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We have performed cDNA microarray analyses to identify gene
expression differences between highly invasive glioblastoma multi-
forme (GBM) and typically benign pilocytic astrocytomas (PA).
Despite the significant clinical and pathological differences
between the 2 tumor types, only 63 genes were found to exhibit
2-fold or greater overexpression in GBM as compared to PA.
Forty percent of these genes are related to the regulation of the
cell cycle and mitosis. QT-PCR validation of 6 overexpressed
genes: MELK, AUKB, ASPM, PRC1, IL13RA2 and KIAA0101 con-
firmed at least a 5-fold increase in the average expression levels in
GBM. Maternal embryonic leucine zipper kinase (MELK) exhib-
ited the most statistically significant difference. A more detailed
investigation of MELK expression was undertaken to study its on-
cogenic relevance. In the examination of more than 100 tumors of
the central nervous system, we found progressively higher expres-
sion of MELK with astrocytoma grade and a noteworthy uniform-
ity of high level expression in GBM. Similar level of overexpres-
sion was also observed in medulloblastoma. We found neither
gene promoter hypomethylation nor amplification to be a factor in
MELK expression, but were able to demonstrate that MELK
knockdown in malignant astrocytoma cell lines caused a reduction
in proliferation and anchorage-independent growth in in vitro
assays. Our results indicate that GBM and PA differ by the
expression of surprisingly few genes. Among them, MELK corre-
lated with malignancy grade in astrocytomas and represents a
therapeutic target for the management of the most frequent brain
tumors in adult and children.
' 2007 Wiley-Liss, Inc.
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Astrocytomas are gliomas of astrocytic origin and constitute the
most common type of primary brain tumor. They are classified,
according to the World Health Organization (WHO), into pilocytic
astrocytomas (PA) (Grade I), low-grade astrocytomas (Grade II),
anaplastic astrocytomas (Grade III) and glioblastoma multiforme
(GBM) (Grade IV).1,2 PA, the most common glioma in children
and young adults, has a good prognosis because of being more cir-
cumscribed and thus curable by total surgical resection. In con-
trast, astrocytomas Grade II to Grade IV are highly infiltrating and
are hence named diffuse astrocytomas. These infiltrative tumors
are generally not curable by resection. Despite efforts to develop
novel therapies, the median survival rate of patients with GBM
rarely exceeds 12 months,3 reflecting the resistance of these
tumors not only to surgical approaches but also to chemotherapy
and radiation therapy. Although multiple genetic alterations
including chromosomal abnormalities, oncogene activation and
tumor suppressor gene inactivation4 have already been identified
in astrocytomas, the dismal prospects for patients with this disease
render the identification of additional therapeutic targets as an im-
portant objective.

Gene expression patterns provide insight into the nature of the
molecular alterations that lead to the establishment and progres-
sion of tumors. Genome-wide technologies such as cDNA micro-
arrays, large-scale EST sequencing,5 serial analysis of gene
expression6 (SAGE) and massive parallel signature sequencing7,8

(MPSS) have become powerful tools for investigating the molecu-
lar biology of malignancy, and the comparison of different grades
of tumors by microarray is a well-established starting point for
selecting genes of interest. In this study, we used oligonucleotide
microarrays to compare the expression pattern of 10,000 genes in
Grade IV (GBM) and Grade I (PA) astrocytic tumors to identify
genes associated with invasion and proliferation. Among the most
highly overexpressed genes in GBM was MELK (maternal embry-
onic leucine zipper kinase), which has been reported to be upregu-
lated in several cancer types relative to normal tissues and which
regulates multipotent neural progenitors.9,10 To investigate the
potential oncogenic role of MELK in astrocytomas, we studied
mechanisms of MELK overexpression by gene amplification, pro-
moter methylation analysis, and the biological consequences of
MELK downregulation on tumor cell proliferation, anchorage in-
dependent growth, motility and apoptosis. This data suggest that
MELK expression increases according to the grade of malignancy
in astrocytomas, and represents a potential therapeutic target.

Material and methods

Tissue samples

Tumor specimens were obtained from patients with CNS
tumors treated by the Neurosurgery Group of the Department of
Neurology at Hospital das Cl�ınicas, School of Medicine, Univer-
sity of S~ao Paulo, S~ao Paulo, Brazil, between 2000 and 2005. The
tissues were categorized according to the WHO grading system1,2

by neuropathologists from the Division of Pathological Anatomy
of the same institution. Informed consent was obtained from each
patient. Fresh surgical samples of different grades and nonneo-
plastic tissues of the CNS (temporal lobectomy from epilepsy sur-
geries) were macrodissected and immediately snap-frozen in liq-
uid nitrogen upon surgical removal. All tumor tissues were micro-
dissected before RNA extraction as described previously.11 None
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of the patients received any other treatment than per oral dexame-
tazone before surgery, when the samples analyzed were collected.

Cell lines, cell suspensions, culture and reagents

Human malignant astrocytomas cell lines T98G and U87MG,
obtained from the American Type Culture Collection (Manassas,
VA), were cultivated in Dulbecco’s modified Eagle’s medium
(DMEM), supplemented with 10% fetal calf serum (FCS), in a
humidified incubator at 37�C and controlled CO2 atmosphere.

