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ABSTRACT

The most common and aggressive form of primary brain tumor in adults is
glioblastoma (GBM). From the global DNA methylation profiling study, previously
published from our laboratory, we identified Guanine Nucleotide binding-protein
Gamma subunit 4 (GNG4) to be one of the most hyper methylated and down regulated
genes in GBM. GBM derived cell lines showed reduced GNG4 transcript levels, which
could be reversed by methylation inhibitor treatment. Bisulphite sequencing confirmed
the methylation status in glioblastoma tumor tissue and GBM derived cell lines.
Overexpression of GNG4 was found to inhibit proliferation and colony formation of
GBM cell lines and in vitro transformation of immortalized human astrocytes, thus
suggesting a potential tumor suppressor role of GNG4 in GBM. Correlation of GNG4
transcript levels with that of all GPCRs from TCGA data revealed chemokine receptors
as the potential target of GNG4. Furthermore, exogenous over expression of GNG4
inhibited SDF1a/CXCR4-dependent chemokine signaling as seen by reduced pERK
and pIJNK and GBM cell migration. The inhibitory association between GNG4 and
SDF1a/CXCR4 was more evident in mesenchymal subtype of GBM. Thus, this study
identifies GNG4 as an inhibitor of SDF1a/CXCR4-dependent signaling and emphasizes
the significance of epigenetic inactivation of GNG4 in glioblastoma, especially in
mesenchymal subtype.

Published: April 30, 2016

INTRODUCTION

common human diseases like cancer, multiple sclerosis,
schizophrenia etc. [5, 6]. Hyper methylation of the
promoter region of tumor suppressor genes have been
firmly established as a mechanism for oncogenesis [7].

Grade IV astrocytoma or glioblastoma (GBM) is
the most common and aggressive form of brain tumor in

adults. With the current treatment modality which includes
surgery, radiotherapy and temozolomide chemotherapy,
the overall median survival achieved till now is only
14.6 months [1, 2]. During tumor development, cells
accumulate numerous genetic and epigenetic changes
to acquire the characteristics of proliferation, survival,
invasion and angiogenesis [3].

Epigenetic mechanisms play an important role in
normal development and disease conditions [4]. There
are many epigenetic mechanisms that can cause dynamic
alterations in the transcriptional profile of cells, of which
DNA methylation plays a major role in the etiology of

In the mammalian cell, DNA methylation occurs in the
CS5 position of CpG di-nucleotides and is carried out by a
class of enzymes known as the DNA methyltransferases.
DNA methylation leads to altered gene expression
either through recruitment of proteins involved in gene
repression or through inhibition of binding of transcription
factors to the DNA [8].

G-Protein Coupled Receptors (GPCRs) constitute
a large family of receptors that respond to various
extracellular stimuli like hormone, growth factor, sensory
stimulating signals like light etc. Signaling via GPCRs
can modulate various pathways like MAPK, PI3K and
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RhoGEF pathways, and also alter levels of secondary
messengers like cAMP and Ca?". G-protein trimers,
comprising of o, B and y subunits, are responsible for
mediating signals from GPCRs to the inside of the cell.
The o subunit generally activates effector molecules post
GPCR activation while the By heterodimer behaves as
regulators of the signal [9, 10]. Analysis of global DNA
methylation profiling of GBM samples using Illumina
Infinium 27K methylation array, previously published
from our laboratory [11], revealed Guanine Nucleotide
binding protein y subunit 4 (GNG4) to be one of the
most hyper methylated and down regulated genes in
GBM patients. GNG#4 is one of the fourteen y subunits
of the human genome [12]. In the current study, we try
to understand the role of GNG4 as a tumor-suppressor
in GBM and also elucidate the GPCR signaling which is
regulated by it.
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RESULTS

GNGH4 is hyper methylated and down regulated
in GBM

In a previous study, we carried out genome-
wide DNA methylation analysis of GBM patients using
[llumina 27K methylation array [11]. Hyper methylated
genes were analyzed for their gene expression status
from TCGA microarray data to find out genes which are
hyper methylated as well as down regulated as compared
to control brain samples [11]. From this, we identified
GNG4 to be one of the most hyper methylated and down
regulated genes in GBM. The methylation levels of the
two CpG probes from Illumina 27K methylation array (i.e.
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Figure 1: GNG4 is hyper methylated and down regulated in GBM. A) Methylation levels of two CpGs from 27K methylation
array (Illumina) present in the promoter region of GNG4 in three datasets — our patient set, GSE22867 and TCGA, B) RNA level expression
of GNG4 in TCGA and Rembrandt datasets, C) RNA level of GNG4 in GBM cell lines as compared to immortalized normal human
astrocyte cell line, SVG, D) Bisulphite sequencing of the promoter region of GNG4 encompassing 36 CpG islands in control brain,
GBM tissue and GBM cell lines. The percentage of methylation in all CpGs of the GNG4 promoter sequence has been given at the right
side of each sample. The average percentage methylation of the CpG covered in Illumina Infinium Array has been provided near the box
corresponding to that CpG. BSC refers to the bisulphite converted region that is subjected to sequencing, E) RNA level of GNG4 after
treatment of GBM cell lines with DNA methyltransferase inhibitor, Azacytidine (Aza). p-value was calculated by Student’s t test where *,
** and *** represents p-value of < 0.05, < 0.01 and < 0.001 respectively.
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¢g02780849 and cg09649610), both present in the GNG4
promoter region, were checked in TCGA, our patient
set and GSE22867 datasets (Figure 1A). Both the CpGs
were found to be significantly hyper methylated in GBM
samples of all three datasets compared to control brain
samples of our patient set (Figure 1A). Additionally, both
the CpGs were found to be significantly hyper methylated
in GBM samples of all three datasets compared to control
brain samples of GSE22867 dataset (Figure 1A). Promoter
hyper methylation leads to transcriptional repression [13].
As expected, the GNG4 transcript level was found to be
significantly down regulated in GBM compared to control
brain tissue in TCGA and Rembrandt datasets (Figure 1B).
Consequently, we also observed a reduced level of GNG4
RNA in GBM cell lines as compared to immortalized
normal human astrocyte SVG (Figure 1C). To confirm
promoter hyper methylation, bisulphite sequencing of the
CpG island located in the GNG4 promoter region was
carried out which revealed an average of 37% methylation
in GBM tissue samples and 61% methylation in GBM
cell lines compared to only 6% methylation in control
brain samples (Figure 1D). To validate whether down
regulation of GNG4 transcript levels is indeed a direct
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effect of promoter methylation, methylation inhibitor
(azacytidine) treatment was carried out in GBM cell lines
and this indeed resulted in the re-expression of GNG4
transcript to varying levels (Figure 1E). From these
results, we conclude that the promoter region of GNG4
is hyper methylated in GBM as compared to control brain
tissue and this ultimately leads to reduced expression of
GNG4 in GBM.

