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Glioblastoma (GBM) is the most frequent and most malignant primary brain

tumour in adults. GBMs have a unique landscape of somatic copy number

alterations (SCNAs), with the concomitant appearance of numerous driver

amplifications and deletions. Here, we examined the genomic regions har-

bouring SCNAs and their impact on the GBM miRNome. We found that

40% of SCNA events covering 70–88% of the genomically altered regions, as

identified by GISTIC and RAE algorithms, carried miRNA genes. Of 1426

annotated mature miRNAs analysed, ~ 14% (n = 198) were mapped to such

fragile loci. Further, we identified an intragenic miRNA, miR-4484 located

on chromosome-10, as a deleted and downregulated miRNA in GBM. miR-

4484 exhibited a strong positive correlation with the expression of its host

gene uroporphyrinogen III synthase (UROS), thereby indicating that the loss

of miR-4484 is a codeletion event in GBM. Overexpression of miR-4484

reduced the colony-forming ability and suppressed the migratory capacity of

glioma cells. Analysis of the RNA-seq-derived transcriptome upon exoge-

nous miR-4484 overexpression in conjunction with an integrative bioinfor-

matics approach revealed several putative targets of miR-4484. Unbiased

functional enrichment of these targets through DAVID identified a cohort of

important gene ontology terms, which possibly explain the functional role of

miR-4484 in gliomagenesis. Selected targets were validated and, importantly,

were found to be upregulated in GBM. In brief, our study identified a panel

of miRNAs that are likely to be regulated by genomic deletions and amplifi-

cations. Further, miR-4484 was found to be deleted and acts as a tumour

suppressor miRNA in GBM.

1. Introduction

The most malignant variant of the intracranial

tumours is constituted by glioblastomas (GBMs),

which in fact represent the most prevalent primary

brain tumours in adults. Owing to their largely infiltra-

tive growing pattern, they easily preclude definitive

surgical resection and portend a dismal clinical out-

come on account of their invariably aggressive nature.

The therapeutic modalities and interventions that are
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being employed currently comprise of tumour resec-

tion followed by radiotherapy and temozolomide treat-

ment. These approaches for GBM management fail to

bring the much needed respite to the patients, as the

survival of GBM continues to lurk around 12–
15 months (Stupp et al., 2005; Wen and Kesari, 2008).

Thus, the current scenario of GBM management is

more palliative rather than being curative. Such a poor

prognosis in GBM is credited to the therapeutic resis-

tance and tumour recurrence, which are common place

events in GBM and occur after the surgical removal of

the tumour. In essence, the recurrence of GBM relies

on the caveat in our therapeutic approach as it is tech-

nically impossible to resect every bit of the tumour

precisely, thereby leaving inevitably some malignant

cells at the site of the primary tumour. Hypothetically,

these cells are enriched in cancer stem cells, which

evade chemotherapy and advance to propel the recur-

rent tumours.

As a well-known fact, the initiation and progression

of cancer is closely associated with the accumulation

of numerous genetic alterations in the genome. The

interplay between these alterations allows cancer to

evolve clonally into an independently overwhelming

entity, through the deactivation of tumour suppressor

genes (loss-of-function mutations) and activation of

oncogenes (gain-of-function mutations). One of the

important genetic lesions that plays a pivotal role in

tumorigenesis is the somatic copy number alterations

(SCNAs). SCNAs encompass sequences that have dif-

ferent copy numbers in an individual’s germline DNA

and in the DNA of a clonal subpopulation of cells,

which happen to be malignant (Beroukhim et al.,

2010). In other words, the SCNAs involve genomic

gains (amplifications, duplications) or losses (deletions)

that alter the diploid status of a particular locus,

thereby disrupting the balanced genome. The cancer

genome is incessantly shaped by such modifications in

its structure, and this process enables it to adapt,

evolve and become more distorted. Moreover, these

SCNAs also add tremendous variability to the gen-

ome, making the treacherous evolution of cancer fur-

ther intricate, as some of the copy number aberrations

could be just the consequence of the earlier occurred

events and may not contribute to tumorigenesis.

SCNAs impact the cancer phenotype through the

amplification of oncogenes and deletions of tumour

suppressor genes. SCNAs form the sources of genomic

instability and structural dynamism, which are the

important classifiers of cancer cells. SCNAs in particu-

lar are the most intriguing form of genetic variations

to study in cancer, as they alter the dosage of a gene

product independent of the transcription factors and

other controls. Analyses of cancer genome by cytoge-

netic studies and more recently by array hybridization

profiling-based methodologies have assisted in the

identification of recurrent alterations unique to various

cancers as well as some common alterations (Ber-

oukhim et al., 2010; Zack et al., 2013). In understand-

ing the role of CNAs, it becomes imperative to

characterize the CNAs as the driver events in a partic-

ular malignancy and distinguish them from the passen-

ger CNAs that would have been imbued into the

genome during cancer evolution and possibly do not

contribute towards it (Zack et al., 2013).

In a close resemblance to other malignancies, GBMs

are also afflicted by a multitude of genetic and epige-

netic lesions which results in the heterogeneity observed

in GBM. The study carried out by The Cancer Genome

Atlas (TCGA) in 2008 described the different events,

such as multiple chromosomal aberrations, nucleotide

substitutions and epigenetic modifications that drive the

malignant transformation in GBM (Bartel, 2004, 2008).

In fact, GBMs reveal a largely deranged karyotype

upon cytogenetic analysis with multiple numerical and

structural chromosomal aberrations imbued in it. Like

other malignancies, GBM is also found to be severely

affected by the SCNAs, as there are a myriad of impor-

tant genes that get derailed owing to copy number aber-

rations leaving a significant portion of the genome

heavily distorted (Cancer Genome Atlas Research

2008). A study carried out by Beroukhim et al. (2007),

classified these chromosomal aberrations in GBM into

two categories: focal and broad, with the broad ones

spanning almost the size of either chromosomal arm.

Although a lot has been uncovered and revealed about

the protein-coding genes that get affected by copy num-

ber alterations in GBM, there is not much information

available about the noncoding genes comprising

miRNAs, LncRNAs and others. In fact, these

noncoding genes can also be influenced by the changes

in copy number status of the genome.

As the role of SCNAs regulating the expression of

miRNAs in GBM has not been divulged so far, this

necessitated us to unveil the GBM-associated miR-

Nome that gets affected by the somatic copy number

alterations. MicroRNAs belong to a class of noncod-

ing RNAs (ncRNAs), which are about 19–25 nucleo-

tides in length and are generated from an endogenous

transcript that contains a local hairpin structure (Inui

et al., 2010; Lee et al., 2004). miRNAs constitute one

of the largest gene families accounting for ~ 1% of the

genome (Kim, 2005). They play a prominent role in

fine tuning the expression of protein-coding genes as

they are involved in post-transcriptional gene silencing.

miRNAs function as guide molecules, and base pair
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with target mRNAs with near-perfect complementar-

ity, thereby leading to their subsequent cleavage or

translational repression. Recent studies have deci-

phered the role of miRNAs in diverse regulatory path-

ways that control development, differentiation,

apoptosis, cell proliferation and organogenesis (Bartel,

2004; Bushati and Cohen, 2007). In this study, we

examined the genomic regions harbouring SCNAs,

and by employing an integrated bioinformatics

approach, we identified a cohort of miRNAs whose

locale corresponds to these fragile sites in the genome,

which frequently undergo gene deletions and amplifica-

tions. Our study also identified miR-4484 as a tumour

suppressor miRNA which is lost in GBM due to the

deletion of its genomic locus. DNA copy number

quantitative PCR was used for the validation of focal

deletion of the miR-4484. In silico target prediction of

miR-4484 in association with transcriptome analysis

by RNA sequencing upon miR-4484 overexpression

lead to the elucidation of its potential targets. miR-

4484 essentially exerts growth-suppressive function

through its inhibitory effect on this cohort of gene tar-

gets responsible for producing a malignant phenotype,

thereby underscoring the importance of its deletion in

GBM development and progression.