Analysis of gene expression using microarrays

Nine primary astrocytomas (3 samples of PA, mean age of 19
years; and 6 samples of GBM, mean age of 56 years and mean
survival time of 7.6 months), and 2 pools of 3 nonneoplastic brain
tissues (mean age of 31 and 47 years) were used for microarray
analyses.

Analyses were carried out with oligonucleotide microarrays
representing 10,000 human genes (CodeLink Bioarrays-Human
Uniset I; GE Healthcare, Piscataway, NJ), following the manufac-
turer’s protocol. The fluorescence was measured using an Axon
GenePix 4000B Scanner (Axon Instruments, Sunnyvale, CA), and
normalized with the CodeLink Software v.2.3 (GE Healthcare).
Independent hybridizations for each tumor sample were carried
out in duplicate. Raw data and normalized hybridization data are
available according to MIAME guidelines at the GEO database,
under the accession number GSE7330.

Individual PA and GBM gene expression profiles were com-
pared with each other, and with nonneoplastic brain tissue: PA
with the pool of nonneoplastic brain tissue from epilepsy patients
with mean age of 31 years, and GBM with the pool of mean age
of 47 years. Differentially expressed genes were identified by cal-
culating the ratio of the mean normalized fluorescence values
obtained from each duplicate GBM or PA sample and nonneoplas-
tic brain tissue pools, and subsequently between duplicate GBM
and PA samples. Results were expressed as fold variation, and
genes displaying greater than 2-fold changes in transcript abun-
dance and p < 0.01 were selected.

Differentially expressed genes in astrocytomas were classified
according to an ontology term enrichment analysis,12 as defined
by the Gene Ontology Consortium, to identify functional classes.
In such analysis, the statistical association between being differen-
tially expressed and belonging to a given category was accessed
by the Fisher’s exact test.

Total RNA extraction and cDNA synthesis

Total RNA was extracted from tissues or cell lines using Trizol
(Invitrogen, Carlsbad, CA) or RNeasy Mini Kit (Qiagen, Hilden,
Germany). Synthesis of cDNA was performed by reverse tran-
scription, using oligo(dT) and random hexamers, and SuperScript
III (Invitrogen), according to the manufacturer’s recommenda-
tions.

DNA extraction

Frozen tissue DNA was extracted with a standard phenol/chlo-
roform methodology or with Trizol (Invitrogen), following the
manufacturer’s instructions.

Quantitative real time RT-PCR

The relative expression levels of the genes AURKB (aurora ki-
nase B), ASPM (abnormal spindle-like microcephaly associated),
PRC1 (protein regulator of cytokinesis 1), IL13RA2 (interleukin
13 receptor a2), KIAA0101 and MELK (maternal embryonic leu-
cine zipper Kinase) were analyzed by QT-PCR to validate micro-
array data. To this end we used 7 nonneoplastic brain tissues and
18 astrocytic tumor samples (13 GBM and 5 PA). For a more
detailed analysis of relative MELK and PLP2 expression, we used
an independent series of 10 nonneoplastic brain tissues (median
age 37 years) and 93 astrocytic tumor samples: 12 PA (median

age 22 years), 13 low-grade astrocytomas (median age 37 years),
15 anaplastic astrocytomas (median age 31 years) and 53 GBM
(median age 52 years). The GBM cases included in this study
were primary GBM, based on the clinical history with mean inter-
val time between the onset of symptoms and the surgical proce-
dure of 4.3 months, low incidence (4%) of p53 mutation and high
detection of EGFR overexpression (44%), mostly because of gene
amplification.

Histologically, none of the included GBM samples presented
sarcomatous or oligo component. We also examined 26 medullo-
blastomas (median age 18 years). All QT-PCR assays were carried
out in duplicate using the Sybr-Green I approach. Normalization
of quantitative data was based on the housekeeping gene, hypo-
xanthine guanine phosphoribosyltransferase (HPRT). Primer
sequences were as follows (50–30): AURKB F: CTGCCATGG
GAAGAAGGTGATTCA, AURKB R: GATGCGGCGATAGGT
CTCGTTG, ASPM F: TGTGGAGTGCGCCTTGTG, ASPM R:
TGCCGGAATCCTGAGTTTCT, PRC1 F: CCTGCCCTACTGC
CAAAGA, PRC1 R: CAGAACTGAACACAATTTAACAAAG
CT, IL13RA2 F: TTGCGTAAGCCAAACACCTA, IL13RA2 R:
TGAACATTTGGCCATGACTG, KIAA0101 F: GTTTGAA
CATGGTGCGGACTAA, KIAA0101 R: GGCAGAGGTGGAA
GAACCAA, MELK F: AAACCCAAGGGTAACAAGGA, MELK
R: ACAGTATGCCCATGCTCCAA, PLP2 F: GACCTGCACAC
CAAGATACCAT, PLP2 R: CAAGGACAACAATGGAGGT
GAT, HPRT F: TGAGGATTTGGAAAGGGTGT and HPRT R:
GAGCACACAGAGGGCTACAA.