GNG4 inhibits the growth of GBM cells

GNG4 being silenced by promoter methylation
in GBM, we hypothesized that its expression might be
growth inhibitory to cells. GNG4 was ectopically over
expressed in GBM cell lines and its tumor suppressor
functions were tested (Figure 2). Ectopic over expression
of GNG#4 indeed resulted in several fold increase in GNG4
transcript and protein levels in LN229 cells (Figure 2A).
Further, proliferation of LN229 cells stably expressing
GNG4 (LN229/GNG4) was found to be significantly
lower compared to that of vector control cells (LN229/
Vector) (Figure 2A). Colony formation assay, which
measures the growth of cells for longer period of time,
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Figure 2: Effect of GNG4 ectopic overexpression in GBM cell lines. A) Overexpression of GNG4 in LN229 cells — top: protein
level, bottom: RNA level, right: Number of proliferating (viable) cells for LN229/Vector and LN229/GNG#4 conditions measured every 24
hours for ten days, B) Colony formation capacity of GBM cells, C) Role of GNG#4 in inhibition of transformation of immortalized normal
human astrocytes (NHA-hTERT/E6/E7) by RAS V12 oncogene. p-value was calculated by Student’s t test where *, ** and *** represents

p-value of < 0.05, < 0.01 and < 0.001 respectively.
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revealed that GNG4 stable GBM cells forms significantly
fewer colonies than vector stable GBM cells (Figure 2B).
GNG4, a y subunit of the G protein complex, has the
potential to negatively regulate signaling downstream of
oncogenic GPCRs. Activated GPCRs have been associated
with transformation [14-17]. Since GNG4 over expression
resulted in growth inhibition, we conjectured that GNG4
expression might inhibit transformation. We tested the
effect of ectopic introduction of GNG4 on the ability of
RasV12 mutant protein to transform immortalized (E6/
E7 and hTERT) astrocytes. We found that Ras-induced
transformation was inhibited significantly by GNG4
(Figure 2C, compare grey bar with black bar). From the
above data, we conclude that GNG4 indeed is a potential
tumor suppressor in GBM.

GNG4 targets chemokine-chemokine receptor
signaling pathway

There are over 800 GPCRs reported in mammalian
cells and many of them have been shown to be activated
in cancer cells [18]. GNG4, being a y subunit of the G
protein trimer, potentially functions as a negative regulator
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of GPCR signaling. Since GNG#4 is a growth inhibitory
protein that is down regulated in GBM, we hypothesized
that GNG4 should be regulating an oncogenic GPCR in
GBM. Many GPCRs including chemokine receptors,
lysophosphatidic acid receptors etc. get activated in
cancer by over expression [19, 20]. To find out a potential
GPCR regulated by GNG4, first we correlated the GNG4
transcript levels with that of 320 GPCRs for which
transcriptome data was available from TCGA dataset.
We particularly looked at GPCRs whose expression level
was negatively correlating with that of GNG4 because
we conjectured that GNG4 should be down regulated
in the scenario where an oncogenic GPCR will be over
expressed. The search identified that several GPCRs have
significant negative correlation with GNG4 transcript
levels (Figure 3A and Supplementary Table STI1).
Further, an unbiased functional enrichment analysis was
carried out using above negatively correlating GPCRs to
identify pathways regulated by GNG4 (Supplementary
Table ST1). Under molecular functions category of gene
ontology analysis, several important terms got enriched.
While several GPCRs related to peptide receptor activity
were enriched, chemokine-chemokine receptor interaction
pathway was particularly striking as it was enriched
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Figure 3: CXCR4 is a potential GPCR regulated by GNG4. A) Volcano plot of correlation of RNA levels of GNG4 with that of
all GPCRs in GBM samples of TCGA (n=572), CXCR4 is marked with black circle, B) Gene Ontology pathway enrichment analysis of
GPCRs negatively correlating with GNG4. The number to the right side of each bar represents the number of genes enriched. Please note
that, chemokine-chemokine receptor signaling got enriched multiple times (denoted by red box), C) Correlation of RNA level of GNG4
with that chemokine receptors CCR1, CCR2, CCRS5, CCR7 and CXCR4 in all GBM samples in TCGA (n=572).
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several times (Figure 3B and Supplementary Table ST2).
Moreover, chemokine-chemokine receptor interaction has
been implicated in cancer development and progression
including GBM [21]. Additional investigation revealed
that seven out of sixteen chemokine receptors (CCRI,
CCR2, CCR5, CCR7, CCRLI1, CXCR4 and CXCR?7)
are up regulated in GBM (Supplementary figure 1A and
1B). More specifically, we found C-C family chemokine
receptors-CCR1, CCR2, CCRS and CCR7 and C-X-C
family receptor- CXCR4 to be up regulated in GBM and
also have a significant negative correlation with GNG4
transcript levels (Figure 3C). Thus we conclude from this
section that chemokine receptors -CCR1, CCR2, CCRS,
CCR7 and CXCR4 could be potential targets of GNG4
in GBM.
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C-X-C family chemokine receptor CXCR4-
dependent signaling is inhibited by GNG4

