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Abstract Glioblastoma is the most common malignant brain
tumor accounting for more than 54 % of all gliomas. Despite
aggressive treatments, median survival remains less than
1 year. This might be due to the unavailability of effective
molecular diagnostic markers and targeted therapy. Thus, it
is essential to discover molecular mechanisms underlying dis-
ease by identifying dysregulated pathways involved in tumor-
igenesis. Notch signaling is one such pathway which plays an
important role in determining cell fates. Since it is found to
play a critical role in many cancers, we investigated the role of
Notch genes in glioblastoma with an aim to identify bio-
markers that can improve diagnosis. Using real-time PCR,
we assessed the expression of Notch genes including receptors
(Notchl, Notch2, Notch3, and Notch4), ligands (JAG1, JAG2,
and DLL3), downstream targets (HES! and HEY?), regulator
Deltex] (DTXI), inhibitor NUMB along with transcriptional
co-activator MAMLI, and a component of gamma-secretase
complex APHIA in 15 formalin-fixed paraffin-embedded
(FFPE) patient samples. Relative quantification was done by
the 2722 method; the data are presented as fold change in
gene expression normalized to an internal control gene and
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relative to the calibrator. The data revealed aberrant expression
of Notch genes in glioblastoma compared to normal brain.
More than 85 % of samples showed high Notchl (P=
0.0397) gene expression and low HESI (P=0.011) and
DTXI (P=0.0001) gene expression. Our results clearly show
aberrant expression of Notch genes in glioblastoma which can
be used as putative biomarkers together with histopathological
observation to improve diagnosis, therapeutic strategies, and
patient prognosis.
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Introduction

Gliomas account for 28 % of all primary brain tumors and 80 %
of all malignant tumors [1]. Gliomas are classified based on the
extent of anaplasia as per WHO classification into pilocytic
astrocytoma (grade I), diffuse astrocytoma (grade II), anaplastic
astrocytoma (grade III), and glioblastoma multiforme (GBM)
(grade 1V) [2]. As per CBTRUS data, GBM accounts for
54.7 % of all primary brain and CNS gliomas, making it the
most common form of brain malignancy [1]. Patients with
GBM have a median survival of less than 1 year even with
the use of the most aggressive treatments like surgery, radiation,
and chemotherapy. This could be because of insufficient under-
standing of the expression pattern of various genes involved in
GBM development. It is hoped that understanding the molec-
ular pathways to identify specific molecular markers, together
with histological observation, can improve diagnosis, therapeu-
tic strategies, and patient prognosis. Like in other cancers, dys-
regulation of several signaling pathways has been reported in
astrocytic tumors [3, 4]. A thorough understanding of the ex-
pression pattern of genes in these signaling pathways and their
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downstream targets is essential to improve diagnosis and find
new therapeutic strategies.

The Notch pathway is a highly conserved cell signaling
pathway that plays a pivotal role in a variety of cellular pro-
cesses, including differentiation, proliferation, survival, and ap-
optosis. Depending on the cell type, the Notch pathway can
positively or negatively influence the cellular and developmen-
tal processes. The four Notch receptors (Notchl—4) and five
ligands (Jaggedl, Jagged2, Delta-like-1, Delta-like-3, and
Delta-like-4) have been identified in mammals. Notch receptors
are transmembrane proteins which on binding with appropriate
ligands on adjacent cells are sensitized to proteolytic cleavage
mediated by ADAM and gamma-secretase families of prote-
ases. These cleavage events release Notch intracellular domain
(NICD) from the plasma membrane which translocates to the
nucleus. In the nucleus, it forms a complex with the members of
CSL transcription factors (C promoter binding protein-1) and
with transcriptional co-activators of the MAML (Mastermind-
like) family, which in turn mediates the transcription of target
genes [5]. The most prominent Notch pathway target genes
include two families of transcriptional factors Hes (HES! and
HES5) and Hey (HEY!I and HEY?).

