µm PET 
Membrane (Catalog # 354578, Corning, U.S.A.). Upper 
chamber contained incomplete medium required for the 
growth of respective cell lines, while the lower chamber 
contained medium with 20% serum. Migration of cells 
was observed after 8 h of incubation in 37°C incubator. 
Cells from the upper side of the chamber were gently 
removed, while those in the lower side were fixed using 

chilled methanol (30 min) and stained with 0.1% crystal 
violet (30 min). Representative images were taken under 
light microscope and migrated cells were counted. The 
assay was performed in duplicates.

IMP3 protein purification 

pET42a-IMP3 was obtained as a gift from Jan 
Christiansen. Untagged protein was purified as mentioned 
before without any modifications [59].

In vitro RNA transcription and site directed 
mutagenesis

DNA fragments were obtained by amplifying 
the site 1, site 2 and site 3 from the pAG23 RELA 3′ 
UTR plasmid. Amplification of region from each site 
was done using forward primer having T7 promoter 
which were then used as template in vitro transcription. 
These transcripts were also labelled using α-32P 
during the reaction. The transcription reactions were 
carried out using T7 RNA polymerase (Promega, 
U.S.A.) according to the manufacturer’s instructions. 
Primers used for amplification for templates for  
in vitro transcription are site 1 (forward): TAATACG 
ACTCACTATAGGGAGATTTTATTGTCAGTATCTG, 
site 1 (reverse): GTTCCCTACAGAGAAGGGAGCT 
GACC, site 2 (forward): TAATACGACTCACTATA 
GGGAGAGGAGGTAAGGCCTTTGAGCC, site 2 
(reverse): CGCTGGTGTTAGGCACAGGGACAATGCC, 
site 3 (forward): TAATACGACTCACTATAGGGAGAG 
TGCCTAACACCAGCG, site 3 (reverse): GGAACTGAC 
CAGACCAAACCCCTTCTGG.

Mutation of IMP3 binding consensus in three 
sites of p65 3′UTR was performed by site directed 
mutagenesis using the QuickChange® XL Site-directed 
Mutagenesis Kit (Catalog # 200516) from Stratagene 
(Agilent Technologies, U.S.A.) following manufacturer’s 
instructions. The primers used for mutagenesis are - site 
1: GGAGGTGCTTAAGCAGAAGACTTAACTTCTCT 
GGAAAGGG, site 2: GTCTTCCATCATGGATTACTTA 
CAGCTTAATCAAAATAACGCC and site 3: TCT 
TTCCTTGCTCAACACTGGCTGAAGGAAACCAG. 
The template used was pAG23 RELA 3′UTR plasmid.

UV crosslinking of RNA with IMP3 protein

For UV crosslinking, α-32P UTP-labelled radioactive 
probes of the IMP3 binding sites in p65 3′UTR were  
in vitro transcribed. The DNA substrates used were 
LN229 cDNA, wild type or mutant RELA 3′UTR plasmid 
(Addgene). The protocol for UV crosslinking was 
followed as described earlier [60]. Briefly, α-32P UTP-
labelled RNA probes were incubated with the purified 
IMP3 protein (1 × = 2.35 pmol) in RNA binding buffer 
at 30°C for RNA-protein complex formation. Protein was 
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quantified using Bradford reagent in spectrophotometer. 
RNA and protein were subjected to UV crosslinking for  
20 minutes. This was followed by RNase A treatment 
(30 µg) at 37°C for 30 min to remove the unbound RNA. 
Protein-RNA complexes were resolved on SDS-10% 
PAGE. The gel was subjected to phosphorimaging and 
analyzed.

RNA immunoprecipitation (RIP)

Protocol was followed as described earlier [17]. 
Briefly, LN229 cells were infected with AdGFP or 
AdIMP3. After 48 h, cells were lysed in lysis buffer 
containing 100 mM KCl, 5 mM MgCl2, 10 mM HEPES 
pH = 7.0, 0.05% Nonidet P-40, 1 mM DTT, 100 U/mL 
RNase inhibitor, and 1X protease inhibitor cocktail. The 
lysates were spun at 13000 rpm for 30 minutes and protein 
concentration of supernatants was quantified. Supernatants 
from each condition (containing equal protein 
concentration) were incubated with IgG control antibody 
and anti-IMP3 antibody (AntiIMP3, N19, sc-47893, Santa 
Cruz) at 4°C overnight. BSA blocked Protein-G sepharose 
beads were added to immobilize the immunocomplexes 
formed. Washes with lysis buffer containing 10%  
NP-40 were given, which was followed by Proteinase K 
and DNase treatment. Finally, RNA was extracted using 
TRI reagent and precipitated using alcohol. cDNA was 
made using this RNA as template and used for qRT-PCR 
for the assessment of the p65 transcript (Primer sequences 
forward: GAAGAAGAGTCCTTTCAGCG, reverse: 
GGGAGGACGTAAAGGGATAG).