Among the chemokine receptors identified as
potential targets of GNG4, we chose to study CXCR4 for
the following reasons. The chemokine receptor CXCR4 is
one of the top GPCRs negatively correlating with GNG4,
it is highly expressed in GBM [22] (Supplementary figure
1) and it plays a major role in GBM cell proliferation,
migration and invasion [23, 24]. Activation of CXCR4
by its ligand SDF1a leads to activation of AKT, JNK and
MAPK pathways [23, 25]. CXCR4 has been shown to
interact with Go,, subunit resulting in the activation of
ERK signaling and JNK signaling pathways, both of which
play important roles in cell migration [26, 27]. To evaluate
the effect of CXCR4 activation and subsequent regulation
by GNG4 in GBM context, we carried out experiments in
U87MG cell line because these cells express detectable

SDFla

USTMG/ USTMG/ USTMG/ USTMG/
Vector

CNG4 Vector  GNG4

<] TE TSI
2 i
5 B% 3
BSA SDFla
USTMG/ USTMG/ 3.0 -
254
-
=
gn:.o-
] 1.5 4
E 10
=
£ 0.5'
0'0-3 ~ ) ~
z R =
E: =3 Ef =3
EI Bz E: &=
£ =25 E2 55

BsA

Figure 4: Effect of GNG4 on CXCR4/SDF1a signaling and GBM cell migration. A) Regulation of CXCR4 signaling by
GNG4 tested by measuring the levels of phospho-Erk1/2 and phospho-Jnk, B) Regulation of CXCR4 downstream AKT pathway by
GNGH4 tested by measuring the levels of phosphorylation of Ser473 of Akt, C) Scratch assay in US7MG cell lines where CXCR4 signaling
was activated using exogenous purified SDF1a and simultaneously GNG4 was overexpressed. Right: Quantification of scratch assay, D)
Migration of US7MG cells tested using Boyden chamber assay. CXCR4 was activated using purified SDF 1o. In the same condition, GNG4
was ectopically overexpressed to understand the effect of GNG4 in CXCR4 mediated migration of GBM cell lines. Right: Quantification
of Boyden chamber assay. p-value was calculated by Student’s t test where *, ** and *** represents p-value of <0.05, <0.01 and < 0.001

respectively.
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amount of the receptor [23]. We found that the addition
of SDF1a to US7MG vector stable cells (U87MG/Vector)
increases phospho-Erk1/2 and phospho-Jnk levels (Figure
4A). However, SDF1a addition to U87MG cells stably
over expressing GNG4 (U87MG/GNGH4) failed to show
increase in phospho-Erk1/2 and phospho-Jnk levels
(Figure 4A). We also looked at the effect of GNG4 on
AKT pathway, by measuring phosphorylation of Serine
473 of Akt, which revealed that although SDF1a could
induce activation of Akt, over expression of GNG4 in that
condition failed to inhibit Akt phosphorylation (Figure
4B). In fact, in control BSA treated condition; there was
an increase in Akt phosphorylation when GNG4 was over
expressed (Figure 4B). This could be attributed to the
fact that GPy subunits by themselves can activate various
downstream effector molecules including PLCP, which
leads to activation of Akt [28]. CXCR4 receptor dependent
activation of ERK and JNK signaling pathways has been
shown to increase cell migration [26]. Hence, the role
of GNG4 in CXCR4 mediated GBM cell migration was
evaluated. Scratch assay was performed in US7MG cell
line in presence or absence of SDF1a with simultaneous

over expression of GNG4. The wound closure was
measured 12 hours and 18 hours after the scratch was
made. It was observed that, at both 12" hour and 18" hour,
activation of CXCR4 signaling by SDF la increased the
migration capacity of U87MG/Vector stable cells which
gets severely abrogated in U87MG/GNG4 stable cells
(Figure 4C). Cell migration capacity measured by Boyden
chamber assay also showed that SDF1a is able to induce
migration efficiently in U§7MG/Vector stable cells, but
not in U87MG/GNG4 stable cells (Figure 4D).

Our next objective was to find out the importance
of ERK and JNK pathways in SDF10/CXCR4 mediated
cell migration. We inhibited each of these two pathways
using pharmacological inhibitors and measured the cell
migration in SDF 1« treated conditions. It was observed
that, treatment with inhibitors for both Jnk (SP600125)
and Erk (U0126) led to significant inhibition of the
migration capacity of U87MG GBM cell line, although
the effect was more pronounced when Erk was inhibited
as compared to the inhibition of Jnk (Figure 5A and 5B).
Furthermore, simultaneous inhibition of both Erk and
Jnk in CXCR4-activated condition led to almost five fold
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Figure 5: Importance of CXCR4 downstream pathways in regulation of GBM cell migration. A) Role of CXCR4
downstream pathways, ERK and JNK pathways, in GBM cell migration. ERK and JNK pathways were inhibited by respective inhibitors
and migration of US7MG cells were tested in Boyden chamber, B) Quantification for the same experiment, C) Levels of phospho-Mek1
in CXCR4 high-GNG4 high and CXCR4 high-GNG4 low conditions, D) Levels of phospho-Jnk in CXCR4 high-GNG4 high and CXCR4
high-GNG4 low conditions, E) Levels of phospho-Akt (Ser473 and Thr308) in CXCR4 high-GNG4 high and CXCR4 high-GNG4 low
conditions. p-value was calculated by Student’s t test where *, ** and *** represents p-value of < 0.05, < 0.01 and < 0.001 respectively.
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reduction in migration capacity. Activation of GPCRs
by their ligands will be dependent on downstream signal
modulators. Hence, in this context, presence of SDFla
may not elicit CXCR4 signaling if the downstream
regulator, GNG#4, is not down regulated. To validate this
hypothesis, we looked at the levels of phosphorylation of
downstream molecules of ERK, JNK and AKT pathways
in GNG4 high and GNG4 low conditions from TCGA
data. We selected samples where CXCR4 RNA levels
are high (Log2 ratio > 2) i.e., tumor cells which might be
dependent on CXCR4 signaling, and divided those patients
into GNG4 high (RNA Log2 ratio > -0.79) and GNG4 low
(RNA Log?2 ratio <-0.79) groups. In these two groups, we
checked the levels of phosphorylation of Mek1, Jnk and
Akt from TCGA Reverse Phase Protein Array (RPPA) data
(Figure 5C, 5D and 5E respectively). We observed that
phospho-Mek1 levels are significantly higher in GNG4
low group as compared to GNG4 high group (Figure 5C).
This was not observed in case of phospho-Jnk or phospho-
Akt (Figure 5D and SE). This could be because ERK
pathway gets highly activated when CXCR4 signaling
is triggered (Figure 4A) which is reinforced by the fact
that inhibition of ERK pathway leads to considerably
higher attenuation of GBM cell migration as compared
to when JNK pathway is inhibited (Figure 5A). From
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all these results, it is evident that GNG4 inhibits SDF 1 a/
CXCR4 signaling mediated GBM cell migration through
abrogation of mainly the ERK signaling pathway.