Notch signaling is found to play an important role in cell
fate decisions throughout glial and neuronal differentiation
from neural stem cells during normal brain development.
Activation of the Notch pathway appears to have a critical role
in gliogenesis directly promoting differentiation of many glial
cell subtypes at the expense of neurons [6, 7]. In the develop-
ing brain, the Notch pathway is also essential for maintaining
neural progenitor cells (NPCs) in a proliferating state. The
absence of vital pathway components leads to neuronal differ-
entiation and NPC depletion. Notch signaling modulator
Numb protein negatively regulates Notch gene expression
resulting in cell cycle arrest and differentiation of NPCs [8].
In adult rodent spinal cord and in cell culture, Notch3 pro-
motes neuronal differentiation contrary to Notchl [9]. In pri-
mary astrocyte and neurosphere co-cultures, astrocytes were
found to negatively regulate neurogenesis through endocyto-
sis of the Notch ligand Jaggedl [10]. Thus, depending on
cellular context, individual Notch receptors and ligands can
have differing functions. Apart from developmental functions,
Notch pathway genes are also expressed in adult brain cells,
suggesting its role in neurological plasticity throughout life
[11]. In this manner, the Notch pathway controls self-
renewal of NPC and cell fate decisions in developing and
adult brain.

It has been reported that abnormal Notch signaling can
contribute to the development of many cancers including T
cell acute lymphoblastic leukemia; Hodgkin lymphoma; mul-
tiple myeloma; glioma; cervical, pancreatic, lung, and breast
cancer; hepatocellular carcinoma; etc. [12, 13]. A dysregulat-
ed Notch pathway can be either oncogenic or tumor suppres-
sive depending on the cellular context [14]. The molecular
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mechanisms underlying the oncogenic and tumor suppressor
role of Notch are not fully understood. Notch3 acts as both an
oncogene [15] and a tumor suppressor gene [16] depending on
the type of malignancy. In a murine non-small cell lung cancer
model, Notchl and Notch2 were found to have opposing roles
in tumorigenesis. Notch2 receptor deletion led to increased
carcinogenesis, thus highlighting its tumor suppressor func-
tion, while Notchl receptor deletion resulted in reduced tumor
formation in vivo [17]. Notchl and Delta-like-1 showed over-
expression in glioma cell lines as well as primary human gli-
omas [18]. Pretreatment of glioma cells with Notchl or Delta-
like-1 small interfering RNA prolonged survival in a murine
orthotopic brain tumor model, thus showing dependence of
glioma cells on a single Notch ligand. However, the mecha-
nisms underlying Notch activation and its importance in the
regulation of brain tumors remain poorly defined. In another
study, forced overexpression of Notchl in glioma cells led to
increased proliferation and formation of neurosphere-forming
stem cells [19]. Interestingly, inhibition of Notch signaling
through expression of DN-MAML 1, a dominant negative form
of mastermind-like 1, and treatment with a gamma-secretase
inhibitor resulted in reduction of glioblastoma cell growth and
proliferation in vitro and in vivo. Also, knockdown of Notch
receptors revealed that Notch2 had a predominant role in
GBM cell growth [20]. In a novel three-dimensional explant
system of surgical GBM samples, Notch inhibition resulted in
decreased proliferation and self-renewal of GBM cells.
Combination therapy of Notch blockade and radiation result-
ed in a significant decrease in cell proliferation and self-
renewal in tumor explants while only radiation therapy was
less effective [21]. In addition, anti-DI114 has been proposed as
a potential therapeutic agent in DIl4-expressing tumors which
reduces tumor burden and prolongs survival [22]. These data
suggest that the Notch signaling pathway plays a critical role
by contributing significantly to tumor growth and is thus a
potential therapeutic target.

Notch downstream targets HES and HEY genes are
expressed in specific patterns based on cell type in infantile
hemangiomas. Hemangioma endothelial cells expressed
HEY2 whereas hemangioma stem cells expressed HEY],
HEYL, and HESI [23]. Hepatocellular carcinoma patients
with higher expression of HES! showed better survival, indi-
cating the probable tumor suppressor role of the gene [24].
However, the role of other Notch family genes such as posi-
tive and negative regulators, co-activators, genes in gamma-
secretase complex, etc. has not been studied thoroughly and
their contribution in tumor development remains controver-
sial. Along these lines, these data showcase ambiguous func-
tions of Notch pathway genes in the pathogenesis of various
cancers and insist the need to define clear-cut roles of each
gene involved in the Notch signaling pathway.

