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Abstract

Purpose Peritumoural brain zone (PT) of glioblastoma (GBM) is the area where tumour recurrence is often observed. We
aimed to identify differentially regulated genes between tumour core (TC) and PT to understand the underlying molecular
characteristics of infiltrating tumour cells in PT.

Methods 17 each histologically characterised TC and PT tissues of GBM along with eight control tissues were subjected to
cDNA Microarray. PT tissues contained 25-30% infiltrating tumour cells. Data was analysed using R Bioconductor software.
Shortlisted genes were validated using qRT-PCR. Expression of one selected candidate gene, PDZ Binding Kinase (PBK) was
correlated with patient survival, tumour recurrence and functionally characterized in vitro using gene knock-down approach.
Results Unsupervised hierarchical clustering showed that TC and PT have distinct gene expression profiles compared to
controls. Further, comparing TC with PT, we observed a significant overlap in gene expression profile in both, despite PT
having fewer infiltrating tumour cells. qRT-PCR for 13 selected genes validated the microarray data. Expression of PBK
was higher in PT as compared to TC and recurrent when compared to newly diagnosed GBM tumours. PBK knock-down
showed a significant reduction in cell proliferation, migration and invasion with increase in sensitivity to radiation and
Temozolomide treatment.

Conclusions We show that several genes of TC are expressed even in PT contributing to the vulnerability of PT for tumour
recurrence. PBK is identified as a novel gene up-regulated in PT of GBM with a strong role in conferring aggressiveness,
including radio-chemoresistance, thus contributing to recurrence in GBM tumours.
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Introduction

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s11060-018-03051-5) contains
supplementary material, which is available to authorized users.

Glioblastoma (GBM) is the most common primary malig-
nant neoplasm of brain in adults [1]. Despite aggressive
treatment regimen, GBM patients have a very poor progno-
sis and the tumour almost always recurs [2]. During surgical
resection of GBM, a variable number of invading tumour
cells are invariably left behind in the peritumoural brain
zone (PT) which is most often the site of recurrence [3].
Delineating the biology of these subsisting cells could facili-
tate understanding of tumour recurrence in GBM.
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Few attempts have been made to identify the molecular
alterations of tumour cells in PT. Studies till date have shown
that tumour core (TC) and PT have distinct gene expression
profiles [4]. While both TC and PT are heterogeneous across
patients, tumour cells in PT are more migratory and invasive
compared to TC [5, 6]. Also, the brain adjacent to tumour
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«Fig. 1 Gene expression analysis of TC, PT and control. Representa-
tive cluster from unsupervised hierarchical clustering shows differ-
entially regulated genes between a TC versus control, b PT versus
control and d PT versus TC. Several samples show overlapping gene
expression profile between PT and TC. ¢ Venn diagram shows 4176
genes commonly differentially expressed between TC versus control
and PT versus control. In the hierarchical cluster red and blue color
represents up and down-regulated genes respectively. All the rows
represent genes and columns represent samples. PT Peritumoural
brain zone, TC tumour core

(BAT) which is histologically normal was found to have a
neoplastic gene expression profile [7]. However, there is a
need to further characterize PT of GBM in order to identify
genes/pathways that have functional relevance in the patho-
biology of GBM.

In view of this, in the present study, we identified the
alterations in gene expression in PT of GBM tumours in
comparison with TC and non-neoplastic brain tissue (con-
trol) by employing a whole genome gene expression pro-
filing approach. The analysis revealed several differentially
expressed genes between TC and PT. Among these, PDZ-
binding kinase (PBK) was found to be significantly up-reg-
ulated in PT compared to TC, despite fewer tumour cells in
the PT. We correlated PBK expression with patient survival,
tumour recurrence and subsequently demonstrated a role for
PBK in tumour cell proliferation, invasion, and migration,
as well as radio-chemo resistance.