Down regulation of GNG4 is essential for
activation of CXCR4 signaling in mesenchymal
GBM subtype

Based on certain genetic and epigenetic alterations,
GBM is classified into four molecular subtypes- neural,
proneural, classical and mesenchymal [29]. Mesenchymal
subtype of GBM is characterized by increased malignancy
and infiltrative nature compared to the other three subtypes
[29-31]. To dissect the importance of the inhibitory
effect of GNG4 on CXCR4-dependent signaling and cell
migration in different subtypes, we assessed the expression
pattern and the correlation of GNG4 and CXCR4 within
the subtypes of GBM from TCGA data. It was observed
that the RNA level of GNG4 is least and that of CXCR4
is highest in mesenchymal GBM subtype (Figure 6A
and B). Additionally, significant negative correlation
between GNG4 and CXCR4 transcripts was seen only
in mesenchymal subtype (Figure 6C, Supplementary
figure 2A). We next checked the correlation between
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Figure 6: Expression of GNG4 and CXCR¢4 in different GBM subtypes. A) RNA level of GNG4 in different GBM subtypes,
B) RNA level of CXCR4 in different GBM subtypes, C) Correlation of RNA level of GNG4 with that of CXCR4, D) Correlation of RNA
level of GNG4 with protein levels of ERK upstream molecule, phospho-Mek1. p-value was calculated by Student’s t test where *, ** and

*** represents p-value of < 0.05, < 0.01 and < 0.001 respectively.

www.impactjournals.com/Genes&Cancer

142

Genes & Cancer



GNG4 transcripts and phospho-Mek1, phospho-Jnk and
phospho-Akt (Ser473 and Thr308) levels scored by RPPA
data in TCGA in different GBM subtypes. A significant
negative correlation was observed between GNG4 and
phospho-Mek1 (Spearman r = -0.35) only in mesenchymal
subtype (Figure 6D; Supplementary figure 2B). However,
GNG4 RNA and phospho-Jnk or phospho-Akt levels
did not correlate in any of the subtypes (Supplementary
figure 3A, 3B and 3C). Collectively from all these
results, we conclude that epigenetic silencing of GNG4
in glioblastoma, specifically the mesenchymal subtype, is
essential because its expression would inhibit GBM cell
migration mainly through inhibition of ERK pathway
downstream to SDF10/CXCR4-dependent signaling.

DISCUSSION

GPCRs represent the single largest class of
membrane proteins in the human genome. There are
over 800 unique GPCRs, of which approximately 460
were predicted to be olfactory receptors [32]. The natural
ligands of GPCRs range from subatomic particles (a
photon), to ions (H"and Ca'"), to small organic molecules,
to peptides and proteins [33]. Twenty-five years ago, the
first GPCR, rhodopsin, was identified [14]. Subsequently,
various other GPCRs including -adrenergic receptors [34,
35], adenosine receptors [36], dopamine receptors [37],
chemokine receptors [38] etc. were identified. Signaling
via GPCRs can activate various pathways including pro-
survival and pro-proliferative pathways like MAPK, PI3K,
JNK and B-Catenin pathways [39]. Chemokine receptors,
originally known to function as activators of immune
cells, can activate such pro-proliferative pathways and
have been shown to have huge implications in tumor cell
growth [40]. Various chemokine receptors are highly up
regulated in different types of cancers and play important
roles in tumor growth, metastasis and angiogenesis [40].
In most cases of signaling through GPCRs, G-protein
trimers are responsible for mediating signals from the
GPCRs to the inside of the cell where the Ga subunits
carry the signal from GPCR while GBy dimer regulates
the same [10]. In the current study, we elucidate the role
of a particular y subunit of the G-protein trimer as a tumor
suppressor in GBM through regulation of a chemokine
receptor.

GNG4 is one of the fourteen y subunit proteins
of the G-protein trimer complex [12] and we have
shown previously that it is hyper methylated and down
regulated in GBM [11]. The importance of GNG4 as a
potential tumor suppressor was evaluated by ectopically
over expressing the gene in GBM cell lines. It was
observed that GNG4 over expression leads to a significant
abrogation in proliferation of GBM cell lines as well as
transformation of immortalized normal human astrocytes
by RAS V12 oncogene. GNG4 as a potential tumor
suppressor has been previously shown in renal cell

carcinoma [41]. Here, we provide evidence that GNG4
behaves as a tumor suppressor in GBM scenario.