This study was designed to reveal genes in the Notch sig-
naling pathway underlying the pathogenesis of GBM. In this
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study, we examined the expression of 13 Notch pathway
genes in 15 human GBM formalin-fixed paraffin-embedded
(FFPE) tissue sections using real-time polymerase chain reac-
tion (PCR). We report aberrant expression of few Notch sig-
naling pathway genes in majority of the samples examined as
compared to normal brain FFPE tissue sections. A novel find-
ing from our study was high expression of Notchl and low
expression of DTXI and HESI in more than 85 % of GBM
cases. We thus propose that aberrant expression of Notch
pathway genes may be a frequent event and that these genes
could be used as diagnostic markers and probable drug targets
in GBM.

Materials and methods
Histopathology

Prior to the initiation of this study, institutional ethical review
board approval was acquired (IERB/1/198/08). Informed con-
sent was obtained from all individual participants included in
the study. Biopsy was collected based on clinical evidence and
confirmation for GBM at St. John’s Medical College,
Bangalore, India, by a neurosurgeon. Tissues were processed
and FFPE blocks were prepared. Tumor area was marked and
re-blocked after histopathological confirmation by a patholo-
gist from St. John’s Medical College, Bangalore, India, to
ensure the absence of any normal brain tissue.

Samples

A total of 15 GBM FFPE samples from St. John’s Medical
College, Bangalore, India, and two normal brain FFPE sam-
ples from the Brain Bank, NIMHANS, Bangalore, India, were
collected. Tumor samples were obtained from 3 female and 12
male patients with age ranging between 13 and 63 years and
mean age of 41.4 years. Normal brain autopsy (cerebral cor-
tex, frontal lobe, gray and white matter) was obtained from a
50-year-old male and a 27-year-old female.

RNA isolation and reverse transcription

Total RNA was extracted from two 10-um-thick FFPE tissue
sections by TRIzol (Invitrogen, CA, USA) method after de-
paraffinization and proteinase K digestion [25]. RNA samples
retrieved were quantified by measuring the absorbance using
NanoDrop and visualized on an agarose gel for quality assur-
ance. One microgram of RNA was reverse transcribed to com-
plementary DNA (cDNA) using a high-capacity cDNA re-
verse transcription kit (Applied Biosystems, CA, USA).

Quantitative real-time PCR

The relative quantitation of expression levels of 13 test genes
was carried out in Applied Biosystems StepOnePlus™
Instrument. Amplification was performed using SYBR
Green master mix (Fermentas, MA, USA), 100 nM forward
and reverse primers (Sigma-Aldrich, MO, USA), and 10 ng of
cDNA template. Amplification was carried out with an initial
denaturation step at 95 °C for 10 min followed by 40 cycles at
95 °C for 15 s, 60 °C for 30 s, and 72 °C for 30 s in a total of
25-ul reaction volume. All reactions were run in triplicate, and
the mean was used for further calculations. For each primer
set, PCR efficiency was calculated from dilution curves gen-
erated using serially diluted cDNA used for the study. The
TATA binding protein (7BP), a housekeeping gene, was cho-
sen as an appropriate internal control after validating six con-
ventionally used housekeeping genes in gene expression stud-
ies [26]. Normal brain samples were used as calibrator.
Relative quantification was done by the 22" method; the
data are presented as fold change in gene expression normal-
ized to an endogenous reference gene and relative to the cal-
ibrator and are given by:

Amount of target = 2~ 44

where AACt= (CtTarget - CtTBP)Tumor - (CtTarget -
CtTBP)Calibrator-

Reverse transcription PCR (RT-PCR) was carried out with
a very high cDNA template concentration for detecting poorly
expressed transcripts from samples that were not detected in
quantitative real-time PCR (qPCR). Conditions used for RT-
PCR will be provided on request. Statistical significance was
assessed by calculating probability values through Student’s ¢
test using GraphPad (CA, USA). P values less than 0.05 were
considered as significant.

Results
Real-time PCR analysis of selected genes

All the 13 genes investigated were expressed in both GBM
and normal brain tissues, with few exceptions. The mean ex-
pression levels of 8 out of 13 Notch pathway genes studied
were lower in GBM compared to their normal counterparts.
However, the expression level of each gene varied consider-
ably from patient to patient.