Chromatin immunoprecipitation (ChIP) assays

ChIP procedure followed is detailed in our earlier 
publication [23]. Briefly, U87 cells were untreated or 
treated with PBS or TNF-α were processed for ChIP 
assay. Firstly, to crosslink protein and DNA, cells were 
incubated with 1% formaldehyde for 10 minutes at 25°C. 
2.5 M glycine for 5 minutes at room temperature (25°C) 
was used to stop the crosslinking. Cells were washed 
with cold PBS, lysed using lysis buffer. Chromatin was 
sonicated (10 sec pulse 10 times, duty cycle 80, power 
18) to generate sheared fragments falling in the range of 
100bp to 1000bp. Crosslinked chromatin complex was 
pre-cleared with protein G sepharose beads. p65 antibody 
(10 μl; Catalog # 8242, Cell Signaling Technology, 
U.S.A.) or control mouse antibody (IgG) was used to 
immunoprecipitate the p65 bound DNA fragments. 
Antibody-p65-DNA complex was captured using protein 
G sepharose beads and washed. Protein-DNA complexes 
reverse crosslinked and DNA was eluted. To assay the 
p65 binding to IMP3 promoter, IMP3 promoter specific 
primers (forward, 5′- GGCTGCGGTTCCTTTAG-3′ 

and reverse, 5′- TAGGAGGAGGCGGGATTAGC -3′; 
amplicon size-115 bp) were used and qRT-PCR was done 
as described previously. Fold enrichment method was used 
to calculate the p65 binding to IMP3 promoter in different 
conditions.

Bioinformatics analysis

 PAR-CLIP data (GSM545209) and knockdown data 
for IMP3 [19] was downloaded from starBase v2.0 (http://
starbase.sysu.edu.cn/) [61] and http://www.mirz.unibas.
ch/restricted/clipdata/RESULTS/CLIP_microArray/
index.html respectively and analysed. In this analysis, 
genes having non-significant p-value (p-value > 0.05) 
for differential expression mock and IMP3 knockdown 
conditions and the genes having difference in Log2 
ratios in range of – 0.57 and 0.57 between these two 
conditions were taken as unregulated. Stringent cut off 
(T2C frequency > 0.5) for IMP3 binding to transcripts 
was used to shortlist genes. Moreover, the list of animal 
transcription factors was retrieved from AnimalTFDB 
[20]. Transcription factor list was arranged using the 
number of binding sites present in the transcript as 
reflected by T2C positions.

Differential expression of RNA binding proteins 
in NSC versus GSC was performed using GSE31262. 
Publically available microarray datasets like TCGA 
(https://tcga-data.nci.nih.gov) and GSE22866 [62] were 
used for plotting RNA expression of p65 in IMP3 high 
and low tumors. The datasets, were stratified into high and 
low IMP3 expressing tumors with almost equal number of 
GBM tumor samples: TCGA (high IMP3: n = 147; low 
IMP3: n =176) and GSE22866 (high IMP3: n = 16; low 
IMP3: n = 12).

MEGA 6 was used to represent the conservation of 
consensus sequence in IMP3 binding sites at p65 3′UTR. 
Prediction of p65 binding sites on IMP3 promoter was 
performed using Physbinder (http://bioit.dmbr.ugent.be/
physbinder/index.php) [63].

A computational approach of GSEA [64] was 
undertaken to evaluate the TCGA Agilent microarray 
data for the enrichment of genes up regulated and down 
regulated in GSCs in IMP3 high and low defined tumor 
groups respectively. Defined gene sets (Yan_UP_IN_
CD133_GBM [65], Yan_DOWN_IN_CD133_GBM 
[65], BEIER_GLIOMA_STEM_CELL_UP [66] and 
BEIER_GLIOMA_STEM_CELL_DOWN [66]) from 
the Molecular Signature Database version 3.0 (MSigDB) 
were used to evaluate whether statistically significant 
differences existed between the enrichment of gene sets 
in the two groups of High and Low IMP3 tumors. We 
acknowledge our use of the gene set enrichment analysis, 
GSEA software, and Molecular Signature Database 
(MSigDB) [64] (http://www.broad.mit.edu/gsea/). 
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Polysome analysis

The analysis was performed on U138 glioma cells 
transfected with control siRNA or siRNA against IMP3. 
Protocol was described earlier [17].