Integrative analysis was carried out to evaluate
potential GPCRs that may be regulated by GNG4 in GBM
and this revealed chemokine receptors to be potential
oncogenic GPCRs regulated by GNG4. Chemokine
receptor CXCR4 is very highly up regulated in GBM
and it is known to play important role in GBM cell
proliferation and migration [23, 24]. In this study, we
establish that CXCR4 signaling is regulated by GNG4
because over expression of GNG4 in CXCR4 activated
condition failed to induce phosphorylation of CXCR4
downstream signaling molecules, Erk1/2 and Jnk. The
impedance of the signaling axis through CXCR4 by
GNG#4 was able to inhibit migration of GBM cells.

CXCR4 is highly expressed in 23 different cancers
of various origins including GBM [23, 24, 42]. However,
activation of GPCRs by their ligands may not be sufficient
to drive the signaling through them if the downstream
molecules fail to be modulated accordingly [43]. Here,
we show that CXCR4 downstream molecule, G-protein y
subunit GNG4, is required to be down regulated in GBM
for activation of ERK and JNK pathways that ultimately
lead to GBM cell migration. Moreover, in GBM patients
from TCGA data, we observe that phospho-Mek1, and
not phospho-Jnk, levels are higher in GNG4 low tumor
as compared to those where GNG4 is high, which is
corroborated by the fact that chemical inhibitor against
ERK pathway abrogates GBM cell migration to the
maximum extent. Although in cell line-based experiments,
GNG#4 abrogated both phospho-Erk and phospho-Jnk, but
it is evident that in tumor scenario ERK pathway has a
more pronounced role and hence is modulated to a greater
extent by GNG4.

Since GNG4 was found to be down regulated in
GBM and not in grade II and grade III astrocytomas, it
is evident that GNG4 has important role to play in GBM
aggressiveness. Indeed, when we looked at the gene
expression levels of GNG4 and CXCR4 in different GBM
subtypes, GNG4 was most down regulated and CXCR4
was most up regulated in mesenchymal subtype of GBM
which is characterized by more malignant and invasive
phenotype as compared to classical, neural and proneural
[30, 31]. Additionally, only phospho-Mekl1 correlated
negatively with GNG4 in mesenchymal subtype while
phospho-JNK and phospho-Akt did not. From this study,
it is evident that GNG4 is a tumor suppressor in GBM
which functions by abrogating the migration property of
GBM cells through inhibition of mainly the ERK pathway
downstream to CXCR4/SDFla signaling axis. These
results confirm the necessity of epigenetic silencing of
GNG4 in GBM, specifically in mesenchymal subtype.

Collectively, we conclude that in a subset of
GBM patients, down regulation of GNG4 plays a major
role in activation of CXCR4 pathway. Here we see that
mesenchymal subtype of GBM, characterized by highly
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infiltrative tumor [31], has very high levels of CXCR4 and
very low levels of GNG4 compared to the other subtypes
which suggests that CXCR4 pathway might be a primary
oncogenic signaling pathway in this type of tumor. Hence,
targeting CXCR4 pathway in combination with existing
therapies is more likely to succeed in mesenchymal
GBM. This could be achieved by targeting the GPCR
itself by using small molecule antagonist like AMD3100
which is proved to be potentially effective therapy in
multiple cancers [44-47]. Hence, from this study it can
be inferred that therapy using CXCR4 inhibitor should
be concentrated on mesenchymal GBM patients who
have tumor cells dependent on CXCR4 axis. Hence,
it is important to know the status of both CXCR4 up
regulation and GNG4 down regulation for the inhibitors
to act effectively in reducing tumor cell migration and
infiltration.

MATERIALS AND METHODS

Cell lines and plasmid constructs

The GBM cell lines US7MG, LN229, U373, U343,
U251 and LN18 and the normal human astrocytes SVG
[48] and NHA-hTERT-E6/E7 [49] were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) and 10%
FBS at 37°C and 5% CO,. U343, LN18, NHA-hTERT-E6/
E7 and SVG were obtained from the laboratory of Dr. A.
Guha, University of Toronto, Canada. US7MG, T98G,
U251, LN229 and U373 were obtained from Sigma
Aldrich (Saint Louis, Missouri, USA). Over expression
construct of DDK-tagged GNG4 was purchased from
Origene along with corresponding vector control pCM V-
Entry. RAS V12 over expression construct was a kind gift
from Dr. Annapoorni Rangarajan (I1Sc).

Proliferation assay

LN229 cells stably expressing vector control (VC)
or GNG4 were plated (5000 cells) in 12-well dishes in
duplicates. Proliferation was measured in each day at
24 hours interval. Cells were harvested and stained
with trypan-blue and viable cells were counted using
hemocytometer in triplicates.

Colony suppression assay

GBM cells (LN229, U343, U251, U87MG and
T98G) were transfected with VC or GNG4 vectors and
selected in 500-1000 ug/ml of G418 for two weeks to
select stably expressing cells. For each cell line, VC and
GNGH4 expressing cells were plated in 6-well plate (5000
cells/well) and allowed to grow for two weeks under

selection of G418. Colonies were quantified at the end of
experiment.

Migration assay

1.5 x 10° cells were plated in 12 well dishes.
Duplicates were plated for each of VC and GNG4
expressing cells. After 24 hours, a scratch was made using
a small tip and cells were allowed to migrate in serum-
free DMEM. Pictures were taken at 0", 12" and 18" hour
and distance of cells migrated was quantified using ImageJ
software.

Transformation assay

0.35 x 10° NHA-hTERT-E6/E7 cells were plated in
each of 35 mm dishes. Cells were co-transfected with RAS
V12 overexpressing construct along with either VC or
GNGH4 construct. After 24 hours, 10,000 cells were plated
in soft-agar for transformant cells to form colonies.