Materials and methods

The study was carried out on a prospective and retrospective
cohort of GBM patients. The prospective cohort comprised
adult patients with cerebral lobar GBM (n=25). Prior to
surgery, all patients underwent magnetic resonance (MR)
imaging of brain, with MR spectroscopy and perfusion
imaging and TC areas were demarcated. PT was defined
as the area in the neuro-parenchyma immediately adjacent
to the enhancing portion of TC, with high choline peaks
on MR spectroscopy and increased perfusion. Appropriate
areas of PT amenable for safe resection, were biopsied at the
beginning of surgical decompression, with the aid of neuro-
navigation techniques. Around 3—4 PT tissues were collected
per patient and histologically assessed for the percentage of
tumour cells. Subsequently, TC portion was resected. The
respective samples from TC and PT areas were dissected
into two parts: one part was fixed in 10% buffered neutral
formalin and processed for paraffin sections and second
part was placed in RNA later and stored at — 80 °C. Con-
trol tissues were collected from lateral temporal cortex from
patients undergoing surgery for drug resistant epilepsy due
to mesial temporal sclerosis. Sections from formalin fixed
paraffin embedded (FFPE) blocks from TC and PT of each

case were studied independently by two neuropathologists
(VS, TCY). The corresponding tissues collected in RNA
later were used for microarray and qRT-PCR experiments.
A total of 17 TC and PT tissues each along with eight con-
trol tissues were used for cDNA microarray experiments.
For validation, in addition to these tissues, another eight TC
and PT each and six control tissues were used. The study
was approved by the Institutional Ethics Committee and
informed consent was obtained from the patient or the clos-
est relative available.

The details of retrospective cohort along with description
of the methods used for RNA isolation, Microarray, analysis
of microarray data, quantitative real time PCR (qQRT-PCR),
Immunohistochemistry (IHC), generation of stable knock-
down, western blotting and all the in vitro assay protocols
are provided in Supplementary File 1. The microarray raw
data has been submitted to GEO database with accession
number GSE116520.

Results

Histopathological analysis reveals a variable
number of tumour cells in the PT samples

Histopathological evaluation of tissue sections from TC
showed typical GBM features (Fig. S1bl and b2). The PT
sections showed variable percentage of tumour cell infil-
tration into adjacent grey matter as well as white matter.
These cells were identified on histology, supplemented by
the MIB-1 staining that helped identify the proliferating cells
(Fig. S1cl and c2). Percentage of infiltrating tumour cells
in PT samples ranged from 5 to 70%. In order to maintain
uniformity in the sample set, only those PT samples con-
taining approximately 25-30% tumour cells were used for
subsequent experiments. The MR image depicting TC and
PT and the respective histopathology of a representative case
of GBM is depicted in Figure Sla and b.

Comparison of transcriptome profiles of TC, PT
and controls

Transcriptome analysis reveals a shared gene expression
profile between TC and PT as compared to control

TC and PT samples were compared with control samples
to identify the differentially expressed genes. Data analysis
showed 7124 genes to be significantly differentially expressed
in TC versus control and 5188 genes in PT versus control.
The lists of top 25 differentially expressed genes are given in
Supplementary Table 1. On unsupervised hierarchical clus-
tering, TC and control as well as PT and control formed two
distinct clusters respectively with minimal overlap (Fig. 1a,
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b). Interestingly, using Venn, we noted that 4176 genes had
a similar expression pattern in TC and PT when compared
to control (Fig. 1c). This suggested that PT, with fewer infil-
trating tumour cells, had a significant overlap with TC in the
expression of several genes. There were 436 and 2062 genes
specifically differentially expressed in PT and TC, respec-
tively, compared to control tissues. The lists of differentially
expressed 5176, 436 and 2062 genes are given in Supplemen-
tary Table 2. Among the 4176 genes, top up-regulated genes
included TOP2A, UBE2C, IGFBP2, PBK, MELK, NRP1,
NTNI and CD68and the top down-regulated genes included
SLC17A7, CHDS5, PACSINI and DLGAP2.

Transcriptome analysis of PT as compared to TC reveals
differentially expressed genes between the two groups

We found 991 genes to be differentially expressed in PT
as compared to TC with 391 genes being up-regulated and
600 genes down-regulated. The lists of top 25 differentially
expressed genes are given in Supplementary Table 1. On
unsupervised hierarchical clustering, whilst a subset of
TC and PT samples formed distinct cluster, other samples
showed a shared gene expression profile (Fig. 1d). Some
of the top upregulated genes in PT included MOG, MAL,
MAG, MOBP, KLK6, ENPP2, SH3GL3 and others, known
to be associated with neurogenesis and stem cell markers.
Some genes upregulated in TC include IL8, NNMT, TGFBI,
SOD2, LOX amongst others, which are known to be pro-
tumorigenic in GBM.