Histology and immunohistochemistry

GBM tumor sections were processed and stained 
for p65, IMP3 and Sox-2 expression. 4mm sections were 
collected on silane coated glass slides. Antigen retrieval 
was performed by heat treatment in Tris-EDTA buffer 
(10 mM Tris Base, 1 mM EDTA solution, 0.05% Tween 
20, pH 9.0) at 850 W for 5 mins, 600 W for 10 mins and 
450 W for 5 mins respectively. After initial processing, 
the sections were incubated with the mentioned 
antibodies. Incubation with secondary antibody (MACH-
1 Universal HRP-Polymer Detection kit) was followed. 
3,3′-Diaminobenzidine (Sigma-Aldrich) was used as 
chromogenic substrate. A semiquantitative grading scale 
was used and the intensity of the immunoreactivity was 
decided as follows: zero (0) if the staining was absent, 1+ 
for moderate staining and 2+ if it was strong. For IHC, 
antibodies used were p65 (Catalog # 8242, Cell Signaling 
Technology, U.S.A.), IMP3 (Catalog # ab109521, U.S.A.) 
and SOX2 (Catalog # 3579, Cell Signaling Technology, 
U.S.A.).

Abbreviations

Abbreviations used are: GBM- glioblastoma, 
IMP3- IGF2 mRNA binding protein 3, RELA- V-Rel 
Avian Reticuloendotheliosis Viral Oncogene Homolog 
A , GSC- Glioma stem-like cells, PAR-CLIP- 
photoactivatable ribonucleoside–enhanced crosslinking 
and immunoprecipitation, RIP- RNA ImmunoPrecipitation.

Authors’ contributions

SB and KS conceived and wrote the paper; SB 
designed, performed and analyzed all the experiments, 
but with help from AK and SD for experiments shown 
in Figure 3D and 3F. VP for bioinformatics and statistics 
related experiments and AV for experiments shown in 
Figures 5B–5E; Figure 6A–6D. VS, AA and ASH have 
contributed in providing the GBM tumor samples and 
performing IHC of p65 and IMP3 on them. All authors 
reviewed the results and approved the final version of the 
manuscript.

 ACKNOWLEDGMENTS

The results published here are in whole or part based 
upon data generated by The Cancer Genome Atlas pilot 
project established by the NCI and NHGRI. Information 
about TCGA and the investigators and institutions that 

constitute the TCGA research network can be found at 
http://cancergenome.nih.gov/. The use of data sets from 
GSE22866 is acknowledged. Dr. Sudhanshu Shukla 
is acknowledged for discussions and his inputs. We 
acknowledge Dr. Wakimoto H. (Massachusetts General 
Hospital, Boston) for providing patient derived primary 
GSCs. SB acknowledges CSIR, Government of India for 
the research fellowship. KS acknowledges CSIR and DBT, 
Government of India for research grant. Infrastructure 
support by funding from DST-FIST, DBT grant-in-aid 
and UGC (Centre for Advanced Studies in Molecular 
Microbiology) to MCB is acknowledged. KS is a J. C. 
Bose Fellow of the Department of Science and Technology.

CONFLICTS OF INTEREST

Authors declare no conflicts of interest with the 
contents of this article.

REFERENCES

 1. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, 
Taphoorn MJ, Belanger K, Brandes AA, Marosi C, 
Bogdahn U, Curschmann J, Janzer RC, Ludwin SK, et al. 
Radiotherapy plus concomitant and adjuvant temozolomide 
for glioblastoma. N Engl J Med. 2005; 352:987–96. doi: 
10.1056/NEJMoa043330.

 2. Lwin Z, MacFadden D, Al-Zahrani A, Atenafu E, 
Miller BA, Sahgal A, Menard C, Laperriere N, Mason WP. 
Glioblastoma management in the temozolomide era: have 
we improved outcome? J Neurooncol. 2013; 115:303–10. 
doi: 10.1007/s11060-013-1230-3.