Western blotting

Cells were harvested and lysed using RIPA buffer.
300 ug of protein was loaded in each well and SDS-
PAGE was carried out. The antibodies used were DDK
(TA-50011, Origene), phospho-Erk1/2 (#9101, CST),
total-Erk (#9102, CST), phospho-Jnk (#9251 CST), total-
Jnk (#9252, CST), phospho-Akt (#9271, CST), total-Akt
(#4691, CST) and PCNA (NA-03, Calbiochem).

Real-time qPCR

Total RNA was isolated by harvesting cells in Trizol
reagent (Sigma) followed by chloroform-isopropanol
method. For cDNA conversion, 2 pg good quality RNA
was used per reaction. Applied Biosystems™ High
Capacity cDNA Reverse Transcription kit (Part no.
4368813) was used. The cDNA strand synthesis was
carried out in Biorad S1000™ Thermal Cycler. Thermo
Scientific’s DyNAmo (Catalog no. F-416) reagent was
used for this purpose with cDNA from good quality RNA
used as template. Applied Biosystems™ 7900HT Fast
Real-Time PCR system was used. GAPDH was used as
internal control.

Bisulfite sequencing of promoter region

Genomic DNA was extracted using QlAamp DNA
Mini kit (Qiagen, USA). Isolated and purified genomic
DNA was subjected for bisulfite conversion using EZ DNA
methylation kit (Zymo Research, USA). The promoter
region of GNG4 was amplified using methylation as well
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as unmethylation specific primers and the fragments were
cloned into pPGEMT-EZ vector system using TA cloning.
Finally, the cloned fragments were subjected to Sanger
Sequencing using M13 forward primer. Ten such clones
were sequenced for each sample and the average of the
methylation levels for each CpG was plotted using the
lollipop diagram.

Azacytidine treatment

Cells were plated in 35mm dishes and after 24
hours, azacytidine treatment (5 pM and 10 uM) was given
and after 4 and 6 days the cells were harvested in Tri-
reagent. RNA was isolated from each sample, and after
cDNA conversion, real time PCR was carried out to
quantify expression compared to untreated cells.

Activation of CXCR4 by SDF1a

Before activation, cells were starved in minimal
media for 12 hours to attain basal level signaling. 50 nM
BSA (Sigma, Cat. No. A9418) or purified SDFla (R&D
Systems, Cat. No. 350-NS) ligand was added. For western
blotting, cells were harvested after 20 minutes of addition
of ligand using RIPA buffer. For scratch assay, SDF1a was
replenished every 4 hours. For Boyden-chamber assay,
SDF1a was replenished every 2 hours.

Boyden-chamber assay

50,000 U87MG cells harboring VC or GNG4
constructs were plated in the upper chamber in serum-free
DMEM. 50 nM of BSA or SDF1a was added in DMEM in
the lower chamber. The cells were allowed to migrate for
six hours after which the cells were fixed in 100% chilled
methanol and stained using 0.2% Crystal violet stain.

Pharmacological inhibitors

Erk and Jnk inhibitors used include U0126
(Calbiochem; Cat. No. CAS 109511 -58-2) and SP600125
(Sigma; Cat. No. S5567) respectively. U0126 was used at
10nM and SP600125 was used at S0nM concentration. For
Boyden chamber assay, the inhibitors were added along
with the cells in the upper chamber and cells were allowed
to migrate for six hours.

Analysis of phosphorylation levels of MEK, JNK
and ERK from TCGA data

CXCR4 over expressing GBM samples were those
which show RNA levels of CXCR4 greater than two fold
in the log 2 ratio. These samples were further divided into

GNG4 RNA high and low in the following manner:-

GNGH4 high = Log2 ratio > -0.79

GNG4 low = Log? ratio > -0.79

This cut-off was considered as -0.79 is the median
value for RNA levels of GNG4 in TCGA GBM samples.
The phospho protein values were obtained from TCGA
RPPA data.

ACKNOWLEDGEMENTS

The results published here are in whole or part based
upon data generated by The Cancer Genome Atlas pilot
project established by the NCI and NHGRI. Information
about TCGA and the investigators and institutions
who constitute the TCGA research network can be
found at http://cancergenome.nih.gov/. JP thanks DBT,
Government of India for financial support.

This study was supported by a grant from DBT,
government of India. Infrastructural support by funding
from DBT, DST and UGC to MCB is acknowledged. KS
is a J. C. Bose Fellow of the Department of Science and
Technology.

CONFLICT OF INTEREST

The authors have declared that no competing
interests exist.

REFERENCES

1. Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn
MJ, Janzer RC, Ludwin SK, Allgeier A, Fisher B, Belanger
K, Hau P, Brandes AA, Gijtenbeek J, Marosi C, Vecht CJ,
Mokhtari K, et al. Effects of radiotherapy with concomitant
and adjuvant temozolomide versus radiotherapy alone on
survival in glioblastoma in a randomised phase III study:
S-year analysis of the EORTC-NCIC trial. The Lancet
Oncology. 2009; 10(5):459-466.

2. Stupp R and Weber DC. The role of radio- and
chemotherapy in glioblastoma. Onkologie. 2005; 28(6-
7):315-317.

3. Hanahan D and Weinberg RA. The hallmarks of cancer.
Cell. 2000; 100(1):57-70.

4. Ladd-Acosta C, Pevsner J, Sabunciyan S, Yolken RH,
Webster MJ, Dinkins T, Callinan PA, Fan JB, Potash JB
and Feinberg AP. DNA methylation signatures within the
human brain. American journal of human genetics. 2007;
81(6):1304-1315.

5. Laird PW. The power and the promise of DNA methylation
markers. Nature reviews Cancer. 2003; 3(4):253-266.

6. Egger G, Liang G, Aparicio A and Jones PA. Epigenetics in
human disease and prospects for epigenetic therapy. Nature.
2004; 429(6990):457-463.

7. Esteller M. CpG island hypermethylation and tumor
suppressor genes: a booming present, a brighter future.

www.impactjournals.com/Genes&Cancer

145

Genes & Cancer



11.