Expression of Notch receptors and ligands
We first examined Notch receptor (Notchi, Notch2, Notch3,

and Notch4) and ligand (JAGI, JAG2, and DLL3) expression
in GBM samples. Our study showed that Notchl was
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specifically overexpressed in 86.66 % (13/15) of GBM sam-
ples (P=0.0397) (Table 1). Notch3 was moderately upregulat-
ed with messenger RNA (mRNA) levels elevated in 40 % of
samples (6/15) (Table 1). Undetectable levels of Notch4 tran-
scripts were confirmed with qualitative PCR which did not
show any amplification product even at a template concentra-
tion of 200 ng (data not shown). Strikingly, no Notch2 gene
expression was found in normal brain tissues even at a tem-
plate concentration of 200 ng using basic PCR (data not
shown). The levels of JAGI and DLL3 were found to be
underexpressed in 81.81 % (9/11) (P=0.0433) and 85.71 %
(6/7) (P=0.0212) of samples, respectively (Fig. 1). JAG2 gene
expression was not detected in any of the tumor tissues ana-
lyzed. On carrying out qualitative PCR, an amplification prod-
uct showed up at template concentration of 150 ng which is 15
times more than the template concentration used for qPCR
(data not shown).

Expression of Notch activators and inhibitors

Transcript levels of the Notch co-activator MAMLI were not
detected in the GBM tissues analyzed. Confirmation with ba-
sic PCR did not show any amplification product even at
200 ng concentration (data not shown), while the mRNA
levels of NUMB, an inhibitor of Notch, remained similar to
or less than that of normal brain tissue in 73.33 % (11/15) of
GBM samples (Table 1). There was a statistically significant
association between low levels of NUMB and overexpression
of Notchl in this data set (P=0.0001).

Expression of Notch downstream targets

We next measured the mRNA levels of Notch downstream
targets HESI and HEY2. HESI showed low expression com-
pared to the calibrator in 93.33 % (14/15) of samples studied
(P=0.011) (Table 1). However, statistical analysis revealed no
significant correlation between the downregulation of HES/
and Notch ligands JAG! (P=0.9216) and DLL3 (P=0.8645).
On the other hand, we did not find any significant change in
the expression of HEY2 when compared to normal brain in
50 % (7/14) of GBM samples (Table 1).

Expression of other Notch pathway genes

We additionally investigated the levels of APH1A4, a member
ofthe gamma-secretase complex. APH 1A showed low expres-
sion in all 6 GBM samples studied compared to normal brain
samples (P=0.033) (Fig. 1). A statistically significant associ-
ation between low expression of HES! and APHI1A was ob-
served (P=0.002). DTX1, a transcription factor that regulates
the Notch pathway through ubiquitin ligase activity, showed
extremely low expression in all 13 samples studied (P=
0.0001) (Fig. 1).
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Discussion

The present study aimed to identify differentially expressed
genes from the Notch signaling pathway in GBM. Many of
the genes studied have known or suspected relevance to var-
ious cancer types. However, the significance of their regula-
tion in GBM is not known. We identified aberrant expression
of few Notch genes in GBM samples relative to normal brain
samples by several folds.

Seventy-three percent (11/15) of GBM samples studied
showed elevated Notchl expression, low levels of HES! and
DTXI, and absence of Notch4, JAG2, and MAMLI mRNA.
Notchl overexpression has been documented previously in
various cancers like myeloma, breast cancer, medulloblasto-
ma, etc. promoting tumor growth [27-29]. Notchl upregula-
tion was found to have an association with poor prognosis in
cervical cancer and hepatocellular carcinoma [30, 31]. Thus,
the elevated Notchl expression observed in our study might
play a role in promoting GBM growth and could be an effec-
tive target for treatment. Also, Noftchl expression was found
to have an inverse relationship with Notch ligand expression
wherein all samples studied had low or undetected levels of
Notch ligands JAGI, JAG2, and DLL3. This lack of correla-
tion might be due to the existence of multiple Notch ligands
and receptors, and some of which may not be regulated at the
transcriptional level. The significance of the Notch4 gene in
tumorigenesis is not clearly understood. However, the absence
of Notch4 and JAG?2 expression in the present study was in
accordance with other studies which showed downregulation
of Notch4 and JAG2 genes and their probable role as tumor
suppressor genes in endometrial cancer [32]. Conversely,
Notchl gene silencing in gastric and prostate cancer cells
inhibited tumor growth, which suggests its possible role as
an oncogene [33, 34]. Therefore, Notch4 and JAG2 gene ac-
tivation and Notchl gene silencing could be potential thera-
peutic targets in GBM. These findings highlight differentially
expressed Notch receptors and their distinct roles in GBM.