 3. Friedmann-Morvinski D. Glioblastoma heterogeneity and 
cancer cell plasticity. Crit Rev Oncog. 2014; 19:327–36. 

 4. Chen J, Li Y, Yu TS, McKay RM, Burns DK, Kernie SG, 
Parada LF. A restricted cell population propagates 
glioblastoma growth after chemotherapy. Nature. 2012; 
488:522–6. doi: 10.1038/nature11287.

 5. Ortensi B, Setti M, Osti D, Pelicci G. Cancer stem cell 
contribution to glioblastoma invasiveness. Stem Cell Res 
Ther. 2013; 4:18. doi: 10.1186/scrt166.

 6. Brinegar AE, Cooper TA. Roles for RNA-binding proteins 
in development and disease. Brain Res. 2016; 1647:1–8. 
doi: 10.1016/j.brainres.2016.02.050.

 7. Glisovic T, Bachorik JL, Yong J, Dreyfuss G. RNA-
binding proteins and post-transcriptional gene regulation. 
FEBS Lett. 2008; 582:1977–86. doi: 10.1016/j.
febslet.2008.03.004.

 8. Aparicio LA, Abella V, Valladares M, Figueroa A. 
Posttranscriptional regulation by RNA-binding proteins 
during epithelial-to-mesenchymal transition. Cell Mol Life 
Sci. 2013; 70:4463–77. doi: 10.1007/s00018-013-1379-0.

 9. Bell JL, Wachter K, Muhleck B, Pazaitis N, Kohn M, 
Lederer M, Huttelmaier S. Insulin-like growth factor 2 
mRNA-binding proteins (IGF2BPs): post-transcriptional 



Oncotarget40483www.impactjournals.com/oncotarget

drivers of cancer progression? Cell Mol Life Sci. 2013; 
70:2657–75. doi: 10.1007/s00018-012-1186-z.

10. Wang J, Guo Y, Chu H, Guan Y, Bi J, Wang B. Multiple 
functions of the RNA-binding protein HuR in cancer 
progression, treatment responses and prognosis. Int J Mol 
Sci. 2013; 14:10015–41. doi: 10.3390/ijms140510015.

11. Bhargava S, Patil V, Mahalingam K, Somasundaram K. 
Elucidation of the genetic and epigenetic landscape alterations 
in RNA binding proteins in glioblastoma. Oncotarget. 2017; 
8:16650–68. doi: 10.18632/oncotarget.14287.

12. Kobel M, Xu H, Bourne PA, Spaulding BO, Shih Ie M, 
Mao TL, Soslow RA, Ewanowich CA, Kalloger SE, 
Mehl E, Lee CH, Huntsman D, Gilks CB. IGF2BP3 (IMP3) 
expression is a marker of unfavorable prognosis in ovarian 
carcinoma of clear cell subtype. Mod Pathol. 2009; 22:469–
75. doi: 10.1038/modpathol.2008.206.

13. Lin CY, Chen ST, Jeng YM, Yeh CC, Chou HY, Deng YT, 
Chang CC, Kuo MY. Insulin-like growth factor II mRNA-
binding protein 3 expression promotes tumor formation 
and invasion and predicts poor prognosis in oral squamous 
cell carcinoma. J Oral Pathol Med. 2011; 40:699–705. doi: 
10.1111/j.1600-0714.2011.01019.x.

14. Tantravahi SK, Albertson D, Agarwal AM, Ravulapati S, 
Poole A, Patel SB, Hawatmeh JS, Straubhar AM, Liu T, 
Stenehjem DD, Agarwal N. Survival Outcomes and Tumor 
IMP3 Expression in Patients with Sarcomatoid Metastatic 
Renal Cell Carcinoma. J Oncol. 2015; 2015: 181926. doi: 
10.1155/2015/181926.

15. Xie C, Li Y, Li Q, Chen Y, Yao J, Yin G, Bi Q, O'Keefe RJ, 
Schwarz EM, Tyler W. Increased Insulin mRNA Binding 
Protein-3 Expression Correlates with Vascular Enhancement 
of Renal Cell Carcinoma by Intravenous Contrast-CT and 
is Associated with Bone Metastasis. J Bone Oncol. 2015; 
4:69–76. doi: 10.1016/j.jbo.2015.07.001.

16. Kazeminezhad B, Mirafsharieh SA, Dinyari K, Azizi D, 
Ebrahimi A. Usefulness of insulin-like growth factor II 
mRNA-binding protein 3 (IMP3) as a new marker for the 
diagnosis of esophageal adenocarcinoma in challenging 
cases. Turk J Gastroenterol. 2014; 25:253–6. doi: 10.5152/
tjg.2014.5454.