2. Materials and methods

2.1. Patient specimens and biosafety clearance

The GBM tissue specimens were procured from the

patients that had undergone surgical resection of

GBM (GBM – WHO Grade IV) either at Sri Sathya

Sai Institute of Higher Medical Sciences (SSSIHMS)

or at National Institute of Mental Health and Neuro-

sciences (NIMHANS), Bangalore, India. The speci-

mens were taken with an informed, written consent

from the patients, prior to the initiation of the study,

obeying the guidelines laid by the Institutional Ethics

Committee (IEC). For comparison sake, we used non-

tumour brain tissue that was precisely obtained

through the anterior temporal lobectomy of intractable

epilepsy cases. Both tumour and nontumour control

brain samples were snap-frozen in liquid nitrogen and

eventually stored at �80 °C for the purpose of DNA/

RNA isolation. A total of 72 GBM samples and 16

control brain samples were used in this study. This

study was closely scrutinized and approved by the

ethics committee of NIMHANS (NIMHANS/IEC/No.

RPA/060/05 dated 29.10.2005) and SSSIHMS

(SSSIHMS/IEC/No RPA/001/2005 dated 20.10.2005).

Different methods and experimental procedures

adopted in this study are in accordance with the

guidelines approved by the Institutional Biosafety

Clearance Committee of Indian Institute of Science,

Bangalore.

2.2. Cell culture

Different glioma cell lines SVG, U87, U138, U251,

U343, U373, LN229, LN18 and T98G used in the

study were mostly obtained from European Collection

of Authenticated Cell Cultures. The cells were grown

in Dulbecco’s modified Eagle’s medium (Sigma, St.

Louis, MO, USA) and supplemented with 10% fetal

bovine serum (Gibco, ThermoFisher, Bartlesville, OK,

USA) along with requisite amounts of penicillin and

streptomycin. The cell lines were cultured in a humidi-

fied incubator at 37 °C and 5% CO2. The medium

was changed every two to three days, and the cells

were trypsinized at 80–90% confluency.

2.3. Genomic DNA isolation and copy number

qPCR

Genomic DNA was isolated from cell lines, tumour tis-

sues and normal controls using QIAamp DNA minikit

(Qiagen, Germantown, MD, USA) as per the manufac-

turer’s instructions. DNA quality was assessed on a low

percentage agarose gel and was quantified by spec-

trophotometry at 260/280 nm. Copy number analysis of

UROS and MIR4484 genes was performed by SYBR

green-based quantitative PCR using DNA-specific pri-

mers of the respective genes (corresponding to the intro-

nic regions of the genes), such that they did not amplify

any contaminating mRNA. The primer sequence of

UROS and MIR4484 DNA primers used is as follows:

Uros genomic FP: CCATCGGAAATTGCTTAGGA,

Uros genomic RP: CAGGCCCCTTGACTCAGTAG,

MIR4484 genomic FP: GAGGCTTGAGACTGGT-

GAGG, MIR4484 genomic RP: GCCGAGGT-

GAGTTTCATGTT. The Ct values of UROS and

MIR4484 were normalized with the Ct value of GAPDH

(DNA gene content) to obtain DCt. The final copy num-

ber was deduced by DDCt method. All qPCRs were run

on ABI PRISM 7900HT Sequence Detection System

(Life Technologies, ThermoFisher), and thermal cycling

conditions were 95 °C for 15 min followed by 40 cycles

of 95 °C for 25 s, 60 °C for 30 s and 72 °C for 30 s, fol-

lowed by dissociation curve analysis.

2.4. RNA extraction, cDNA conversion and

quantitative RT-PCR analysis

Total cellular RNA that was inclusive of the miRNA

fraction was extracted using Trizol reagent (Sigma) as
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per the manufacturer’s instructions. RNA thus isolated

was subjected to quality check and analysed for its

purity and integrity by Nano-drop ND-1000 Spec-

trophotometer (Nano-Drop Technologies, Wilmington,

DE, USA) and gel electrophoresis. For cDNA synthesis,

2 lg of total RNA was taken and subjected to conver-

sion using ‘High capacity cDNA reverse transcription

kit’ (Applied Biosystems, ThermoFisher) according to

the manufacturer’s protocol. cDNA synthesized was

eventually diluted with nuclease-free water in the ratio

of 1 : 10 such that the final concentration of the cDNA

was 10 ng�lL�1. Expression of Uros and other genes

was assayed by SYBR green-based real-time quantita-

tive PCR carried out in the ABI PRISM 7900HT

Sequence Detection System (Applied Biosystems) under

default conditions: 95 °C for 15 min, 40 cycles of 95 °C
for 15 s, 60 °C for 20 s and 72 °C for 25 s. Analysis of

gene expression was performed using the DDCT method

(Reddy et al., 2008) wherein GAPDH, 18S rRNA and

RPL35A genes were used as internal controls for data

normalization. The primer sequence ofUROS, GAPDH,

18S rRNA and RPL35A mRNA primers used is as fol-

lows: Uros FP: GGAGAAACCTGTGGAAATGC,

Uros RP: GCAATCCCTTTGTCCTTGAG, GAPDH

FP: TTGTCAAGCTCATTTCCTGG, GAPDH RP:

TGATGGTACATGACAAGGTGC, 18S rRNA FP:

GTAACCCGTTGAACCCCATT, 18S rRNA RP: CC

ATCCAATCGGTAGTAGCG, RPL35A FP: ACGC

CCGAGATGAAACAG, RPL35A RP: GGGTACAG-

CATCACTCGG. The primer oligonucleotides were

ordered from Sigma-Aldrich (St. Louis, MO, USA).

2.5. Real-time qPCR for quantification of miRNAs

We employed an LNA-based system for the sensitive

and accurate detection and estimation of miRNAs by

quantitative real-time PCR using SYBR Green. The

method involves the synthesis of universal cDNA fol-

lowed by real-time quantitative PCR amplification with

LNA-enhanced primers (Exiqon Inc., Vedbaek, Den-

mark). Real-time PCR was performed using the ABI

PRISM 7900 HT Sequence Detection System (Life

Technologies). The thermal profile of the real-time

qPCR is as follows: 95 °C for 10 min and then 45 cycles

of 95 °C for 10 s and 60 °C for 1 min with a ramp rate

of 1.6 °C�s�1. U6, U44 and U48 small RNAs were used

in different combinations as endogenous controls. DDCT

method was used for the calculation of expression ratios.

2.6. Pre-miR mimics transfection of glioma cells

In order to overexpress the downregulated miRNAs,

the precursors or mimics of corresponding miRNA were

transfected into the glioma cell lines. The pre-miR mim-

ics and Cy-3-labelled pre-miR control/unlabelled pre-

miR-negative controls were procured from Ambion. We

employed a reverse transfection method for transfecting

pre-miRs and their respective negative controls, wherein

the transfection mix is added to an empty dish to begin

with and then the dish is overlaid with the requisite vol-

ume of cell suspension (Nawaz et al., 2016). siPORT

transfection reagent (Ambion) was first diluted in a req-

uisite volume of OptiMEM medium (reduced serum

medium), and this mix was incubated at room tempera-

ture for 10 min. Meanwhile, the pre-miRs and their

respective pre-miR-negative controls (10 lM stock) were

also diluted at a particular concentration in OptiMEM.

The diluted siPORT and pre-miR were mixed together

after 10 min of incubation and again incubated at room

temperature for another 10 min. The mix was finally

added to an empty dish wherein the cell suspension was

subsequently overlaid at a desired cell density. The final

concentration of pre-miRs and their respective pre-miR-

negative controls in the culture medium was 50 nM. The

dish was incubated in a CO2 incubator. RNA was iso-

lated after 24 h of pre-miR transfection, and the overex-

pression of miRNA was confirmed by assaying for the

level of mature miRNA by LNA-based quantitative

real-time PCR as explained previously (Nawaz et al.,

2016).