Sybr Green I amplification mixtures (12 lL) contained 3 lL of
cDNA, 6 lL of 23 Sybr Green I Master Mix (Applied Biosys-
tems, Foster City, CA) and forward and reverse primers at a final
concentration 200–400 nM. Reactions were run on an ABI 7500
Real-Time PCR System (Applied Biosystems). The equation
22DDCt was applied to calculate the relative expression of tumor
samples versus the median of nonneoplastic tissues.13 All primers
were synthesized by IDT (Integrated DNA Technologies, Coral-
ville, IA).

MELK gene copy number quantification

To determine the gene amplification status of MELK, QT-PCR
was performed using tissue DNA from the same casuistic used for
analysis of relative expression. A single copy gene, hemoglobin
beta (HBB) gene was used as reference. Primer sequences (IDT)
were as follows (50–30): MELK intron 7 F: GCTTTGCGACAA
TTCTGTGA and MELK exon 8 R: ACAGTATGCCCATGCTC
CAA, HBB F: GTGAAGGCTCATGGCAAGA and HBB R: AGC
TCACTCAGTGTGGCAAAG. Power Sybr Green I Master Mix
(Applied Biosystems), DNA and primers (600 nM) were used for
gene amplification analysis in QT-PCR reaction mixtures (12 lL).
The relative amount of MELK with respect to the control gene
DNA yield, HBB, was calculated using the equation DCt 5 Ct
HBB 2 Ct MELK, compared to values of nonneoplastic samples.
Samples with DCt values over 2.0 were considered as having
amplification.

MELK promoter methylation analyses

Genomic DNA extracted from 2 nonneoplastic brain samples,
1 PA, 2 low-grade astrocytomas, 1 anaplastic astrocytoma and
5 GBM was subjected to bisulfite treatment to modify unmethy-
lated cytosine to uracil as described previously.14 The region
selected for methylation analyses comprises 39CpG dinucleotides
and is located at 2201 to 1169, from the transcription start site
(11) of the MELK gene. Bisulfite-treated DNA was amplified by
a nested-PCR protocol using the following primers (50–30): MELK
F: GGGTAAGATTAAGGTTTTAAGTTTA and MELK R: CTT
AACCTAAACACCTCTTC, for the first reaction and MELK FN:
AGATTAAGGTTTTAAGTTATTTTT and MELK RN: AAAAC-
CAAAAACAAACTAAATTTAAAC for the second reaction.
PCR was performed in a volume of 25 lL containing 13 PCR
buffer, 1.5 mM of MgCl2, 200 lM dNTPs, 0.32 lM of each
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primer and 1 U of Taq Platinum DNA Polymerase (Invitrogen).
Amplified products were gel purified and ligated to T-Easy Vector
cloning system (Promega, Madison, WI). Six positive clones were
sequenced for each sample. DNA sequencing reactions were per-
formed using the Big DyeTM Terminator Cycle Sequencing Ready
Reaction Kit version 3.1 (Applied Biosystems) and an ABI Prism
3100 automated sequencer (Applied Biosystems).

MELK RNA interference

siGENOME SMART pool were obtained from Dharmacon
Research (Lafayette, CO) and diluted according to manufacturer’s
protocol. Human glioma cell lines were transfected with MELK or
nontargeting siRNAs, using Lipofectamine 2000 (Invitrogen).
Specific silencing of target gene was confirmed by QT-PCR, at
indicated time points.

Assessment of apoptosis

Samples of 1 3 105 cells were washed in phosphate-buffered
saline and incubated with 5 lL of PI and annexin-V-FITC solu-
tions (BD, San Diego, CA) for 15 min in the dark to assess cell
membrane integrity and exposure of phosphatidylserine residues,
respectively. Fluorescence was measured by flow cytometry
(FACSCalibur; BD).

Anchorage-independent growth in soft agar

A total of 5 3 103 cells transfected with MELK-specific or non-
targeting siRNA pools were plated in 0.35% agar/13 DMEM over
a layer of 0.5% agar/13 DMEM on 6-well plates. The immobi-
lized cells were grown for 14–21 days in the presence of DMEM
supplemented with 10% FCS in a humidified chamber at 37�C
with 5% CO2. Plates were stained with 0.005% crystal violet, and
the number and size of the colonies were registered.

Cell proliferation assay

For analysis of cell proliferation, cells transfected with MELK-
specific or nontargeting siRNA were seeded in a 96-well plate
(6,000 cells/well). Nontransfected cells were used as a negative
control. Proliferative activity was determined by the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. The
absorbance of each well was measured at 580 nm on a microplate
reader.

MELK expression in normal tissues

cDNAs were prepared from RNAs from normal tissues
(Ambion, Austin, TX; and BD Biosciences, Palo Alto, CA). For
QT-PCR, cDNA samples were run in duplicate for MELK and for
ACTB as the reference gene within the same experiment using
Taqman platform in the Applied Biosystem apparatus 7500 Fast
Real-Time PCR system, PCR primers and probes and the Taqman
fast universal PCR mix (Applied Biosystems). PCR conditions
were 95�C for 10 min followed by 40 cycles at 95�C for 15 sec
and 60�C for 1 min. Relative quantification of gene expression
was determined using the equation 22DDCt.13 Bladder tissue was
used as reference.