17. Suvasini R, Shruti B, Thota B, Shinde SV, Friedmann-
Morvinski D, Nawaz Z, Prasanna KV, Thennarasu K, 
Hegde AS, Arivazhagan A, Chandramouli BA, Santosh V, 
Somasundaram K. Insulin growth factor-2 binding protein 3 
(IGF2BP3) is a glioblastoma-specific marker that activates 
phosphatidylinositol 3-kinase/mitogen-activated protein 
kinase (PI3K/MAPK) pathways by modulating IGF-2. J Biol 
Chem. 2011; 286:25882–90. doi: 10.1074/jbc.M110.178012.

18. Taniuchi K, Furihata M, Hanazaki K, Saito M, Saibara T. 
IGF2BP3-mediated translation in cell protrusions 
promotes cell invasiveness and metastasis of pancreatic 
cancer. Oncotarget. 2014; 5:6832–45. doi: 10.18632/
oncotarget.2257.

19. Hafner M, Landthaler M, Burger L, Khorshid M, Hausser J, 
Berninger P, Rothballer A, Ascano M Jr, Jungkamp AC, 

Munschauer M, Ulrich A, Wardle GS, et al. Transcriptome-
wide identification of RNA-binding protein and microRNA 
target sites by PAR-CLIP. Cell. 2010; 141:129–41. doi: 
10.1016/j.cell.2010.03.009.

20. Zhang HM, Chen H, Liu W, Liu H, Gong J, Wang H, Guo 
AY. AnimalTFDB: a comprehensive animal transcription 
factor database. Nucleic Acids Res. 2012; 40:144–9. doi: 
10.1093/nar/gkr965.

21. Escalante CR, Shen L, Thanos D, Aggarwal AK. Structure 
of NF-kappaB p50/p65 heterodimer bound to the PRDII 
DNA element from the interferon-beta promoter. Structure. 
2002; 10:383–91. doi: 

22. Kesanakurti D, Chetty C, Rajasekhar Maddirela D, 
Gujrati M, Rao JS. Essential role of cooperative NF-kappaB 
and Stat3 recruitment to ICAM-1 intronic consensus 
elements in the regulation of radiation-induced invasion 
and migration in glioma. Oncogene. 2013; 32:5144–55. doi: 
10.1038/onc.2012.546.

23. Shukla S, Pia Patric IR, Thinagararjan S, Srinivasan S, 
Mondal B, Hegde AS, Chandramouli BA, Santosh V, 
Arivazhagan A, Somasundaram K. A DNA methylation 
prognostic signature of glioblastoma: identification of 
NPTX2-PTEN-NF-kappaB nexus. Cancer Res. 2013; 
73:6563–73. doi: 10.1158/0008-5472.CAN-13-0298.

24. Garner JM, Fan M, Yang CH, Du Z, Sims M, Davidoff AM, 
Pfeffer LM. Constitutive activation of signal transducer 
and activator of transcription 3 (STAT3) and nuclear 
factor kappaB signaling in glioblastoma cancer stem 
cells regulates the Notch pathway. J Biol Chem. 2013; 
288:26167–76. doi: 10.1074/jbc.M113.477950.

25. Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, 
Zahler AM, Haussler D. The human genome browser at 
UCSC. Genome Res. 2002; 12:996–1006. doi: 10.1101/
gr.229102. Article published online before print in May 2002.

26. Li W, Liu D, Chang W, Lu X, Wang YL, Wang H, Zhu C, 
Lin HY, Zhang Y, Zhou J, Wang H. Role of IGF2BP3 in 
trophoblast cell invasion and migration. Cell Death Dis. 
2014; 5:1025. doi: 10.1038/cddis.2013.545.

27. Wang Z, Xue Y, Wang P, Zhu J, Ma J. MiR-608 inhibits the 
migration and invasion of glioma stem cells by targeting 
macrophage migration inhibitory factor. Oncol Rep. 2016; 
35:2733–42. doi: 10.3892/or.2016.4652.

28. Zheng J, Li XD, Wang P, Liu XB, Xue YX, Hu Y, Li Z, 
Li ZQ, Wang ZH, Liu YH. CRNDE affects the malignant 
biological characteristics of human glioma stem cells by 
negatively regulating miR-186. Oncotarget. 2015; 6:25339–
55. doi: 10.18632/oncotarget.4509.

29. Gerstberger S, Hafner M, Tuschl T. A census of human 
RNA-binding proteins. Nat Rev Genet. 2014; 15:829–45. 
doi: 10.1038/nrg3813.