2.7. Colony suppression assay

The colony-forming ability of cells upon miRNA over-

expression was gauged by transfection of negative con-

trol pre-miR or pre-miR-4484 in glioma cells. Cells

were harvested after 24 h of transfection and counted

in each group. Around 3000 or 6000 cells were plated

in duplicate from each group in a 12-well cluster plate

to assay for colony formation. The culture media was

changed every three days, and the growth of the cells

was monitored till they attained a significant colony

size. After two to three weeks of plating, the colonies

were fixed in chilled methanol for 30 min and stained

with 0.05% crystal violet solution for another 30 min

and photographed.

2.8. Wound healing scratch assay

To evaluate the migratory potential of glioma cells

upon miR-4484 transfection, cells were transfected

with negative control pre-miR or pre-miR-4484. After

24 h of transfection, cells were counted and seeded in

a 12-well cluster plate in duplicate at a high density to

form a monolayer. After 12–24 h, the monolayer was

mechanically disrupted with a sterile toothpick to

930 Molecular Oncology 11 (2017) 927–944 ª 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

miR-4484 is a deleted miRNA in glioblastoma Z. Nawaz et al.



produce a clean uniform scratch mimicking a wound.

The wells were photographed every 12 h, and the gap

distances were recorded at each time point to assess

the closure of the wound.

2.9. Transcriptome analysis by RNA sequencing

The quality and quantity of RNA samples were assessed

using Agilent’s Bioanalyser. For each sample, we used

1 lg of total cellular RNA for library preparation. Sam-

ples were run in duplicate to obtain the data. TrueSeq

RNA sample preparation kit (Cat # RS-122-2001) was

used as per the manufacturer’s guidelines to generate

library for sequencing. The above-generated library was

re-quantified using Agilent’s Bioanalyser and through

real-time qPCR methodology. From each sample

library, 120 lL (10 pM) was taken for subsequent work-

flow. The strands were denatured and subjected to clus-

ter generation on the flow cell in the c-Bot system using

TruSeq PE Cluster kit (Cat # PE-401-3001). The flow

cell was finally subjected to two rounds of sequencing

(Read1 and Read2), and the results were obtained as

intensity files. The sequencing was carried out on Illu-

mina HiScanSQ, using Truseq SBS V3 technology for

50-bp paired-end reads RNA sequencing (Cat # FC-

401-3002). TOPHAT (version 2.0.10) was used to align the

raw reads on the human reference genome (hg19). After

the alignment step, the aligned files were subjected to

CUFFLINK (version 2.2.0) to generate a transcriptome

assembly. Cuffmerge utility was used to merge all the

assemblies to generate the final transcriptome assembly.

This transcriptome assembly was subsequently sub-

jected to Cuffquant utility to quantify gene expression.

Normalization of quantified gene expression data was

carried out using Cuffnorm utility. The differentially

expressed genes were finally identified using Cuffdiff

utility. Genes that had an absolute fold change greater

than 1.5 with FDR-adjusted P-value < 0.05 were con-

sidered significant.

2.10. Other data sets

To compare and corroborate the expression of miR-

4484 and other genes evaluated in the study, the fold

change of the mentioned genes was further derived

from various publicly available data portals, including

TCGA data set (Agilent and Affymetrix platforms),

REMBRANDT and GSE22866 data set.

2.11. Bioinformatics analysis

miRWalk (http://zmf.umm.uni-heidelberg.de/apps/zmf/

mirwalk2/), an online miRNA target prediction tool

that provides the data compiled from 12 prediction

algorithms, was used to predict the gene targets for

miR-4484.

2.12. Gene ontology analysis

DAVID (Database for Annotation, Visualization and

Integrated Discovery) (https://david.ncifcrf.gov/)

Bioinformatics Resources tool was used for gene

ontology mining and pathway analysis.

2.13. Statistical analysis

The statistical significance between two groups was

calculated by unpaired Student’s t-test using the

GRAPHPAD PRISM software (GraphPad PRISM, La Jolla,

CA, USA). In the experimental cases dealing with

more than two groups, the statistical significance was

calculated by one-way ANOVA (analysis of variance)

with Tukey’s post hoc test using the GRAPHPAD PRISM

software. The statistical significance obtained is sym-

bolically indicated as asterisks (*). P-value of < 0.05

was considered to be statistically significant, (ns) not

significant; (*) P < 0.05; (**) P < 0.01 and (***)
P < 0.001.

3. Results

3.1. Somatic copy number alterations distort the

genetic landscape of miRNAs and influence their

expression

In order to investigate the impact of genomic deletions

and amplifications on the miRNome, we used TCGA

copy number data and analysed the regions exhibiting

aberrant copy number behaviour, as identified through

GISTIC (Genomic Identification of Significant Targets

in Cancer) and RAE (Relative Absolute Error) algo-

rithms. While GISTIC identified 20 aberrant events,

RAE algorithm identified 67 such events (Table S1).

Using bioinformatics approach, we mapped the miR-

NAs to these aberrant genetic loci. Cumulatively, we

were able to map miRNAs to 8 of 20 aberrant loci

identified by GISTIC and 27 of 67 aberrant loci identi-

fied by RAE (Table S1). Thus, 40% of such copy

number altered loci harboured miRNA genes in both

GISTIC- and RAE-derived aberrant regions, indicat-

ing the frequent localization of miRNAs in such fragile

genomic loci (Fig. 1A,B). Further, we investigated the

aberrant regions in terms of their size or genomic

span. This analysis revealed that about 40% of the

aberrant events that bore the miRNA genes actually

covered 70–88% span of the aberrant genome
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(Fig. 1C,D). Since the minor percentage of aberrant

events bearing miRNA genes covered a majority of the

aberrant genome, it surmised that most of the miRNA

genes are enriched in the larger aberrant genomic seg-

ments which undergo deletions or amplifications and

thus are more susceptible to genomic alterations ren-

dering them fragile in nature. Additionally, we also

found that about 14% of the total number of miRNAs

(198 miRNAs of 1426 mature miRNAs) localize to

such fragile aberrant genomic regions. This indicates

that a significant proportion of the aberrant genome

carries miRNA genes, thereby underscoring the impor-

tance of copy number events as the important source

for the derailed miRNome in GBM (Fig. 1E).

Further, to identify precisely the miRNAs that are

truly misregulated owing to the alterations in the copy

number status of the malignant cell, we sorted the

aberrant regions in both GISTIC and RAE into ampli-

fied and deleted regions. We identified 13 amplified

and seven deleted genomic loci in GISTIC-derived

regions and 27 amplified and 40 deleted genomic loci

from RAE identifiers, and all of them did not harbour

miRNA genes as mentioned previously (Fig. 2). The

mapped miRNAs were subsequently classified as

amplified and deleted region-derived miRNAs depend-

ing upon their location. Cumulatively from GISTIC-

and RAE-derived aberrant identifiers, we were able to

deduce 89 unique miRNA located in the amplified

regions and 109 unique miRNAs located in the deleted

regions (Fig. 2; Tables S2 and S3). Further, we short-

listed the miRNAs based on their expression and/or

their host gene expression in the context of their

genetic alteration. In other words, miRNAs mapped to

deleted regions were expected to have lesser expression

and vice versa. We shortlisted 17 miRNAs that were

located in the amplified regions and were either upreg-

ulated themselves or at the level of their host genes

(Fig. 2; Table 1). Similarly, 24 miRNAs were either

downregulated or their host gene had lesser expression

and were harboured in the regions with genomic dele-

tions (Fig. 2; Table 2). miR-4484 was taken ahead for

further validation and characterization as it was

mapped to a genomic region, which was among the

most deleted regions on chromosome 10, with 130 and

91 samples having a segment mean of < �0.3 and

< �0.5, respectively (Table S3).