Aph-1 is found to play a dominant role in interacting with
gamma-secretase substrates [35]. Thus, in its absence, proteo-
lytic cleavage of Notch receptors releasing NICD might be
hindered, in turn affecting the expression of Notch down-
stream targets. In the present study, 33 % (5/15) of GBM
samples showed low expression of both APHIA and HESI
genes. Thus, HES] downregulation despite having high
Notchl expression might be due to the downregulation or
absence of the APH 1A gene as discussed earlier or due to other
inhibitory mechanisms involving various genes. Studies have
shown that HES6, another member of the HES family of
genes, inhibits HES! [36, 37]. However, expression analysis
of HES6 was not carried out to support the above data.
Additionally, it could be due to the absence of Notch ligands
which bind and simultaneously activate Notch receptors
which in turn move to the nucleus to activate the transcription
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Fig. 1 Scatter plots of differentially expressed Notch pathway genes in terms of log2 ratio derived from qPCR analysis across GBM samples compared
to normal brain samples. Each dof represents data obtained from one patient sample

of Hes/Hey family genes [38]. Fifty-three percent (8/15) of
GBM samples studied showed low expression of JAG/ and
HES] regardless of high Notchl gene expression. Thus, sig-
nificant decrease of ligands DLL3, JAGI, and JAG2 mRNA
expression might play a role in the downregulation of Notch-
mediated signaling, as observed by reduced levels of the
Notch target gene HES!.

The transcriptional co-activator MAMLI interacts with
Notch and CSL in the nucleus to activate transcription of
Notch downstream targets. MAML genes are critical compo-
nents regulating cellular events involving both normal devel-
opment and oncogenesis [39]. Absence of MAMLI expression
may thus contribute to the lack of Notch target gene expression
in the GBM samples studied. DTX1, a regulator of Notch sig-
naling, acts as both positive and negative regulator depending
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on the developmental and cellular context. The inhibition of
Notch signaling is mediated by binding with the Notch intra-
cellular domain and degradation of Notch receptors through
ubiquitination [40]. In another study, induced expression of
DTXI was found to antagonize Notchl signaling in hematopoi-
etic progenitors by inhibiting co-activator recruitment resulting
in B cell development in fetal thymic organ culture at the ex-
pense of T cell development [41]. Hence, it can be hypothesized
that inducing DTX! expression in GBM can lead to
ubiquitination of overexpressed Notch1 receptors subsequently
reducing tumor growth. Since, much of work is not carried out
on MAMLI and DTXI, their role in oncogenesis is not clearly
understood. Extensive research must be done to identify their
functions in GBM pathogenesis in the future. In the present
study, due to tissue limitations, genes that showed undetectable
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levels of expression in real-time PCR could not be confirmed
by analyzing the expression level with an increased template
concentration. A small sample size was another limitation of
our study. These limitations will be addressed in the future with
a larger sample size and sufficient amount of tissue which
would confirm the results.

From our study, it is evident that a large percentage of GBM
we examined exhibited dysregulated Notch genes, suggesting
the possibility of their role in the development of GBM. Except
for the receptors Notchl and Notch3, all other pathway genes
studied showed expression similar to or lower than that of nor-
mal brain samples. Specifically, the Notchl gene showed high
expression and the HES! and DTX1 genes showed low expres-
sion in more than 85 % of samples. It can be therefore hypoth-
esized that the Notchi, HESI, and DTXI genes can be consid-
ered as potential biomarkers for GBM diagnosis. Additionally,
these dysregulated Notch genes can be targeted for GBM ther-
apy either by gene activation or silencing depending on their
expression patterns. Although the results of the present study
show dysregulated Notch genes, the exact means by which the
Notch signaling pathway contributes to gliomagenesis remains
unclear. Thus, a better understanding of how the Notch path-
way mediates differentiation, growth, and transformation of
glial cells is crucial. Information from the current study along
with future works targeting individual Notch genes might be
useful to understand tumor pathobiology and also to develop
new therapeutic strategies.
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