Gene set enrichment analysis (GSEA) of differentially
regulated genes in TC and PT as compared to control
reveals commonly enriched pathways

Pathway analysis was carried out using Web-based Gene Set
Analysis toolkit and gene set enrichment analysis (GSEA).
Both the TC and PT, as compared to control, showed
enrichment of pathways related to cell cycle, MAPK sig-
nalling, ECM receptor interaction, Focal adhesion, along
with immune system related pathways like complement and
coagulation cascades and antigen processing and presenta-
tion. However, tight junction, calcium signalling and cell
adhesion molecules pathways were specifically enriched in
the PT as compared to control (Supplementary Table 3) with
most of the genes in these pathways down-regulated in PT
versus control. Angiogenesis and p53 pathways were specifi-
cally enriched in TC.

Gene expression analysis of selected genes
by qRT-PCR corroborates with microarray data

A set of 13 genes were selected for qRT-PCR validation
based on their fold change (seven highly up-regulated, two
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highly down-regulated and four moderately regulated). 66Ct
method was followed for calculation of the fold change of
each gene in TC and PT as compared to control. The expres-
sion pattern of these genes in qRT-PCR matched with that of
the expression pattern in Microarray experiment (Fig. 2a).
The expression of all 13 genes in GBM tissues of TCGA and
Rembrandt cohort also followed the same pattern as TC in
our cohort (Fig. 2b).

IHC validation showed higher expression of PBK
in the PT compared to TC

As PBK showed a significant upregulation in PT compared
to TC, it was selected for protein validation using IHC. PBK
expression was predominantly in cell nuclei, although it
also showed considerable cytoplasmic expression (Fig. 3a).
In TC, there was variable and patchy immunostaining of
tumour cells (Fig. 3a—c). PBK staining was occasion-
ally observed in the perinecrotic and perivascular tumour
cells (Fig. 3b, ¢). The median LI of tumour cells in TC was
20+ 15.06. In PT, infiltrating tumour cells in grey matter and
white matter were positive with a median LI of 30 +22.56
(Fig. 3d, e). PT samples which had higher or lower than
25-30% tumour cell infiltration were also evaluated for
PBK expression by IHC. 10-50% tumour cell infiltration
showed a median LI of 22.5-30 (Supplementary file 2). The
neuronal and glial cell population in PT and control tissues
were negative for PBK staining. Taken together, PBK pro-
tein expression was higher in PT as compared to TC, given
that the PT contains fewer tumour cells.

Further, PBK expression in 25 paired tissues of primary
and recurrent GBM was assessed. The median LI was sig-
nificantly higher in recurrent GBM (20 + 11.86) as compared
to primary (10 +9.45). On comparing PBK expression in
paired samples, a higher expression in 64% (16/25) of recur-
rent as compared to their respective primary tumour was
noted (p=0.003) (Fig. 3f1, f2). However, we noted that PBK
expression was not associated with either overall survival or
progression free survival in our retrospective cohort (data
not shown). In concurrence, PBK mRNA expression did not
show association with survival in the TCGA-GBM cohort.
Also, PBK protein expression did not show any changes
with respect to IDH1 R132H immunopositivity, neither in
the prospective cohort nor in the retrospective cohort (data
not shown). Since PBK expression was higher in PT and in
recurrent tumours, we further evaluated its functional role
in malignant glioma cell lines.

Knock-down of PBK expression results in reduction
of cell proliferation, migration and invasion

Two different shRNA constructs against PBK, which
showed significant knock-down in LN229 and U251
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Fig. 3 Immunohistochemistry showing staining pattern of PBK in the
TC and PT of GBM tumour tissue samples. a—¢ show variable and
patchy immunoreactivity of PBK in GBM TC. (a-inset) Nuclear and
cytoplasmic positivity is seen. b shows perinecrotic and ¢ perivascu-
lar tumour cell positivity. d and e represent PBK immunoreactivity
in PT. d PT showing staining of tumour cells infiltrating white mat-

glioma cell lines compared to Scr were used for further
experiments (Fig. 4a). MTT assay was performed to ascer-
tain if PBK-KD has any effect on proliferation. There was
a significant reduction in cell proliferation in PBK-KD
cells as compared to Scr (p <0.0001), observed until 72 h
(Fig. 4b). Similar results were obtained in cell counting
experiment as well (p=0.05) (Fig. 4c). On FACS analysis,
we found an increase in number of cells in S phase and
G2/M phase in PBK-KD cells as compared to Scr cells
(Fig. S2).