30. Castello A, Fischer B, Eichelbaum K, Horos R, 
Beckmann BM, Strein C, Davey NE, Humphreys DT, 
Preiss T, Steinmetz LM, Krijgsveld J, Hentze MW. Insights 
into RNA biology from an atlas of mammalian mRNA-
binding proteins. Cell. 2012; 149:1393–406. doi: 10.1016/j.
cell.2012.04.031.



Oncotarget40484www.impactjournals.com/oncotarget

31. Sandberg CJ, Altschuler G, Jeong J, Stromme KK, 
Stangeland B, Murrell W, Grasmo-Wendler UH, 
Myklebost O, Helseth E, Vik-Mo EO, Hide W, 
Langmoen IA. Comparison of glioma stem cells to 
neural stem cells from the adult human brain identifies 
dysregulated Wnt- signaling and a fingerprint associated 
with clinical outcome. Exp Cell Res. 2013; 319:2230–43. 
doi: 10.1016/j.yexcr.2013.06.004.

32. Singh SK, Clarke ID, Terasaki M, Bonn VE, Hawkins C, 
Squire J, Dirks PB. Identification of a cancer stem cell in 
human brain tumors. Cancer Res. 2003; 63:5821–8. 

33. Rheinbay E, Suva ML, Gillespie SM, Wakimoto H, Patel 
AP, Shahid M, Oksuz O, Rabkin SD, Martuza RL, Rivera 
MN, Louis DN, Kasif S, Chi AS, Bernstein BE. An aberrant 
transcription factor network essential for Wnt signaling and 
stem cell maintenance in glioblastoma. Cell Reports. 2013; 
3:1567–79. doi: 10.1016/j.celrep.2013.04.021.

34. Mukthavaram R, Ouyang X, Saklecha R, Jiang P, 
Nomura N, Pingle SC, Guo F, Makale M, Kesari S. Effect 
of the JAK2/STAT3 inhibitor SAR317461 on human 
glioblastoma tumorspheres. J Transl Med. 2015; 13: 269. 
doi: 10.1186/s12967-015-0627-5.

35. Hsu KF, Shen MR, Huang YF, Cheng YM, Lin SH, 
Chow NH, Cheng SW, Chou CY, Ho CL. Overexpression of 
the RNA-binding proteins Lin28B and IGF2BP3 (IMP3) is 
associated with chemoresistance and poor disease outcome 
in ovarian cancer. Br J Cancer. 2015; 113:414–24. doi: 
10.1038/bjc.2015.254.

36. Liao B, Hu Y, Brewer G. RNA-binding protein insulin-like 
growth factor mRNA-binding protein 3 (IMP-3) promotes 
cell survival via insulin-like growth factor II signaling after 
ionizing radiation. J Biol Chem. 2011; 286:31145–52. doi: 
10.1074/jbc.M111.263913.

37. Samanta S, Pursell B, Mercurio AM. IMP3 protein promotes 
chemoresistance in breast cancer cells by regulating breast 
cancer resistance protein (ABCG2) expression. J Biol 
Chem. 2013; 288:12569–73. doi: 10.1074/jbc.C112.442319.

38. Samanta S, Sun H, Goel HL, Pursell B, Chang C, Khan A, 
Greiner DL, Cao S, Lim E, Shultz LD, Mercurio AM. IMP3 
promotes stem-like properties in triple-negative breast 
cancer by regulating SLUG. Oncogene. 2016; 35:1111–21.   
doi: 10.1038/onc.2015.164.

39. Ueki A, Shimizu T, Masuda K, Yamaguchi SI, Ishikawa T,  
Sugihara E, Onishi N, Kuninaka S, Miyoshi K, Muto A, 
Toyama Y, Banno K, Aoki D, Saya H. Up-regulation 
of Imp3 confers in vivo tumorigenicity on murine 
osteosarcoma cells. PLoS One. 2012; 7: e50621. doi: 
10.1371/journal.pone.0050621.

40. Palanichamy JK, Tran TM, Howard JM, Contreras JR, 
Fernando TR, Sterne-Weiler T, Katzman S, Toloue M, 
Yan W, Basso G, Pigazzi M, Sanford JR, Rao DS. RNA-
binding protein IGF2BP3 targeting of oncogenic transcripts 
promotes hematopoietic progenitor proliferation. J Clin 
Invest. 2016; 126:1495–511. doi: 10.1172/JCI80046.