Statistical analysis

The statistical analysis of relative gene expression in different
grades of astrocytomas and nonneoplastic tissues was assessed
using the Mann-Whitney test and the analyses of anchorage-inde-
pendent growth in soft agar of malignant astrocytomas cell lines
was performed by Student’s t-test (nonparametric). Differences
were considered to be statistically significant at p < 0.05. Overall
survival was calculated as the interval between day of surgery and
day of death, in months. Patients alive on the day of analysis were
censored on December 9, 2006. Calculations were performed
using SPSS 10.0 software (SPSS, Chicago, IL).

Results

Identification of genes exhibiting higher levels of
expression in astrocytomas than nonneoplastic
brain tissues by microarray analysis

Microarray analyses were undertaken using cDNA prepared
from 3 PA (Grade I), 6 GBM (Grade IV) and 2 pools of 3 nonneo-
plastic brain tissue samples. In all pair-wise comparisons, the av-
erage of the coefficients of variation for duplicates ranged from
6.5 to 9.0%, with Pearson correlation coefficients being higher
than 0.98. For all duplicates, more than 99.7% of the values were
within a 2-fold difference.

Similar numbers of genes, 562 and 555, were found to be at
least 2-fold overexpressed in the GBM and PA samples as com-
pared to the pooled nonneoplastic tissues, respectively. Of these,
319 were overexpressed genes in both tissues. However, in a com-
parison of each of the GBM and PA samples in a pair-wise fash-
ion, only 63 genes were found to have at least a 2-fold higher level
of expression in all GBM samples as compared to the PA samples.

A functional classification of the GBM overexpressed genes
revealed that 40% are related to the cell cycle and mitosis
(Table I). Several of these genes have been reported to be associ-
ated with cellular transformation and increased malignancy in a
number of different cancer types including gliomas,15–18 as indi-
cated in Table II. It is noteworthy that other microarray studies
have consistently identified CDC20, UBE2C, PCNA, KIAA0101
and BIRC5 as markers of malignancy.

The microarray data were validated by QT-PCR for 6 of the
genes with the highest relative overexpression in GBM relative to
PA: MELK, AUKB, ASPM, PRC1, IL13RA2 and KIAA0101 (Fig.
1). In all cases, the PCR measurements demonstrated a clear aver-
age increase in expression in GBM as compared with PA,
although in 4 of the 6 the overlap between the levels of expression
exhibited by the 2 tumor types (AUKB, PRC1 and IL13RA2)
resulted in the differential expression not being statistically signif-
icant. However, the expression of KIAA0101, ASPM and MELK
was sufficiently high in the 13 GBM samples assayed and that sta-
tistical significance was maintained. The finding of the consistent
high level of expression of MELK in aggressive glioblastomas was
of interest given that as a kinase it is likely to be drugable and also
since it has been recently identified as a potential therapeutic tar-
get on the basis of its overexpression in a number of cancer types.9

Moreover, it has been demonstrated to be a key regulator of the
proliferation of multipotent neural progenitors.10 Therefore,
among these genes selected from the analysis of the microarray
data, we elected to characterize the expression of MELK in more
detail and investigate whether it might be directly related to the
malignant properties of GBM as has been shown in cell lines
derived from other cancer types.

MELK expression correlates with tumor grade

As a first step, we measured MELK mRNA levels by QT-PCR
in an extended series of tumor samples including both Grade II
and Grade III astrocytomas as well as medulloblastomas. We con-
firmed in this larger data set the consistent and high levels of
MELK expression in Grade IV GBMs (645-fold that of normal tis-
sues) with just 2 of the 53 samples studied exhibiting aberrantly
low levels of expression similar to that found in normal tissues.
The Grade II and Grade III tumors were found to exhibit progres-
sively higher levels of MELK expression (162- and 221-fold,
respectively) as compared to nonneoplastic samples. The median
expression level of MELK was 88.2-fold higher in PA than normal
tissues, thus overall demonstrating an increase in MELK expres-
sion in parallel to the increase in malignancy (Fig. 2a). MELK
expression levels in medulloblastoma were similar to GBM. It
should be noted that this association of gene expression with tu-
mor grade was not typical and that the majority of genes that are
upregulated in GBM are similarly upregulated in PA as illustrated
here for PLP2 (Fig. 2b). We found no direct relationship between
MELK expression level in GBM and survival time by Kaplan-
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TABLE I – GENES OVEREXPRESSED IN GLIOBLASTOMA RELATIVE TO PILOCYTIC ASTROCYTOMA, MEASURED BY MICROARRAY ANALYSIS