To evaluate the role of PBK in migration of glioma cells,
wound healing assay was performed with the Scr and KD
cells. As shown in Fig. 4d, there was a gradual closure of
the wound in Scr cells as opposed to PBK-KD cells. At 9 h,
Scr-LLN229 cells had a 50% reduction in the area of wound
whereas PBK-KD-LN229 cells closed only 15-20% of the
wound area (Fig. 4e). This difference in wound closure was
observed at 12 h time-point in case of U251 cells. Thus,
PBK-KD significantly reduced the migratory potential of
LN229 and U251 cells.

To determine the effect of PBK-KD on cell invasion, a
Matrigel invasion assay was performed. On incubation of
Scr and PBK-KD cells for 16 h in matrigel coated chambers
with serum as the chemoattractant, a significant decrease in
percentage of invading cells (represented as fold change) was
observed in PBK-KD cells as compared to Scr (p <0.0001).

@ Springer

ter and e grey matter. f1, f2 PBK immunoreactvity in paired samples
shows increased expression in the f2 recurrent GBM sample com-
pared to f1 primary (newly diagnosed) sample. a, a (inset) ¢, f1, f2
are original magnification X200. B, d and e are original magnification
%100

Therefore, PBK-KD had a significant effect on glioma cell
invasion (Fig. 4f, g).

PBK knockdown showed increased sensitivity
to chemotherapeutic drugs and radiation exposure

Since the PBK-KD showed a marked difference in tumour
cell proliferation, invasion and migration, we further assessed
its role in radio-chemo sensitivity. MTT assay was performed
to assess the difference in sensitivity to TMZ, etoposide and
cisplatin between Scr and PBK-KD. There was an increased
sensitivity towards TMZ, Etoposide and Cisplatin observed
in the PBK-KD cells as compared to Scr which is represented
by decrease in ICs;, (p < 0.05) (Fig. 5a—c). Similarly, to assess
differences in sensitivity to radiation therapy, PBK-KD and
Scr cells were exposed to gamma radiation followed by a
clonogenic assay. The number of colonies formed by PBK-
KD cells was fewer than Scr which is represented as percent
survival (Fig. 5d). These findings suggest a role for PBK in
radio-chemo resistance.
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Fig.5 Effect of PBK-KD on chemotherapeutic drug treatment and
radiation exposure. Graphs showing reduction in IC50 of Clone 1 and
clone 2 cells, compared to scrambled, upon treatment with chemo-
therapeutic drugs—a TMZ, b Etoposide and ¢ Cisplatin in LN229

Discussion

Peritumoural brain zone of GBM is the neuroparenchyma
immediately adjacent to TC where there is variable infiltra-
tion of tumour cells. Tumour recurrence occurs in this PT
and is mainly attributed to the tumorigenic potential of these
persisting tumour cells. Therefore, we aimed to evaluate the

@ Springer

and U251 cell line. d Graph showing reduction in percent survival of
clone 1 and clone 2 compared to scrambled upon exposure to gamma
irradiation in LN229 and U251 cell line (p <0.05, n=3). *** ** and
* represent p value <0.0001, 0.001 and 0.01 respectively