12.

14.

15.

17.

18.

20.

Oncogene. 2002; 21(35):5427-5440.

Moore LD, Le T and Fan G. DNA methylation and its basic
function. Neuropsychopharmacology : official publication
of the American College of Neuropsychopharmacology.
2013; 38(1):23-38.

Hanlon CD and Andrew DJ. Outside-in signaling - a brief
review of GPCR signaling with a focus on the Drosophila
GPCR family. Journal of cell science. 2015; 128(19):3533-
3542.

Clapham DE and Neer EJ. G protein beta gamma subunits.
Annual review of pharmacology and toxicology. 1997;
37:167-203.

Shukla S, Pia Patric IR, Thinagararjan S, Srinivasan S,
Mondal B, Hegde AS, Chandramouli BA, Santosh V,
Arivazhagan A and Somasundaram K. A DNA methylation
prognostic signature of glioblastoma: identification of
NPTX2-PTEN-NF-kappaB nexus. Cancer research. 2013;
73(22):6563-6573.

Milligan G and Kostenis E. Heterotrimeric G-proteins: a

short history. British journal of pharmacology. 2006; 147
Suppl 1:546-55.

. Baylin SB. DNA methylation and gene silencing in cancer.

Nature clinical practice Oncology. 2005; 2 Suppl 1:S4-11.

Brennan CW, Verhaak RG, McKenna A, Campos B,
Noushmehr H, Salama SR, Zheng S, Chakravarty D,
Sanborn JZ, Berman SH, Beroukhim R, Bernard B, Wu CJ,
Genovese G, Shmulevich I, Barnholtz-Sloan J, et al. The
somatic genomic landscape of glioblastoma. Cell. 2013;
155(2):462-477.

Weng Z, Fluckiger AC, Nisitani S, Wahl MI, Le LQ,
Hunter CA, Fernal AA, Le Beau MM and Witte ON. A
DNA damage and stress inducible G protein-coupled
receptor blocks cells in G2/M. Proceedings of the National
Academy of Sciences of the United States of America.
1998; 95(21):12334-12339.

Martin CB, Mahon GM, Klinger MB, Kay RJ, Symons M,
Der CJ and Whitehead IP. The thrombin receptor, PAR-
1, causes transformation by activation of Rho-mediated
signaling pathways. Oncogene. 2001; 20(16):1953-1963.

Burger M, Burger JA, Hoch RC, Oades Z, Takamori H
and Schraufstatter [U. Point mutation causing constitutive
signaling of CXCR2 leads to transforming activity similar
to Kaposi’s sarcoma herpesvirus-G protein-coupled
receptor. Journal of immunology. 1999; 163(4):2017-2022.

Tang XL, Wang Y, Li DL, Luo J and Liu MY. Orphan G
protein-coupled receptors (GPCRs): biological functions
and potential drug targets. Acta pharmacologica Sinica.
2012; 33(3):363-371.

Li S, Huang S and Peng SB. Overexpression of G protein-
coupled receptors in cancer cells: involvement in tumor
progression. International journal of oncology. 2005;
27(5):1329-1339.

Dorsam RT and Gutkind JS. G-protein-coupled receptors
and cancer. Nature reviews Cancer. 2007; 7(2):79-94.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Mukaida N, Sasaki S and Baba T. Chemokines in cancer
development and progression and their potential as targeting
molecules for cancer treatment. Mediators of inflammation.
2014;2014:170381.

Stevenson CB, Ehtesham M, McMillan KM, Valadez
JG, Edgeworth ML, Price RR, Abel TW, Mapara KY
and Thompson RC. CXCR4 expression is elevated in
glioblastoma multiforme and correlates with an increase in
intensity and extent of peritumoral T2-weighted magnetic
resonance imaging signal abnormalities. Neurosurgery.
2008; 63(3):560-569; discussion 569-570.

Zhou Y, Larsen PH, Hao C and Yong VW. CXCR4 is a
major chemokine receptor on glioma cells and mediates
their survival. The Journal of biological chemistry. 2002;
277(51):49481-49487.

Wu M, Chen Q, Li D, Li X, Li X, Huang C, Tang Y, Zhou Y,
Wang D, Tang K, Cao L, Shen S and Li G. LRRC4 inhibits
human glioblastoma cells proliferation, invasion, and
proMMP-2 activation by reducing SDF-1 alpha/CXCR4-
mediated ERK1/2 and Akt signaling pathways. Journal of
cellular biochemistry. 2008; 103(1):245-255.

Lin CH, Shih CH, Tseng CC, Yu CC, Tsai YJ, Bien MY
and Chen BC. CXCL12 induces connective tissue growth
factor expression in human lung fibroblasts through the
Racl/ERK, JNK, and AP-1 pathways. PloS one. 2014;
9(8):e104746.

New DC and Wong YH. Molecular mechanisms mediating
the G protein-coupled receptor regulation of cell cycle
progression. Journal of molecular signaling. 2007; 2:2.
Kleemann P, Papa D, Vigil-Cruz S and Seifert R. Functional
reconstitution of the human chemokine receptor CXCR4
with G(1)/G (o)-proteins in Sf9 insect cells. Naunyn-
Schmiedeberg’s archives
378(3):261-274.

Smrcka AV. G protein betagamma subunits: central
mediators of G protein-coupled receptor signaling. Cellular
and molecular life sciences : CMLS. 2008; 65(14):2191-
2214.

Verhaak RG, Hoadley KA, Purdom E, Wang V, Qi Y,
Wilkerson MD, Miller CR, Ding L, Golub T, Mesirov JP,
Alexe G, Lawrence M, O’Kelly M, Tamayo P, Weir BA,
Gabriel S, et al. Integrated genomic analysis identifies

of pharmacology. 2008;

clinically relevant subtypes of glioblastoma characterized
by abnormalities in PDGFRA, IDH1, EGFR, and NFI.
Cancer cell. 2010; 17(1):98-110.