40% (8)
60% 
(12)

GISTIC

No. of CNA regions with miRNA genes

No. of CNA regions without miRNA genes

A

40% 
(27)

60% 
(40)

RAE

No. of CNA regions with miRNA genes

No. of CNA regions without miRNA genes

B

Span of the aberrant regions 
harbouring miRNA genes

Span of the aberrant regions 
with no miRNA genes

88%
(158 024.7 kb)

(21 126.8 kb)

14% 
(198)

86% 
(1228)

No. of miRNAs mapped to regions 
bearing CNAs

No. of miRNAs mapped to the rest 
of the genome

E

DC

Span of the aberrant regions 
harbouring miRNA genes

Span of the aberrant regions 
with no miRNA genes

70%
(19 985.5 kb)

(8428.6 kb)

Fig. 1. Overview of the miRNAs in relation to copy number aberrations. (A,B) Pie chart depicting the percentage number of aberrant events

in GBM bearing the miRNA sites in both GISTIC- and RAE-derived identifiers. (C,D) Pie chart depicting the percentage span in terms of

length of aberrant regions bearing the miRNA sites in both GISTIC- and RAE-derived identifiers. (E) Percentage number of miRNAs that are

localized to the regions bearing copy number alterations as against the total number of miRNAs, depicted as a pie chart.
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3.2. miR-4484 and its host gene UROS exhibit a

similar genomic deletion pattern in GBM

miR-4484 is an intragenic miRNA that resides in the

first intron of the uroporphyrinogen III synthase

(UROS) gene located on the positive strand of

chromosome 10 (Fig. 3A). In order to establish that

miR-4484 is subjected to genomic deletion in GBM,

we carried out a copy number DNA qPCR. We

demonstrated that indeed MIR4484 locus undergoes

copy number loss by assaying the genomic levels of

the region encompassing miRNA precursor sequence

(Fig. 3B). Moreover, we also assayed the copy number

levels of its host gene UROS, and observed that it was

also significantly deleted in GBM as compared to con-

trol brain (Fig. 3C). As the DNA qPCR for MIR4484

and UROS was carried out in a similar set of samples,

we were able to correlate the deletion pattern between

them. We observed that the two events were closely

linked to each other as there was a high significant

positive correlation between the two (Fig. 3D). Thus,

our results indicate that the codeletion of Uros and

miR-4484 is a closely linked event in GBM.

3.3. Genomic deletion of miR-4484 leads to its

downregulation in GBM

Further, to investigate the effect of genomic deletion

on the expression of miR-4484, we assayed its tran-

script levels. We measured the transcript levels of

mature miR-4484 in our sample cohort and observed

that indeed miR-4484 was significantly downregulated

in GBM as compared to control brain samples

(Fig. 4A). Additionally, we also observed that Uros

transcript levels were also downregulated in GBM in

the same sample cohort (Fig. 4B). This finding was

further corroborated by the fact that Uros was also

downregulated in other publicly available data sets

TCGA, GSE22866 and the REMBRANDT data set

(Fig. 4C,D). Next, to confirm whether there existed
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Fig. 2. In silico identification of miRNAs located in the somatic copy number-altered regions in GBM. Flowchart describing the analysis

pipeline for the shortlisting of copy number-altered miRNAs.
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any relationship between the expression of miR-4484

and its host gene Uros, we performed expression corre-

lation analysis. We found that there was a significant

positive correlation in the transcript levels of miR-

4484 and Uros in our GBM sample cohort (Fig. 4E).

We also measured the levels of miR-4484 in glioma

cell lines and found it to be significantly downregu-

lated in all the cell lines, compared to control brain

(Fig. 4F). Thus, our results indicate that the deletion

of UROS locus results in the downregulation of both

the host gene and miR-4484.

In order to verify whether the deletion at the UROS

locus affected only the host gene UROS and

MIR4484, we assayed the levels of the two genes

BRCA2 and CDKN1A interacting protein (BCCIP) and

matrix metallopeptidase 21 (MMP21), lying in the

immediate vicinity of UROS on either side (Fig. S1A).

BCCIP is located upstream to UROS (at a distance of

~ 0.3 kb) but on the positive strand, while as MMP21

resides downstream to UROS (at a distance of

~ 13 kb) on the same negative strand. The expression

in the TCGA data sets and GSE22866 indicated that

BCCIP did not show any significant downregulation;

on the contrary, BCCIP was upregulated in one of the

TCGA platforms and GSE22866 (Fig. S1B). MMP21

did show downregulation in the TCGA data set (Affy-

metrix platform) but was not regulated in the

GSE22866 data set, while as its expression data was

not available from the Agilent platform of TCGA

(Fig. S1C). Moreover, we also assayed the expression

of BCCIP and MMP21 in our sample cohort to find

out their expression pattern. We observed that both

BBCIP and MMP21 were not regulated in GBM com-

pared to control brain (Fig. S1D,E). Thus, we con-

clude that the focal deletion event at UROS locus

affects the expression of Uros and miR-4484 exclu-

sively, underscoring the importance of the event.

3.4. miR-4484 overexpression inhibits the colony

formation and the migration capacity of glioma

cells

miR-4484 being deleted and downregulated in GBM,

we overexpressed it by pre-miR-4484 transfection and

evaluated its effect on various parameters that are rele-

vant to the tumorigenic phenotype. The pre-miR-4484

transfection indeed resulted in high levels of mature

miR-4484 in LN229 glioma cells (Fig. 5A). We

observed that the reintroduction of miR-4484 signifi-

cantly reduced the colony-forming potential of glioma

cells (Fig. 5B,C). In addition, we also observed that

the overexpression of miR-4484 significantly hindered

the migration of cells as the cells failed to fill in the

gap in a scratch assay (Fig. 5D,E). The data collec-

tively indicate that the exogenous overexpression of

miR-4484 imparts tumour-suppressive effects in glioma

Table 1. List of miRNAs located in the regions with genomic amplification, their regulation in GBM and the relevant information of their

host gene.

S.No miRNA Region hg19

TCGA Lab Dataa Host gene

Diff.

LFCb

Adj. P

(Benjamini–

Hochberg)

Diff.

LFCb P-value Gene

Diff.

LFCb

Adj. P

(Benjamini–

Hochberg)

1 hsa-miR-339 chr7:229794-12384994 1.10 0.000004 NA NA C7orf50 0.20 0.294596

2 hsa-miR-93 chr7:97568276-100324915 1.49 0.000002 2.03 0.000000 MCM7 0.96 0.000004

3 hsa-miR-106b chr7:97568276-100324915 1.87 0.000002 2.36 0.000000 MCM7 0.96 0.000004

4 hsa-miR-25 chr7:97568276-100324915 1.90 0.000002 2.23 0.000000 MCM7 0.96 0.000004

5 hsa-miR-3125 chr2:12061625-20964134 NA NA NA NA TRIB2 1.20 0.000176

6 hsa-miR-4648 chr7:229794-12384994 NA NA NA NA LFNG 1.17 0.000328

7 hsa-miR-3609 chr7:97568276-100324915 NA NA NA NA TRRAP 0.68 0.000217

8 hsa-miR-3973 chr11:32434754-37349348 NA NA NA NA LDLRAD3 1.52 0.000002

9 hsa-miR-26a-2 chr12:58075399-58311523 NA NA NA NA CTDSP2 0.91 0.000046

10 hsa-miR-4745 chr19:113418-2800481 NA NA NA NA PTBP1 1.50 0.000002

11 hsa-miR-199a-1 chr19:10070230-11643726 NA NA NA NA DNM2 0.92 0.000003

12 hsa-miR-4748 chr19:10070230-11643726 NA NA NA NA DNM2 0.92 0.000003

13 hsa-miR-638 chr19:10070230-11643726 0.22 0.597781 �1.69 0.002120 DNM2 0.92 0.000003

14 hsa-miR-3189 chr19:18148615-19986025 NA NA NA NA GDF15 1.79 0.000020

15 hsa-miR-640 chr19:18148615-19986025 0.15 0.000243 0.30 0.686010 GATAD2A 0.98 0.000005

16 hsa-miR-643 chr19:52589104-54795358 0.03 0.002225 NA NA ZNF766 0.65 0.009546

17 hsa-miR-4754 chr19:56623806-59092515 NA NA NA NA RPS5 0.92 0.000116

a Lab Data: Genome-wide expression profiling identifies deregulated miRNAs in malignant astrocytoma (Rao et al., 2010).
b Diff LFC: differential log2 fold change (GBM minus control brain).