Accession no. Description Locus Mean-fold change

Cell proliferation
NM_001255 CDC20 cell division cycle 20 homolog (S. cerevisiae) (CDC20) 1p34.1 20.07
NM_004217 Aurora kinase B (AURKB) 17p13.1 16.1
NM_002497 NIMA (never in mitosis gene a)-related kinase 2 (NEK2) 1q32.2–41 15.72
NM_001809 Centromere protein A, 17 kDa (CENPA) 2p24–21 13.68
NM_001657 Amphiregulin (Schwannoma-derived growth factor) (AREG) 4q13–21 11.2
NM_001786 Cell division cycle 2, G1 to S and G2 to M (CDC2) 10q21.1 9.76
NM_006845 Kinesin family member 2C (KIF2C) 1p34.1 8.66
NM_001827 CDC28 protein kinase regulatory subunit 2 (CKS2) 9q22 7.95
NM_002358 MAD2 mitotic arrest deficient-like 1 (yeast) (MAD2L1) 4q27 7.77
NM_001813 Centromere protein E, 312 kDa (CENPE) 4q24–25 7.7
NM_031966 Cyclin B1 (CCNB1) 5q12 7.08
NM_016343 Centromere protein F, 350/400 kDa (mitosin) (CENPF) 1q32–41 7.06
NM_003981 Protein regulator of cytokinesis 1 (PRC1) 15q26.1 6.66
NM_003318 TTK protein kinase (TTK) 6q13–21 6.38
NM_022346 Chromosome condensation protein G (NCAPG) 4p15.33 6.11
NM_012112 TPX2, microtubule-associated protein homolog (Xenopus laevis) (TPX2) 20q1.2 5.96
NM_003035 TAL1 (SCL) interrupting locus (STIL) 1p32 4.22
NM_001237 Cyclin A2 (CCNA2) 4q25–31 3.78

Cell proliferation/DNA damage
NM_000597 Insulin-like growth factor binding protein 2, 36 kDa (IGFBP2) 2q33–34 18.14
NM_001274 CHK1 checkpoint homolog (S. pombe) (CHK1) 11q24–24 9.55
NM_199420 Polymerase (DNA directed), h (POLQ) 3q13.33 8.9
NM_022809 Cell division cycle 25C (CDC25C) 1p34.1 8.61
NM_001827 CDC28 protein kinase regulatory subunit 2 (CKS2) 9q22 7.95
NM_002875 RAD51 homolog (RecA homolog, E. coli) (S. cerevisiae) (RAD51) 15q15.1 7.01
NM_002592 Proliferating cell nuclear antigen (PCNA) 20pter–12 2.72

DNA and protein metabolism
NM_007019 Ubiquitin-conjugating enzyme E2C (UBE2C) 20q13.12 17
NM_014791 Maternal embryonic leucine zipper kinase (MELK) 9p13.2 16.45
NM_002317 Lysyl oxidase (LOX) 5q23.3–31.2 11.04
NM_003294 Tryptase a/b1 (TPSAB1) 16p13.3 8.99
NM_014176 HSPC150 protein similar to ubiquitin-conjugating enzyme (UBE2T) 1q32.1 7.85
NM_018518 MCM10 minichromosome maintenance deficient 10 (S. cerevisiae) (MCM10) 10p13 6.3
NM_000943 Peptidylprolyl isomerase C (cyclophilin C) (PPIC) 5q23.2 5.31
NM_001071 Thymidylate synthetase (TYMS) 18p11.32 4.26
NM_030928 DNA replication factor (CDT1) 16q24.3 3.76

Transcription
NM_019102 Homeobox protein (HOXA5) 7p15–14 16.97
NM_006897 Homeobox C9 (HOXC9) 12q13.3 8.29
NM_004237 Thyroid hormone receptor interactor 13 (TRIP13) 5p13.33 7.34
BC033086 Transcription factor 19 (SC1) (TCF19) 6q21.3 6.09

Cell adhesion
NM_019119 Protocadherin b9 (PCDHB9) 5q31 9.81
NM_004369 Collagen, type VI, a3 (COL6A3) 2q27 6.47

Signal transduction/receptors
NM_000640 Interleukin 13 receptor, a2 (IL13RA2) Xq13.1–28 32.62
NM_001999 Fibrillin 2 (congenital contractural arachnodactyly) (FBN2) 5q23–31 13.61
NM_006681 Neuromedin U (NMU) 4q12 11.75
NM_018154 ASF1 antisilencing function 1 homolog B (S. cerevisiae) (ASF1B) 19p13.12 9.78
NM_007280 Opa-interacting protein 5 (OIP5) 15q15.1 7.2
NM_000599 Insulin-like growth factor binding protein 5 (IGFBP5) 2q33.q36 7.16
NM_018098 Epithelial cell transforming sequence 2 oncogene (ECT2) 3q26.1–26.2 5.8
NM_005497 Gap junction protein, a7, 45 kDa (connexin 45) (GJA7) 17q21.31 5.29
NM_006863 Leukocyte immunoglobulin-like receptor, subfamily A, member 1 (LILRA1) 19q13.4 3.09

Angiogenesis/defense
NM_000584 Interleukin 8 (IL8) 4q13–21 7.11
NM_000636 Superoxide dismutase 2, mitochondrial (SOD2) 6q25.3 5.75

Cytoskeleton
NM_001456 Filamin A, a (actin binding protein 280) (FLNA) Xq28 4.47
NM_002705 Periplakin (PPL) 16p13.1 3.57

Apoptosis inhibitors
NM_001168 Baculoviral IAP repeat-containing 5 (BIRC5) 17q25 16.46