Iwadate Y. Malignant Progression of Glioblastoma. Journal
of Cell Science & Therapy. 2014; 5(182).

Joseph JV, Conroy S, Pavlov K, Sontakke P, Tomar T,
Eggens-Meijer E, Balasubramaniyan V, Wagemakers
M, den Dunnen WF and Kruyt FA. Hypoxia enhances
migration and invasion in glioblastoma by promoting a
mesenchymal shift mediated by the HIF 1alpha-ZEB1 axis.
Cancer letters. 2015; 359(1):107-116.

Fredriksson R, Lagerstrom MC, Lundin LG and Schioth

WWWwW

.impactjournals.com/Genes&Cancer

146

Genes & Cancer



33.

34.

35.

36.

37.

38.

39.

40.

41.

HB. The G-protein-coupled receptors in the human genome
form five main families. Phylogenetic analysis, paralogon
groups, and fingerprints. Molecular pharmacology. 2003;
63(6):1256-1272.

Kobilka BK. G protein coupled receptor structure
and activation. Biochimica et biophysica acta. 2007;
1768(4):794-807.

Cherezov V, Rosenbaum DM, Hanson MA, Rasmussen SG,
Thian FS, Kobilka TS, Choi HJ, Kuhn P, Weis WI, Kobilka
BK and Stevens RC. High-resolution crystal structure of
an engineered human beta2-adrenergic G protein-coupled
receptor. Science. 2007; 318(5854):1258-1265.

Warne T, Serrano-Vega MJ, Baker JG, Moukhametzianov
R, Edwards PC, Henderson R, Leslie AG, Tate CG and
Schertler GF. Structure of a betal-adrenergic G-protein-
coupled receptor. Nature. 2008; 454(7203):486-491.

Jaakola VP, Griffith MT, Hanson MA, Cherezov V,
Chien EY, Lane JR, Ijzerman AP and Stevens RC.
The 2.6 angstrom crystal structure of a human A2A
adenosine receptor bound to an antagonist. Science. 2008;
322(5905):1211-1217.

Chien EY, Liu W, Zhao Q, Katritch V, Han GW, Hanson
MA, Shi L, Newman AH, Javitch JA, Cherezov V and
Stevens RC. Structure of the human dopamine D3 receptor
in complex with a D2/D3 selective antagonist. Science.
2010; 330(6007):1091-1095.

Wu B, Chien EY, Mol CD, Fenalti G, Liu W, Katritch V,
Abagyan R, Brooun A, Wells P, Bi FC, Hamel DJ, Kuhn P,
Handel TM, Cherezov V and Stevens RC. Structures of the
CXCR4 chemokine GPCR with small-molecule and cyclic
peptide antagonists. Science. 2010; 330(6007):1066-1071.

Wu J, Xie N, Zhao X, Nice EC and Huang C. Dissection
of aberrant GPCR signaling in tumorigenesis--a systems
biology approach. Cancer genomics & proteomics. 2012;
9(1):37-50.

Kakinuma T and Hwang ST. Chemokines, chemokine
receptors, and cancer metastasis. Journal of leukocyte
biology. 2006; 79(4):639-651.

Maina EN, Morris MR, Zatyka M, Raval RR, Banks RE,
Richards FM, Johnson CM and Maher ER. Identification

42.

43.

44.

45.

46.

47.

48.

49.

of novel VHL target genes and relationship to hypoxic
response pathways. Oncogene. 2005; 24(28):4549-4558.

Balkwill F. The significance of cancer cell expression of the
chemokine receptor CXCR4. Seminars in cancer biology.
2004; 14(3):171-179.

Patel J, Channon KM and McNeill E. The downstream
regulation of chemokine receptor signalling: implications
for atherosclerosis. Mediators of inflammation. 2013;
2013:459520.

Uy GL, Rettig MP and Cashen AF. Plerixafor, a CXCR4
antagonist for the mobilization of hematopoietic stem cells.
Expert opinion on biological therapy. 2008; 8(11):1797-
1804.

Barone A, Sengupta R, Warrington NM, Smith E, Wen PY,
Brekken RA, Romagnoli B, Douglas G, Chevalier E, Bauer
MP, Dembowsky K, Piwnica-Worms D and Rubin JB.
Combined VEGF and CXCR4 antagonism targets the GBM
stem cell population and synergistically improves survival
in an intracranial mouse model of glioblastoma. Oncotarget.
2014; 5(20):9811-9822.

Porvasnik S, Sakamoto N, Kusmartsev S, Eruslanov E, Kim
WIJ, Cao W, Urbanek C, Wong D, Goodison S and Rosser
ClJ. Effects of CXCR4 antagonist CTCE-9908 on prostate
tumor growth. The Prostate. 2009; 69(13):1460-1469.
Portella L, Vitale R, De Luca S, D’Alterio C, lerano C,
Napolitano M, Riccio A, Polimeno MN, Monfregola L,
Barbieri A, Luciano A, Ciarmiello A, Arra C, Castello G,
Amodeo P and Scala S. Preclinical development of a novel
class of CXCR4 antagonist impairing solid tumors growth
and metastases. PloS one. 2013; 8(9):¢74548.

Davey P, Rauth AM, Mason L and Addy L. Spontaneous
phenotypic and karyotypic progression in the SV40
transfected cell line SVG during prolonged passage in vitro.
Journal of neuro-oncology. 1990; 8(1):13-22.

Sonoda Y, Ozawa T, Hirose Y, Aldape KD, McMahon M,
Berger MS and Pieper RO. Formation of intracranial tumors
by genetically modified human astrocytes defines four
pathways critical in the development of human anaplastic
astrocytoma. Cancer research. 2001; 61(13):4956-4960.

www.impactjournals.com/Genes&Cancer

147

Genes & Cancer