41. Chen CL, Tsukamoto H, Liu JC, Kashiwabara C, 
Feldman D, Sher L, Dooley S, French SW, Mishra L, 
Petrovic L, Jeong JH, Machida K. Reciprocal regulation by 
TLR4 and TGF-beta in tumor-initiating stem-like cells. J 
Clin Invest. 2013; 123:2832–49. doi: 10.1172/JCI65859.

42. Basseres DS, Baldwin AS. Nuclear factor-kappaB and 
inhibitor of kappaB kinase pathways in oncogenic initiation 
and progression. Oncogene. 2006; 25:6817–30. doi: 
10.1038/sj.onc.1209942.

43. Dickson KM, Bhakar AL, Barker PA. TRAF6-dependent 
NF-kB transcriptional activity during mouse development. 
Dev Dyn. 2004; 231:122–7. doi: 10.1002/dvdy.20110.

44. Dolcet X, Llobet D, Pallares J, Matias-Guiu X. NF-kB in 
development and progression of human cancer. Virchows 
Arch. 2005; 446:475–82. doi: 10.1007/s00428-005-1264-9.

45. Zhang T, Park KA, Li Y, Byun HS, Jeon J, Lee Y, Hong JH, 
Kim JM, Huang SM, Choi SW, Kim SH, Sohn KC, Ro H, 
et al. PHF20 regulates NF-kappaB signalling by disrupting 
recruitment of PP2A to p65. Nat Commun. 2013; 4: 2062. 
doi: 10.1038/ncomms3062.

46. Chefetz I, Holmberg JC, Alvero AB, Visintin I, Mor G. 
Inhibition of Aurora-A kinase induces cell cycle arrest in 
epithelial ovarian cancer stem cells by affecting NFkB 
pathway. Cell Cycle. 2011; 10:2206–14. doi: 10.4161/
cc.10.13.16348.

47. Shostak K, Chariot A. NF-kappaB, stem cells and breast 
cancer: the links get stronger. Breast Cancer Res. 2011; 13: 
214. doi: 10.1186/bcr2886.

48. Hjelmeland AB, Wu Q, Wickman S, Eyler C, Heddleston J, 
Shi Q, Lathia JD, Macswords J, Lee J, McLendon RE, 
Rich JN. Targeting A20 decreases glioma stem cell survival 
and tumor growth. PLoS Biol. 2010; 8: e1000319. doi: 
10.1371/journal.pbio.1000319.

49. Hsieh D, Hsieh A, Stea B, Ellsworth R. IGFBP2 promotes 
glioma tumor stem cell expansion and survival. Biochem 
Biophys Res Commun. 2010; 397:367–72. doi: 10.1016/j.
bbrc.2010.05.145.

50. Wang H, Lathia JD, Wu Q, Wang J, Li Z, Heddleston JM, 
Eyler CE, Elderbroom J, Gallagher J, Schuschu J, 
MacSwords J, Cao Y, McLendon RE, et al. Targeting 
interleukin 6 signaling suppresses glioma stem cell survival 
and tumor growth. Stem Cells. 2009; 27:2393–404. doi: 
10.1002/stem.188.

51. Wang J, Wang H, Li Z, Wu Q, Lathia JD, McLendon RE, 
Hjelmeland AB, Rich JN. c-Myc is required for maintenance 
of glioma cancer stem cells. PLoS One. 2008; 3: e3769. doi: 
10.1371/journal.pone.0003769.

52. Pei X, Li M, Zhan J, Yu Y, Wei X, Guan L, Aydin H, 
Elson P, Zhou M, He H, Zhang H. Enhanced IMP3 
Expression Activates NF-κB Pathway and Promotes 
Renal Cell Carcinoma Progression. PLoS One. 2015; 10: 
e0124338. doi: 10.1371/journal.pone.0124338.

53. Bao S, Wu Q, McLendon RE, Hao Y, Shi Q, Hjelmeland AB, 
Dewhirst MW, Bigner DD, Rich JN. Glioma stem cells 



Oncotarget40485www.impactjournals.com/oncotarget

promote radioresistance by preferential activation of the 
DNA damage response. Nature. 2006; 444:756–60. doi: 
10.1038/nature05236.

54. Chao JA, Patskovsky Y, Patel V, Levy M, Almo SC, 
Singer RH. ZBP1 recognition of beta-actin zipcode induces 
RNA looping. Genes Dev. 2010; 24:148–58. doi: 10.1101/
gad.1862910.