Organogenesis
NM_001849 Collagen, type VI, a2 (COL6A2) 21q22.3 11.46

Unknown function
NM_018136 Asp (abnormal spindle)-like, microcephaly associated (Drosophila) (ASPM) 1q31 16.88
NM_014736 KIAA0101 gene product (KIAA0101) 15q22.31 13.98
NM_018410 Hypothetical protein (DKFZp762E1312) 2q37.1 9.2
NM_182487 Olfactomedin-like 1A (OLFML2A) 9q33.3 8.02
NM_018455 Uncharacterized bone marrow protein BM039 (CENPN) 16q23.2 4.69
NM_018454 Nucleolar protein ANKT (NUSAP1) 15q15.1 4.56
NM_030804 Hypothetical protein DKFZp434E2135 (FZD5) 2q33–34 3.88
NM_015426 DKFZP434C245 protein (WDR51A) 3p21.1 3.56
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TABLE II – COMPARISON BETWEEN GBM VERSUS PA DIFFERENTIALLY EXPRESSED GENES

Type of assay Total genes Genes in common to our GBM vs. PA Reference

cDNA microarray (6,800 genes, 21 grade IV vs.
9 grade I astrocytoma tissues)

133 CKS2, CDC20, BIRC5, UBE2C, PCNA, FLNA,
CENPA, KIAA0101, IL13RA2, CCNB1, KIF2C,
CENPF,MELK

17

Comparative meta-profiling of 40 microarray data
sets (3,762 microarrays)

431 CDC20, UBE2C, PCNA, BIRC5, KIAA0101,
CENPA,MELK, KIF2C, CKS2

16

cDNA microarray (12,000 genes, 6 grade IV vs.
grade I astrocytoma)

15 IGFBP2 18

Suppression substractive hybridization
(648 clones GBM vs. 648 PA)

32 None 19

143 common overexpressed genes comparing high- and low-grade lung adenocarcinoma, bladder carcinoma, breast ductal carcinoma, glioma,
ovarian carcinoma, prostate carcinoma.

FIGURE 1 – Expression levels of putative tumor markers in astrocytomas. Transcript levels for KIAA0101, PRC1, AURKB, ASPM, MELK and
IL13RA2 were determined by quantitative real-time PCR in 7 nonneoplastic brain samples (N), 5 pilocytic astrocytomas (GI) and 13 glioblasto-
mas (GIV). Relative expressions values were calculated based on the HPRT expression levels of each sample and nonneoplastic brain values.
The horizontal bars show the median of each group, and the statistical p values according to Mann–Whitney test are shown for each comparison.
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Meier analysis (log rank p 5 0.455), which probably reflects the
relatively uniform expression of the gene in tumors (data not
shown).

Lack of evidence for MELK promoter hypomethylation or
gene amplification

The phenomenon of very low level expression of embryonic
genes in adult tissues and their upregulation in tumors can be due
to promoter hypermethylation in normal tissues that is reversed
during tumorigenesis. We examined this possibility for MELK and
identified a CpG island (39 CpG dinucleotides) located at nucleo-
tides 2201 to 1169 in relation to the transcription start site (11).
Methylation status in this island was measured by sequencing
bisulfite-modified DNA, but no difference was found in the pro-
moter methylation profile in the bisulfite-treated DNA from astro-
cytic tumor tissues (1 PA, 2 low-grade astrocytomas, 1 anaplastic
astrocytoma and 5 GBM samples) and 2 nonneoplastic tissues as
controls (data not shown). All samples analyzed, including the
nonneoplastic tissues, presented a completely unmethylated profile
in each of the 6 clones analyzed. We also asked whether gene
upregulation might be accompanied by gene amplification, which
is the case for a number of oncogenes. However, no MELK gene
amplification was found by QT-PCR in 93 DNA astrocytoma sam-
ples with different grades of malignancy as compared with normal
tissues (data not shown).

MELK depletion by siRNA results in apoptosis-dependent growth
inhibition in glioma cell lines and reduced clonogenicity

There is evidence that MELK can directly influence prolifera-
tion and anchorage-independent growth, but this has not yet been
established in the context of GBM. To investigate this possibility,
we used small interference RNAs (siRNAs) to reduce MELK
mRNA levels in 2 malignant astrocytoma cell lines (T98G and
U87MG). This procedure had the effect of reducing MELK
expression levels by up to 95%. This effect on MELK mRNA was
apparently specific, since the nontargeting control (NT) had no
effect and was sustained for at least 7 days posttransfection, when
approximately a 65% knockdown was still detectable (data not
shown). The treatment of both U87MG and T98G with MELK-
specific siRNA pools resulted in a reduction in cell proliferation
(Fig. 3a). This was accompanied by a modest but significant
increase of cleaved caspase-3 positive cells (p < 0.01) or annexin
V-stained cells (p < 0.05), as detected by FACS analysis on days
2 and 7 (data not shown), suggesting that the observed alterations
in growth kinetics was, at least in part, due to enhanced apoptosis.

Anchorage-independent growth assays were next used to exam-
ine the influence of MELK on colony formation. Both T98G and
U87MG cell lines were transfected with siRNA against MELK or

FIGURE 2 – mRNA expression levels of (a) MELK and (b) PLP2 in
tumor and nonneoplastic tissues. Different grades of astrocytoma
(pilocytic astrocytomas, GI; low-grade astrocytomas, GII; anaplastic
astrocytomas, GIII; glioblastomas, GIV), nonneoplastic (N) and
medulloblastoma (Medullo) tissues were reverse transcribed and
cDNAs were analyzed by QT-PCR. Expression levels (log 10 3
22DDCt) were calculated based on HPRT expression levels of each
sample. The horizontal bar shows the median of each group, and the
significance values according to Mann-Whitney test are shown at each
comparison.