934 Molecular Oncology 11 (2017) 927–944 ª 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

miR-4484 is a deleted miRNA in glioblastoma Z. Nawaz et al.



cells, thus underscoring this deletion as an essential

event in gliomagenesis.

3.5. miR-4484-regulated target genes suggest its

role in gliomagenesis

Further, to elucidate the putative targets of miR-4484

and to establish its role in GBM, we overexpressed

miR-4484 exogenously by pre-miR transfection and

analysed the changes in the transcriptome by RNA

sequencing at two different time points (48 and 72 h)

in LN229 glioma cell line. In fact, we observed a vast

number of genes being regulated upon miR-4484

overexpression as depicted in the volcano plots

(Fig. 6A,B). The genes regulated by miR-4484 were

shortlisted further based on their fold change and P-

value significance. We found 107 genes to be upregu-

lated and 178 genes downregulated upon pre-miR-

4484 transfection at the 48-h time point (Table S4).

Also, 113 genes were found to be upregulated and 45

genes downregulated at the 72-h time point (Table S5).

To select and validate the direct potential targets of

miR-4484, we focussed on the list of downregulated

genes obtained through RNA sequencing and

employed an integrated bioinformatics approach as

explained in the schematic (Fig. 6C). The differential

transcriptome from two different time points (48 and

72 h) was assessed separately and we shortlisted 213

downregulated genes (cut-off �0.57 and less in the

log2 scale), owing to the fact that the direct putative

targets of miR-4484 should get downregulated upon

miR-4484 overexpression (Fig. 6C). In parallel, we

also fetched the in silico gene targets of miR-4484

using miRWalk 2.0, an online web tool that extracts

and generates data cumulatively from 12 prediction

algorithms (Fig. 6C). A list of 186 genes, predicted to

have miR-4484 binding site in silico and downregu-

lated upon miR-4484 overexpression, were narrowed

down for further study (Fig. 6C). The putative targets

of miR-4484 were eventually shortlisted based on their

Table 2. List of miRNAs located in the regions with genomic deletions and their regulation in GBM and the relevant information of their

host gene.

S.No miRNA Region hg19

TCGA Lab Dataa Host gene

Diff.

LFCb

Adj. P

(Benjamini–

Hochberg)

Diff.

LFCb P-value Gene

Diff.

LFCb

Adj. P

(Benjamini–

Hochberg)

1 hsa-miR-134 chr14:101464256-102072149 �0.59 0.000088 0.42 0.287537 NA NA NA

2 hsa-miR-154 chr14:101464256-102072149 �0.71 0.000002 NA NA NA NA NA

3 hsa-miR-323 chr14:101464256-102072149 �1.41 0.000002 NA NA NA NA NA

4 hsa-miR-377 chr14:101464256-102072149 �1.51 0.000003 0.08 0.739883 NA NA NA

5 hsa-miR-379 chr14:101464256-102072149 �1.88 0.000002 �0.33 0.230623 NA NA NA

6 hsa-miR-381 chr14:101464256-102072149 �1.11 0.000002 0.44 0.001586 MIR381HG NA NA

7 hsa-miR-410 chr14:101464256-102072149 �2.20 0.000002 �2.00 0.000006 NA NA NA

8 hsa-miR-411 chr14:101464256-102072149 �1.03 0.000002 �0.03 0.889330 NA NA NA

9 hsa-miR-487a chr14:101464256-102072149 �0.64 0.000020 �0.25 0.209734 NA NA NA

10 hsa-miR-487b chr14:101464256-102072149 �0.95 0.000008 �0.40 0.236795 MIR381HG NA NA

11 hsa-miR-758 chr14:101464256-102072149 �0.87 0.000002 NA NA NA NA NA

12 hsa-miR-495 chr14:101464256-102072149 �0.53 0.000002 �0.65 0.005893 NA NA NA

13 hsa-miR-2681 chr13:79820643-115105760 NA NA NA NA FGF14 �1.34 0.010560

14 hsa-miR-4705 chr13:79820643-115105760 NA NA NA NA FGF14 �1.34 0.010560

15 hsa-miR-1233-1 chr15:33089320-41016345 NA NA NA NA GOLGA8A �1.15 0.002720

16 hsa-miR-1233-2 chr15:33089320-41016345 NA NA NA NA GOLGA8A

;GOLGA8B

�1.15 0.002720

17 hsa-miR-1286 chr22:16124218-20311704 NA NA NA NA RTN4R �3.55 0.000002

18 hsa-miR-3944 chr10:127622813-135506681 NA NA NA NA ECHS1 �0.93 0.000002

19 hsa-miR-4296 chr10:127622813-135506681 NA NA NA NA CTBP2 �0.61 0.000027

20 hsa-miR-4484 chr10:127622813-135506681 NA NA NA NA UROS �1.50 0.000004

21 hsa-miR-4501 chr13:79820643-115105760 NA NA NA NA HS6ST3 �3.65 0.000002

22 hsa-miR-4535 chr22:42957116-51218950 NA NA NA NA FAM19A5 �1.27 0.000002

23 hsa-miR-4762 chr22:42957116-51218950 NA NA NA NA ATXN10 �0.70 0.000010

24 hsa-miR-648 chr22:16124218-20311704 0.19 0.031338 NA NA MICAL3 �0.94 0.000021

a Lab Data: Genome-wide expression profiling identifies deregulated miRNAs in malignant astrocytoma (Rao et al., 2010).
b Diff LFC: differential log2 fold change (GBM minus control brain).
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expression in GBM compared to the control brain. As

miR-4484 is downregulated in GBM, we hypothesized

that the gene targets of miR-4484 which were down-

regulated upon pre-miR-4484 transfection should be

upregulated in GBM. A list of 42 such genes was

observed to be significantly upregulated in GBM

(Fig. 6C; Table S6). This list of genes represents the

potential targets of miR-4484 in GBM.

In order to ascertain the function of miR-4484 and

attribute the phenotype we observed upon its overex-

pression, we carried out an equitable functional

enrichment analysis of its potential targets (genes that

were downregulated upon miR-4484 overexpression

and carried the targets sites for miR-4484). The gene

ontology and pathways annotation categories in

DAVID exhibited a significant enrichment of the

terms such as regulation of cell cycle, cell prolifera-

tion, cell differentiation and mitosis in the ‘gene ontol-

ogy’ annotation category (Fig. 7A). In the ‘pathways’

annotation category, we observed significant

enrichment of terms in the Kyoto Encyclopedia of

Genes and Genomes annotation source, which

included some important terms such as p53 signalling

pathway, ECM–receptor interaction, pathways in can-

cer, and different types of cancers including glioma

(Fig. 7B). All these specifically enriched terms cumula-

tively propose the role of miR-4484 in producing the

observed phenotype.

Finally, from the potential gene target list, we vali-

dated nine genes that include ABCA13, S100A2,

DAG1, CDK4, STC1, E2F2, ITGB1, PXDN and

ZBTB20, which were downregulated to varying extents

upon pre-miR-4484 transfection (Fig. 8A). To further

corroborate our assumption of these genes as the tar-

gets of miR-4484, we analysed the transcript levels of

these genes across different publicly available GBM

data sets (TCGA and GSE22866) and observed that

most of them were significantly upregulated in GBM,

laying further thrust for these genes to be the potential

targets of miR-4484 (Fig. 8B).