55. Gilmore TD, Herscovitch M. Inhibitors of NF-kappaB 
signaling: 785 and counting. Oncogene. 2006; 25:6887–99. 
doi: 10.1038/sj.onc.1209982.

56. Suda T, Tsunoda T, Daigo Y, Nakamura Y, Tahara H. 
Identification of human leukocyte antigen-A24-restricted 
epitope peptides derived from gene products upregulated 
in lung and esophageal cancers as novel targets for 
immunotherapy. Cancer Sci. 2007; 98:1803–8. doi: 
10.1111/j.1349-7006.2007.00603.x.

57. Tomita Y, Harao M, Senju S, Imai K, Hirata S, Irie A, Inoue M,  
Hayashida Y, Yoshimoto K, Shiraishi K, Mori T, Nomori H,  
Kohrogi H, Nishimura Y. Peptides derived from human 
insulin-like growth factor-II mRNA binding protein 3 can 
induce human leukocyte antigen-A2-restricted cytotoxic 
T lymphocytes reactive to cancer cells. Cancer Sci. 2011; 
102:71–8. doi: 10.1111/j.1349-7006.2010.01780.x.

58. Reddy SP, Britto R, Vinnakota K, Aparna H, Sreepathi HK, 
Thota B, Kumari A, Shilpa BM, Vrinda M, Umesh S, 
Samuel C, Shetty M, Tandon A, et al. Novel glioblastoma 
markers with diagnostic and prognostic value identified 
through transcriptome analysis. Clin Cancer Res. 2008; 
14:2978–87. doi: 14/10/2978 [pii] 10.1158/1078-0432.
CCR-07-4821.

59. Nielsen J, Kristensen MA, Willemoes M, Nielsen FC, 
Christiansen J. Sequential dimerization of human zipcode-
binding protein IMP1 on RNA: a cooperative mechanism 
providing RNP stability. Nucleic Acids Res. 2004; 
32:4368–76. doi: 10.1093/nar/gkh754.

60. Bhat P, Gnanasundram SV, Mani P, Ray PS, Sarkar DP, 
Das S. Targeting ribosome assembly on the HCV RNA 
using a small RNA molecule. RNA Biol. 2012; 9:1110–9. 
doi: 10.4161/rna.21208.

61. Li JH, Liu S, Zhou H, Qu LH, Yang JH. starBase v2.0: 
decoding miRNA-ceRNA, miRNA-ncRNA and protein-
RNA interaction networks from large-scale CLIP-Seq 
data. Nucleic Acids Res. 2014; 42:92–7. doi: 10.1093/nar/
gkt1248.

62. Etcheverry A, Aubry M, de Tayrac M, Vauleon E, 
Boniface R, Guenot F, Saikali S, Hamlat A, Riffaud L, 
Menei P, Quillien V, Mosser J. DNA methylation in 
glioblastoma: impact on gene expression and clinical 
outcome. BMC Genomics. 2010; 11: 701. doi: 
10.1186/1471-2164-11-701.

63. Broos S, Soete A, Hooghe B, Moran R, van Roy F, 
De Bleser P. PhysBinder: Improving the prediction of 
transcription factor binding sites by flexible inclusion of 
biophysical properties. Nucleic Acids Res. 2013; 41:531–4. 
doi: 10.1093/nar/gkt288.

64. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert 
BL, Gillette MA, Paulovich A, Pomeroy SL, Golub TR, 
Lander ES, Mesirov JP. Gene set enrichment analysis: a 
knowledge-based approach for interpreting genome-wide 
expression profiles. Proc Natl Acad Sci U S A. 2005; 
102:15545–50. doi: 10.1073/pnas.0506580102.

65. Yan X, Ma L, Yi D, Yoon JG, Diercks A, Foltz G, Price ND, 
Hood LE, Tian Q. A CD133-related gene expression 
signature identifies an aggressive glioblastoma subtype 
with excessive mutations. Proc Natl Acad Sci U S A. 2011; 
108:1591–6. doi: 10.1073/pnas.1018696108.

66. Beier D, Hau P, Proescholdt M, Lohmeier A, Wischhusen J, 
Oefner PJ, Aigner L, Brawanski A, Bogdahn U, Beier CP. 
CD133(+) and CD133(−) glioblastoma-derived cancer stem 
cells show differential growth characteristics and molecular 
profiles. Cancer Res. 2007; 67:4010–5. doi: 10.1158/0008-
5472.CAN-06-4180.