FIGURE 3 – Effect of MELK downregulation on in vitro behavior of
malignant astrocytoma cell lines. (a) Effect on cell proliferation as
measured by MTT assay on the fourth day following transfection with
nontargeting (NT) or MELK-specific siRNA pools using T98G and
U87MG cell lines. (b) Effect of MELK knock-down on anchorage-
independent growth as measured by colony formation assays. The
T98G cell line transfected with MELK-specific siRNA pool showed
reduced capacity to form colonies in soft agar compared with negative
controls. The mean and standard error of the mean (SEM) were calcu-
lated from 6 replicates for the MTT assay and from 20 fields in 2 sepa-
rate wells for the colony formation assay. Statistically significant dif-
ferences from control are indicated as *** (p < 0.001). Similar results
were obtained from 2 independent experiments.
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nontargeting siRNA and, as shown in Figure 3b, this resulted in
reduced colony formation on soft agar by the T98G cells. A reduc-
tion in colony number was not observed with the U87MG cells,
although they did exhibit a 30% relative reduction in size as com-
pared with controls over the time period of the experiment (data
not shown). Overall, these results show that this level of inhibition
on MELK expression is sufficient to partially modulate tumor
growth.

Quantitative analysis of MELK expression in normal tissues

Given the emerging evidence of the importance of MELK in
astrocytoma malignancy, and hence its potential utility as a thera-
peutic target, we assessed its expression in a variety of normal tis-
sues by QT-PCR (Fig. 4). The apparent absence of MELK expres-
sion in normal brain is consistent with the data presented earlier
and encouraging in terms of its utility as a target. However, there
were significant levels of expression detectable in gastrointestinal
tissues that would have to be taken into account in the potential
utilization of MELK inhibitors as a cancer treatment.

Discussion

GBM is resistant to conventional therapies and survival time is
usually shorter than 12 months. Therefore, the identification of
additional molecular alterations involved in the establishment of
the aggressive behavior of astrocytic tumors, and that can be tar-
geted by pharmacological agents, is a critical challenge. A number
of targetable genetic changes have been described in human glio-
mas, such as EGFR overexpression/amplification and activation of
tyrosine kinase receptors, but they are not applicable to all
tumors.18,20

Genome-wide analysis of gene expression is a powerful and
widely used approach for identifying therapeutic targets for cancer
treatment.11,15,17,19–23 However, comparison of global expression
profiles of normal and tumor cells usually generates hundreds of
differentially expressed genes in cancer relative to normal tissue,
most of them probably not playing critical roles in the tumorigenic
process. For this reason, we decided to compare PA, a noninvasive
indolent tumor with GBM, which is highly invasive and rapidly le-
thal, with the hope of identifying genes directly involved in malig-
nancy. When either GBM or PA were compared to nonneoplastic
brain tissues, over 500 genes were found differentially expressed

in each case. When GBM was compared to PA, on the other hand
only 63 genes were found to have at least a 2-fold different level
of expression between these tumor types. Several groups have an-
alyzed the profile of proliferation in various cancer types including
gliomas and Table II shows a list of genes in common between
our array and published data. Rickman et al.17 found 167 genes
overexpressed in a molecular profile study of high-grade (GBM)
and low-grade (PA) gliomas based on oligonucleotide microarray
analysis; among those, we also found 7 exhibiting differential
expression between GBM and PA: CKS2, CDC20, IGFBP2,
IAP4, UBE2C, PCNA and FLNA. Khatua et al.18 also compared
high-grade astrocytomas versus benign low-grade pediatric astro-
cytomas using a DNA microarray and found 17 overexpressed
genes, IGFBP2 among them. Tso et al.24 have compared primary
and secondary GBM to astrocytomas and found 12 genes in
common to our list, including CENPF, CDC2, UBE2C, CKS2,
ECT2, ASPM, PRC1, COL6A2, IL8, SOD2, LOX and IGFBP2.
Rhodes et al.16 used a large-scale meta-analysis of several cancer
microarrays data and identified CDC20, UBE2C, CKS2, KIF2C,
BIRC5, KIAA0101, CENPA and MELK among 43 genes that form
a common transcriptional profile of human cancer. On the other
hand, our results showed no overlap with the list of genes gener-
ated by Colin et al.19 using Suppression Substractive Hybridiza-
tion method to compare differentially expressed genes in
GBM versus PA, possibly because of significant differences in the
methodology.

In this study, we selected genes among the highly expressed in
GBM compared to PA, expecting that they were related not only
to the tumorigenic process itself, but also to increase of malig-
nancy. We noted that most (>50%) of the genes in our list were
related to cell proliferation, acting directly in the cell cycle, and
proliferating cell nuclear antigen, or that function in the regulation
or assembly of the mitotic spindle.