A

Intron 
1/10

MIR4484

Exon
2/10

5’ UTR

Exon 
1/10

UROS / MIR4484 locus Exon
10/10

3’ UTR

Exon 
1/10

5’ UTR
MIR4484

Intron 
1/10

–1.5

–1.0

–0.5

0.5
P-value < 0.0001
R = 0.8369

MIR4484

U
R

O
S

B C D

Control 
brain

GBM–1.5

–1.0

–0.5

0.0

0.5

M
IR

44
84

 D
N

A
 c

op
y 

nu
m

be
r

(L
og

2
ra

tio
)

*

Control 
brain

GBM–1.5

–1.0

–0.5

0.0

0.5

U
R

O
S 

D
N

A
 c

op
y 

nu
m

be
r

(L
og

2
ra

tio
)

**

Fig. 3. miR-4484 undergoes copy number loss in GBM. (A) Schematic depicting the genomic location of MIR4484 gene in the intronic

region of UROS gene. Grey bars represent UTRs, while blue broad and black thinner bars represent exons and introns, respectively. Reds

arrows, demarcated all along the stretch, indicate the directionality of the gene. Green arrowed bar represents the mature miRNA region

embedded in the first intron. Paired forward and reverse arrows of same colour indicate the primer pairs encompassing MIR4484 (precursor

sequence) and the second exon of UROS. (B,C) Scatter plot indicating the DNA copy number (log2 ratio) of MIR4484 and UROS, primers

specific to the MIR4484 and UROS locus were used for the quantitative DNA copy number PCR. (D) The genomic amplification (copy

number) values obtained from the DNA qPCR were used to assess the correlation in the copy number of UROS and MIR4484. A high

positive correlation, with a correlation coefficient R = 0.8369 and P < 0.0001, was obtained between the two in terms of their abundance.
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4. Discussion

The misregulation of miRNAs has added one more

realm of intricacy and complexity to the comprehension

of tumour biology. miRNAs play a crucial role in the

maintenance of homeostasis by refining the expression

of protein-coding genes. Glioblastoma or the grade IV

astrocytoma is no exception and is significantly influ-

enced by the misregulation of miRNAs (Karsy et al.,

2012; Rao et al., 2010). There are many studies that

have reported the aberrant expression of miRNAs in

GBM (Ciafre et al., 2005; Rao et al., 2010). miRNAs

although do not encode any proteins but they can cer-

tainly function as potential oncogenes and tumour

suppressors, thereby invoking a paradigm change in

the normal functioning of a cell. Alterations in the

levels of miRNAs have been linked to almost all facets

of cancer biology, including cell proliferation, migra-

tion, angiogenesis, and chemoresistance (Esquela-Ker-

scher and Slack, 2006; Garzon et al., 2006).
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Fig. 4. miR-4484 and its host gene Uros are downregulated in GBM. (A,B) Log2-transformed miR-4484 and Uros expression values obtained

from qRT-PCR analysis indicating their downregulation in GBM, respectively. Each dot represents the data derived from one sample. For

each sample, fold change in expression is calculated over its average expression in control brain tissue. (C) Log2-transformed Uros

expression ratios obtained from TCGA i (Affymetrix), TCGA ii (Agilent) and GSE22866 data sets indicating significant downregulation of Uros

in GBM. (D) Log2-transformed Uros expression ratios across different grades of glioma, obtained from the REMBRANDT data set indicating

its significant downregulation from earlier grades. (E) The transcript expression values obtained from the qRT-PCR experiment were used to

assess the correlation in the expression of Uros and miR-4484 in our sample cohort. A high positive correlation, with a correlation

coefficient R = 0.4194 and P = 0.0016, was obtained. (F) Log2-transformed miR-4484 expression ratios across different glioma cell lines,

SVG, T98G, LN18, LN229, U87, U138, U251, U343 and U373 (respectively from left to right, black solid columns) as compared to control

brain tissue (grey solid columns). P-values were calculated by Student’s t-test and one-way ANOVA; the symbols indicated are explained as

follows: *P < 0.05; **P < 0.01 and ***P < 0.001.

937Molecular Oncology 11 (2017) 927–944 ª 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Z. Nawaz et al. miR-4484 is a deleted miRNA in glioblastoma



The misregulation of miRNAs could result as a con-

sequence of a wide array of aberrant cellular phenom-

ena such as chromosomal translocations, transcriptional

activation due to a novel transcription factor getting

hyperactivated, amplification or deletions in a locus

and epigenetic modifications. Copy number aberra-

tions are one of the potent distorters of the genome as

they inevitably alter the dose of a particular gene pro-

duct available to a cell. Somatic copy number alter-

ations are well known for their activation of

oncogenes and deactivation of tumour suppressor

genes in various malignancies including GBM. Ber-

oukhim et al. (2007) identified 16 broad and 16 focal

events in GBM, which harboured some of the crucial

oncogenes and tumour suppressor genes such as TP53,

RB1, CDKN2A/B, PTEN, EGFR, PDGFRA, MET,

CDK4, CDK6, MDM2, MDM4 and MYC and some

novel to GBM such as MYCN, PIK3CA, CCND2,

KRAS and CHD5 (Beroukhim et al., 2007). TCGA

group also unveiled some rare focal events like amplifi-

cations of FGFR2 and IRS2, and deletion of PTPRD

which though being infrequent were quite informative

of their role in tumorigenesis (Bartel, 2004, 2008).

Moreover, the same study brought into picture some

alterations that were not previously known, like the

homozygous deletions of NF1 and PARK2 and ampli-

fication of AKT3 (Bartel, 2004, 2008). A similar pic-

ture is quite elaborately known for other cancers as

well. In B-cell chronic lymphocytic leukaemia, miR-15

and miR16a were observed to be located in the region

13q14, which was deleted in about 65% of the

patients, and the allelic loss correlated with the down-

regulation of both the miRNAs (Calin et al., 2002). It

was further demonstrated that miRNA genes often
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venture into the fragile sites of the genome, like the

regions involving amplifications, break points, loss of

heterozygosity and other cancer-associated genomic

regions (Calin et al., 2004). This study investigated 186

miRNA genes and observed that 98 of the miRNA

genes were harboured in such fragile loci (Calin et al.,

2004). Another pan-cancer study indicated that the

genomic loci harbouring miRNAs genes exhibited high

proportion of somatic copy number alterations

accounting for about 37.1% in ovarian cancer, 72.8%

in breast cancer and 85.9% in melanomas (Zhang

et al., 2006). miRNA genes were also demonstrated to

undergo substantial SCNAs in lung cancer, with miR-

30d, miR-21, miR-17 and miR-155 being the most

amplified ones (Czubak et al., 2015).

In this study, we observed that indeed the miRNA

genes localize to the fragile regions of the GBM gen-

ome, which makes them susceptible to changes in

their abundance on account of deletions and amplifi-

cations. Thus, it lays a thrust on the coincidence of

miRNA genes being localized to such fragile genomic

loci. In fact, it indicates their importance and quali-

fies them to be one of the drivers of tumorigenesis.

We observed that around 40% of the copy number

aberrant events harbour miRNA genes and most of

the miRNA genes were located in the larger deleted

or amplified fragments. We speculate that larger

genomic events represent the loci which undergo copy

number alterations more frequently and might be

more fragile. Our investigation revealed that a signifi-

cant number of miRNAs were influenced by such

genomic aberrations.

We also demonstrated a novel intragenic miRNA,

miR-4484 being deleted in GBM. Moreover, we vali-

dated that miR-4484 is downregulated in GBM as

compared to control brain samples and its
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downregulation is attributed to the genomic copy

number loss of its genetic locus. Moreover, a recent

study also indicated the downregulation of miR-4484

in diffuse large B-cell lymphoma (Tamaddon et al.,

2016). We also observed that the deletion of miR-4484

was accompanied by the deletion of its host gene

Uros, and the loss of both the gene and the miRNA

was a tightly linked codeletion event in GBM. In fact,

we observed a unique behaviour in some samples in

terms of the expression of host gene and the miRNA,

which both showed no copy number loss in a few

samples in a unified way, indicating a strong associa-

tion between the two and the deletion always encom-

passing either both or none. In other words, we did

not come across a sample where there was discordance

in the copy number of miRNA and its host gene.

Although miR-4484 is located in the first intronic

region of the Uros gene, they do not share the same

strand. Moreover, Uros has not been implicated in any

malignancy, so it suggests that the two are regulated

independent of each other. Overexpression of miR-

4484 inhibited the colony formation and also delayed

the migration of glioma cells. We also identified

S100A2, DAG1, ITGB1, PXDN, CDK4, ZBTB20,

E2F2, STC1 and ABCA13 as the potential targets of

miR-4484. Most of these genes are upregulated in

GBM and were also predicted by different target pre-

diction algorithms, thereby putting thrust on their

authenticity as genuine targets of miR-4484. We also

validated these gene targets of miR-4484 at the level of

their transcripts upon miR-4484 overexpression. It is

noteworthy that most of these genes play a significant

role in gliomagenesis in particular as well as in other

cancers in general. S100A2 has been reported to be

hypomethylated in GBM (Etcheverry et al., 2010;

Martinez and Schackert, 2007) and functions as an

inducer of metastasis in vivo in non-small-cell lung can-

cer (Bulk et al., 2009). Overexpression of S100A2 also

induced epithelial-to-mesenchymal transformation fol-

lowed by enhanced invasion and increased AKT phos-

phorylation in A549 lung cancer cells (Naz et al.,

2014). Similarly, ZBTB20 has been found to be an
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important poor prognostic factor in hepatocellular car-

cinoma owing to its elevated levels in HCC and impor-

tantly, metastatic recurrence rates were found to be

higher in HCC patients with high ZBTB20 levels

(Wang et al., 2011). ABCA13 was found to be upregu-

lated in colorectal cancer (Hlavata et al., 2012), and its

high expression was related to less overall survival in

metastatic ovarian serous carcinoma (Nymoen et al.,

2015). Another target of miR-4484, STC1, also exhib-

ited relatively higher expression in high-grade gliomas

as compared to low-grade samples (Su et al., 2015).

Furthermore, samples with high expression of STC1

had worse overall survival as against samples with low

STC1 expression (Su et al., 2015). E2F2, an E2F fam-

ily transcription factor, has been related to various

phenotypes such as cell proliferation, cell cycle, apop-

tosis and DNA damage response. E2F2 has been

reported to be a poor prognostic marker in NSCLC.

Expression of E2F2 was found to be markedly high in

NSCLC samples as compared to normal specimens

and was closely associated with clinical stage and

tumour size (Chen et al., 2015). E2F2 was also

observed to be upregulated in astrocytomas, and more

importantly, it exhibited a distinctive expression in

CD133-positive cells which are considered to be enriched

in glioma stem-like cells (Okamoto et al., 2007).
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CDK4 is a well-known oncogene in GBM, and in one

of the landmark studies, CDK4 was found to be the

second most amplified gene in GBM after EGFR, and

this focal amplification eventually leads to its high

expression in GBM (Bartel, 2004, 2008). PXDN, yet

another putative gene target of miR-4484, is an adhe-

sion biomolecule which functions as an important reg-

ulator of cellular plasticity and extracellular matrix

remodelling. PXDN levels were found to be elevated

in primary glial and secondary metastatic brain

tumours as well as in its immediate microvasculature

(Liu et al., 2010). Similarly, ITGB1, a cell adhesive

molecule, which functions to mediate association

between cells and the ECM, has also been found to be

misregulated in various cancers and found to impact

malignant phenotypes such as invasion, proliferation

and angiogenesis (He et al., 2016; Zhang and Zou,

2015). A study also suggested the role of ITGB1 in the

secretion and activation of MMP14 (Mori et al.,

2013). In brief, most of these genes have a well-charac-

terized role in GBM or other human malignancies and

moreover, being upregulated in GBM, it can be con-

ceived that miR-4484 brings about its tumour-suppres-

sive effects by targeting these genes. Gene ontology

and pathway analysis also indicated the role of these

genes in various cancer-related processes and terms as

was evidenced in the phenotype we observed. Taken

together, all these data underscore the importance of

the focal deletion of miR-4484 in GBM.

Acknowledgements

The results published here are in whole or part based

upon data generated by TCGA pilot project estab-

lished by the NCI and NHGRI. Information about

TCGA and the investigators and institutions that con-

stitute the TCGA research network can be found at

http://cancergenome.nih.gov/. The use of data sets

from REMBRANDT, GSE22866 and TCGA is

acknowledged. IISc NGS facility is acknowledged for

the RNA sequencing experiments. KS thanks DBT,

Government of India, for financial support. KS is a J.

C. Bose Fellow of the Department of Science and

Technology. ZN acknowledges CSIR and DBT for the

fellowship. Infrastructure support by funding from

DST-FIST, DBT grant-in-aid and UGC (Centre for

Advanced Studies in Molecular Microbiology) to

MCB is acknowledged.

Author contributions

KS, VS, AA and ASH coordinated the study; ZN, SR

and KS conceived the study. ZN designed, performed

and analysed all the experiments. VP and SA did the

computational analysis of the RNA sequencing data

and other statistical analysis including data acquisi-

tion. ZN and KS drafted and revised the article criti-

cally for important intellectual content. All authors

reviewed the results and approved the final version of

the manuscript to be submitted.

References

Bartel DP (2004) MicroRNAs: genomics, biogenesis,

mechanism, and function. Cell 116, 281–297.
Beroukhim R, Getz G, Nghiemphu L, Barretina J, Hsueh

T, Linhart D, Vivanco I, Lee JC, Huang JH,

Alexander S et al. (2007) Assessing the significance of

chromosomal aberrations in cancer: methodology and

application to glioma. Proc Natl Acad Sci USA 104,

20007–20012.
Beroukhim R, Mermel CH, Porter D, Wei G,

Raychaudhuri S, Donovan J, Barretina J, Boehm JS,

Dobson J, Urashima M et al. (2010) The landscape of

somatic copy-number alteration across human cancers.

Nature 463, 899–905.
Bulk E, Sargin B, Krug U, Hascher A, Jun Y, Knop M,

Kerkhoff C, Gerke V, Liersch R, Mesters RM et al.

(2009) S100A2 induces metastasis in non-small cell

lung cancer. Clin Cancer Res 15, 22–29.
Bushati N and Cohen SM (2007) microRNA functions.

Annu Rev Cell Dev Biol 23, 175–205.
Calin GA, Dumitru CD, Shimizu M, Bichi R, Zupo S,

Noch E, Aldler H, Rattan S, Keating M, Rai K et al.

(2002) Frequent deletions and down-regulation of

micro- RNA genes miR15 and miR16 at 13q14 in

chronic lymphocytic leukemia. Proc Natl Acad Sci

USA 99, 15524–15529.
Calin GA, Sevignani C, Dumitru CD, Hyslop T, Noch E,

Yendamuri S, Shimizu M, Rattan S, Bullrich F,

Negrini M et al. (2004) Human microRNA genes are

frequently located at fragile sites and genomic regions

involved in cancers. Proc Natl Acad Sci USA 101,

2999–3004.
Cancer Genome Atlas Research, N (2008) Comprehensive

genomic characterization defines human glioblastoma

genes and core pathways. Nature 455, 1061–1068.
Chen L, Yu JH, Lu ZH and Zhang W (2015) E2F2

induction in related to cell proliferation and poor

prognosis in non-small cell lung carcinoma. Int J Clin

Exp Pathol 8, 10545–10554.
Ciafre SA, Galardi S, Mangiola A, Ferracin M, Liu CG,

Sabatino G, Negrini M, Maira G, Croce CM and

Farace MG (2005) Extensive modulation of a set of

microRNAs in primary glioblastoma. Biochem Biophys

Res Commun 334, 1351–1358.
Czubak K, Lewandowska MA, Klonowska K, Roszkowski

K, Kowalewski J, Figlerowicz M and Kozlowski P

942 Molecular Oncology 11 (2017) 927–944 ª 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

miR-4484 is a deleted miRNA in glioblastoma Z. Nawaz et al.

http://cancergenome.nih.gov/


(2015) High copy number variation of cancer-related

microRNA genes and frequent amplification of

DICER1 and DROSHA in lung cancer. Oncotarget 6,

23399–23416.
Esquela-Kerscher A and Slack FJ (2006) Oncomirs –

microRNAs with a role in cancer. Nat Rev Cancer 6,

259–269.
Etcheverry A, Aubry M, de Tayrac M, Vauleon E,

Boniface R, Guenot F, Saikali S, Hamlat A, Riffaud

L, Menei P et al. (2010) DNA methylation in

glioblastoma: impact on gene expression and clinical

outcome. BMC Genomics 11, 701.