Additionally, among the most highly expressed genes in GBM
in relation to PA we found interleukin-13 receptor a-2
(IL13RA2)25–29 and other putative tumor marker genes, such as
the HOX genes, which have been associated with different cancer
types.30–32

An ancillary contribution of this study is the generation of func-
tional data for somewhat uncharacterized human genes. Among
them, we have detected KIAA0101 that encodes a proliferating
cell nuclear antigen (PCNA)-interacting protein named p15
(PAF), as 13.98-fold increased in GBM compared to PA. Its
expression has been described as downregulated in human hepato-
cellular carcinoma33 but upregulated in several other tumors.34,35

The contribution of such uncharacterized proteins to the malig-
nancy of astrocytomas and their relevance to prognosis and ther-
apy is worth of further investigation.

Among the overexpressed genes in GBM, we selected MELK as
being of particular interest. Although this gene has received rela-
tively little attention in the context of human malignancy until
recently, it is emerging as an important and possibly ubiquitous
contributor to this process. We noted here that its expression cor-
related with grade of malignancy and exhibited an almost uni-
formly high level of expression in GBM and medulloblastoma.
This stands in contrast to the range of levels of expression of other
key genes in GBM such as EGFR.36 Only 2 out of 53 GBM
patients presented MELK expression overlapping to the expression
of nonneoplastic brain tissue. These 2 patients were submitted to
tumor resection surgery at 50 and 71 years of age, and survived
for 7 and 2 months, respectively. Thus the reason for their low
expression of MELK is not obvious. This homogeneous aspect of
expression among GBM and medulloblastoma potentially repre-
sents an advantage for the use of MELK as a therapeutic target. In
this regard, we were able to directly demonstrate that MELK func-
tions in the context of human astrocytomas, by knockdown of its
expression by RNA interference in malignant astrocytoma cell
lines. As a result, growth-inhibition, as determined by the MTT
cell proliferation assay, as well a decrease in anchorage-independ-

FIGURE 4 – MELK expression in normal tissues. Quantitative real
time PCRs were performed with c-DNAs samples prepared from
RNAs from several normal tissues forMELK and ACTB used as an en-
dogenous control gene. The cDNA templates used were normalized
on the basis of ACTB amplification.
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ent colony formation were observed. The antiproliferative effect
of MELK has been demonstrated in vitro experiments, which have
confirmed MELK as the transcriptional repressor E2F target.37

Furthermore, we noted here a modest but significant increase in
both caspase-3 expression and in annexin-V-staining indicating a
role in inhibiting apoptosis in malignant astrocytoma cells. Animal
experiments have indicated that MELK plays a role in the control
of apoptosis acting through zinc-finger-like protein 9 (ZPR9).38,39

More recently, it has been reported in breast cancer cell lines that
MELK interacts with members of the Bcl-2 family of proapoptotic
genes, Bcl-GL, leading to its phosphorylation and suppression of
apoptosis.40

In addition to ZPR9, other MELK interacting proteins include
NIPP141 and CDC25B.42 Examination of our microarray data indi-
cate that the expression of these genes may be coordinated with
that of MELK, in that ZPR622 (NM_033414.2, corresponding to
ZPR9) exhibited a 0.49 mean fold change of expression in GBM
as compared to nonneoplastic brain tissue, and similarly B-MYB
(NM_002466.2) presented a ratio of 0.28. In contrast, NIPP1 (pro-
tein phosphatase 1, regulatory-inhibitor- subunit 8 transcript vari-
ant 1, NM_014110.3) and CDC25B (cell division cycle 25B, tran-
script variant 5, NM_212530.1) presented, respectively, 7.55 and
7.31 mean-fold change in GBM compared to nonneoplastic brain
tissue.

MELK is a protein Ser/Thr kinase implicated in cell cycle pro-
gression. In the context of human cancer, MELK expression has
been observed to be significantly lower in growth-arrested nonma-
lignant human mammary epithelial cells that form organized
polarized acini in vitro than in their proliferating counterparts,
thus corroborating its role in the proliferative process. This attrib-
ute allowed the use of MELK expression as a marker to classify
breast cancer patients into groups of differential prognosis.43

MELK has been implicated in the control of cell proliferation dur-
ing development44 being found enriched in embryonic and adult

neural stem/progenitor cells and required for their self-renewal
capacity.10,45 Deregulation of the molecular pathways governing
stem cell-like behavior in cancer cells may be critical for the de-
velopment of new strategies for cancer prevention and therapy.
The increased expression of MELK in the CD133 positive com-
partment of gliomas, as demonstrated by our experiments,46 and
by others,47 may indicate that MELK overexpression is a hallmark
of cancer stem cells, and that targeting MELK activity in cancer
stem cells may thus be useful to increase the efficacy of GBM
treatment.

In conclusion, the striking contrast in clinical and pathological
behavior between GBM and PA is associated with a rather limited
divergence at the gene expression level, with transcripts for pro-
tein involved mainly in cell proliferation accounting for the main
differences. These findings provide additional information con-
cerning the molecular nature of astrocytomas of distinct grades of
malignancy, which ultimately may contribute towards improving
tumor classification and therapeutic strategies. Among these dif-
ferentially expressed genes, we have found that MELK expression
correlates with the malignant grade of human astrocytic tumors.
The effects of MELK silencing on proliferation, apoptosis and an-
chorage independent growth of malignant astrocytic cells suggest
that MELK deregulation may contribute to the malignant progres-
sion of this tumor type, and further support the hypothesis that it
might represent a useful target for novel therapeutic agents for
treating human glioblastomas.
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