Garzon R, Fabbri M, Cimmino A, Calin GA and Croce

CM (2006) MicroRNA expression and function in

cancer. Trends Mol Med 12, 580–587.
He B, Xiao YF, Tang B, Wu YY, Hu CJ, Xie R, Yang X,

Yu ST, Dong H, Zhao XY et al. (2016) hTERT

mediates gastric cancer metastasis partially through the

indirect targeting of ITGB1 by microRNA-29a. Sci

Rep 6, 21955.

Hlavata I, Mohelnikova-Duchonova B, Vaclavikova R,

Liska V, Pitule P, Novak P, Bruha J, Vycital O,

Holubec L, Treska V et al. (2012) The role of ABC

transporters in progression and clinical outcome of

colorectal cancer. Mutagenesis 27, 187–196.
Inui M, Martello G and Piccolo S (2010) MicroRNA

control of signal transduction. Nat Rev Mol Cell Biol

11, 252–263.
Karsy M, Arslan E and Moy F (2012) Current progress on

understanding microRNAs in glioblastoma multiforme.

Genes Cancer 3, 3–15.
Kim VN (2005) MicroRNA biogenesis: coordinated

cropping and dicing. Nat Rev Mol Cell Biol 6, 376–385.
Lee Y, Kim M, Han J, Yeom KH, Lee S, Baek SH and

Kim VN (2004) MicroRNA genes are transcribed by

RNA polymerase II. EMBO J 23, 4051–4060.
Liu Y, Carson-Walter EB, Cooper A, Winans BN, Johnson

MD and Walter KA (2010) Vascular gene expression

patterns are conserved in primary and metastatic brain

tumors. J Neurooncol 99, 13–24.
Martinez R and Schackert G (2007) Epigenetic aberrations

in malignant gliomas: an open door leading to better

understanding and treatment. Epigenetics 2, 147–150.
Mori H, Lo AT, Inman JL, Alcaraz J, Ghajar CM, Mott

JD, Nelson CM, Chen CS, Zhang H, Bascom JL et al.

(2013) Transmembrane/cytoplasmic, rather than

catalytic, domains of Mmp14 signal to MAPK

activation and mammary branching morphogenesis via

binding to integrin beta1. Development 140, 343–352.
Nawaz Z, Patil V, Paul Y, Hegde AS, Arivazhagan A,

Santosh V and Somasundaram K (2016) PI3 kinase

pathway regulated miRNome in glioblastoma:

identification of miR-326 as a tumour suppressor

miRNA. Mol Cancer 15, 74.

Naz S, Bashir M, Ranganathan P, Bodapati P, Santosh V

and Kondaiah P (2014) Protumorigenic actions of

S100A2 involve regulation of PI3/Akt signaling and

functional interaction with Smad3. Carcinogenesis 35,

14–23.
Nymoen DA, Holth A, Hetland Falkenthal TE, Trope CG

and Davidson B (2015) CIAPIN1 and ABCA13 are

markers of poor survival in metastatic ovarian serous

carcinoma. Mol Cancer 14, 44.

Okamoto OK, Oba-Shinjo SM, Lopes L and Nagahashi

Marie SK (2007) Expression of HOXC9 and E2F2 are

up-regulated in CD133(+) cells isolated from human

astrocytomas and associate with transformation of

human astrocytes. Biochim Biophys Acta 1769, 437–442.
Rao SA, Santosh V and Somasundaram K (2010) Genome-

wide expression profiling identifies deregulated

miRNAs in malignant astrocytoma. Mod Pathol 23,

1404–1417.
Reddy SP, Britto R, Vinnakota K, Aparna H, Sreepathi

HK, Thota B, Kumari A, Shilpa BM, Vrinda M,

Umesh S et al. (2008) Novel glioblastoma markers

with diagnostic and prognostic value identified through

transcriptome analysis. Clin Cancer Res 14, 2978–2987.
Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher

B, Taphoorn MJ, Belanger K, Brandes AA, Marosi C,

Bogdahn U et al. (2005). Radiotherapy plus

concomitant and adjuvant temozolomide for

glioblastoma. N Engl J Med 352: 987–996.
Su J, Guo B, Zhang T, Wang K, Li X and Liang G (2015)

Stanniocalcin-1, a new biomarker of glioma

progression, is associated with prognosis of patients.

Tumour Biol 36, 6333–6339.
Tamaddon G, Geramizadeh B, Karimi MH, Mowla SJ and

Abroun S (2016) miR-4284 and miR-4484 as putative

biomarkers for diffuse large B-cell lymphoma. Iran J

Med Sci 41, 334–339.
Wang Q, Tan YX, Ren YB, Dong LW, Xie ZF, Tang L,

Cao D, Zhang WP, Hu HP and Wang HY (2011) Zinc

finger protein ZBTB20 expression is increased in

hepatocellular carcinoma and associated with poor

prognosis. BMC Cancer 11, 271.

Wen PY and Kesari S (2008) Malignant gliomas in adults.

N Engl J Med 359, 492–507.
Zack TI, Schumacher SE, Carter SL, Cherniack AD,

Saksena G, Tabak B, Lawrence MS, Zhsng CZ, Wala J,

Mermel CH et al. (2013) Pan-cancer patterns of somatic

copy number alteration. Nat Genet 45, 1134–1140.
Zhang L, Huang J, Yang N, Greshock J, Megraw MS,

Giannakakis A, Liang S, Naylor TL, Barchetti A,

Ward MR et al. (2006) microRNAs exhibit high

frequency genomic alterations in human cancer. Proc

Natl Acad Sci USA 103, 9136–9141.
Zhang L and Zou W (2015) Inhibition of integrin beta1

decreases the malignancy of ovarian cancer cells and

943Molecular Oncology 11 (2017) 927–944 ª 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Z. Nawaz et al. miR-4484 is a deleted miRNA in glioblastoma



potentiates anticancer therapy via the FAK/STAT1

signaling pathway. Mol Med Rep 12, 7869–7876.

Supporting information

Additional Supporting Information may be found

online in the supporting information tab for this

article:
Fig. S1. Genomic deletion at MIR4484 locus is a

specific deletion event in GBM that exclusively affects

Uros and miR-4484.

Table S1. List of copy number altered (amplified and

deleted regions) identified by GISTIC and RAE

algorithms and the regions harbouring miRNA genes

among them.

Table S2. List of miRNAs mapped to the amplified

genetic loci in the glioma genome.

Table S3. List of miRNAs mapped to the deleted

genetic loci in the glioma genome.

Table S4. Genes regulated by miR-4484 overexpression

at 48 h interval (Cut-off � 0.57 in Log2 scale).

Table S5. Genes regulated by miR-4484 overexpression

at 72 h interval (Cut-off � 0.57 in Log2 scale).

Table S6. List of genes downregulated upon miR-4484

overexpression, upregulated in GBM and bearing

binding sites for miR-4484.

944 Molecular Oncology 11 (2017) 927–944 ª 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

miR-4484 is a deleted miRNA in glioblastoma Z. Nawaz et al.


	Outline placeholder
	a1
	a2
	a3
	a4
	fig1
	fig2
	tbl1
	tbl2
	fig3
	fig4
	fig5
	fig6
	fig7
	fig8
	bib1
	bib2
	bib3
	bib4
	bib5
	bib6
	bib7
	bib8
	bib9
	bib10
	bib11
	bib12
	bib13
	bib14
	bib15
	bib16
	bib17
	bib18
	bib19
	bib20
	bib21
	bib22
	bib23
	bib24
	bib25
	bib26
	bib27
	bib28
	bib29
	bib30
	bib31
	bib32
	bib33
	bib34
	bib35
	bib36
	bib37