molecular alterations of PT by employing a whole genome
gene expression profiling technique of the PT tissue,
although more precise techniques like Laser Capture Micro-
dissection or single cell sequencing are known to capture the
molecular alterations in individual GBM cells. The novelty
of our study is the sampling of different PT regions using
advanced MR imaging parameters and navigation assistance.
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On histopathological analysis, we observed that PT tissues
(grey or white matter) taken from different points around
TC of the same patient have variable number of infiltrating
tumour cells indicating the arbitrary pattern of infiltration.
This has been observed in few other studies as well [4, 5].
Also, Tamura et al. showed that microvessel density in PT
was lower than TC [8]. Interestingly, we noted that TC and
PT show a significant overlap in differentially expressed
genes/pathways despite PT having lesser number of tumour
cells. Among the genes commonly differentially expressed
in TC and PT compared to control, top up-regulated genes
included UBE2C, NUSAP1, IGFBP2 and PBK which are
involved in cell growth and proliferation of cancers of brain,
breast, ovaries and others [9—12]. Among these, IGFBP2 has
been reported to have a dual status in PT of GBM: whilst
Hoelzinger et al. showed down-regulation of this gene in PT,
Mangiola et al. have noted its’ up-regulation [7, 13]. Genes
associated with Neuropile and its structures like NRP1,
NTN1 and ROBO1 with known role in cell survival, migra-
tion and axonal guidance during neural development were
also up-regulated in PT and TC. Other notable up-regulated
genes included VEGF and HIF1a which regulate angiogen-
esis [14, 15], and ECM associated genes like collagens and
matrix metalloproteinases [19-21] and microglial marker
CD68. The top down-regulated genes included SLC17A7
and CHDS5 which are known tumour suppressor genes in
GBM and other systemic cancers respectively [16—19].
Some up-regulated genes specific to PT compared to control
included genes known to be associated with invasion and
migration like Scinderin (SCIN) and stem cell markers like
aldehyde dehydrogenase 1 family member A1 (ALDH1A1)
[20-22]. TGFa, a neurotropic factor secreted by astrocytes
and known to promote invasion of tumour cells was also
up-regulated in PT. Among the genes specific to TC com-
pared to control, up-regulated genes included S100A8 and
S100A9-known serum biomarkers in GBM; IGFBP7—
involved in angiogenesis; DKK1—hypoxia induced gene
in GBM [23-25]; CCL2, a known chemo-attractant for
Tumour Associated Macrophage (TAM) recruitment. Some
important down-regulated genes included NKAIN2 (tumour
suppressor gene) and ULK?2 (role in autophagy) [26, 27].
Thus, as shown previously, we also observed an increase in
expression of genes associated with cell growth, survival,
proliferation and motility in both TC and PT compared to
control [7]. In addition, we also show an up-regulation of
stem cell markers specifically in PT and down-regulation of
tumour suppressor genes in both TC and PT.

When we compared PT with TC, genes related to neu-
rogenesis like MAL, MOG, MAG, MOBP and others were
up-regulated in PT, probably contributed by the native neu-
roparenchyma. Similar observation was made by Mangiola
et al. where genes associated with CNS development were
up-regulated in Brain Adjacent Tumour (BAT) compared

to TC. Interestingly, in spite of limited number of tumour
cells in PT, we also noted up-regulation of genes such as
KLK6, SH3GL3, ENPP2 and few others which are known
to confer chemoresistance and promote invasion in GBM
and other cancers [28-30], pointing out to the aggressive
nature of the infiltrating cells. Notable genes up-regulated
in TC compared to PT are NNMT, LGALS3, SOD2, TGFBI
and IL8 which are known to be up-regulated and associ-
ated with poor patient prognosis in GBM and other cancers
[31-36]. Taken together, gene expression analysis of TC and
PT, show that cells in PT are probably in the process of
undergoing active remodelling of the extra-cellular matrix,
thus promoting cell invasion and migration. However, TC is
mostly enriched with genes and pathways related to tumour
cell survival and growth, hypoxia and angiogenesis.

PBK, also known as T-LAK cell originated protein kinase
(TOPK), is a protein related to the mitogen-activated pro-
tein kinase kinase (MAPKK) family. Physiologically, it is
involved in activation of lymphoid cells and is specifically
expressed in testes with possible role in spermatogenesis
[37]. It is implicated in tumorigenesis of several systemic
cancers including breast, prostate and lung cancers [38—40].
PBK is also known to be upregulated in GBM, especially
in glioblastoma stem cells (GSC) [41]. Joel et al. showed
that PBK knockdown and treatment with PBK inhibitor
(HI-TOPK) in glioma initiating cells (GIC) cultures reduced
cell viability and sphere formation [12]. We noted that PBK
is expressed in nucleus and cytoplasm of GBM tissues in
accordance with its reported expression pattern in prostate
and cervical cancers [38, 42]. We also noted a higher PBK
immunoreactivity in perivascular and perinecrotic regions of
GBM indicating that PBK could probably contribute towards
tumour cell invasion through a perivascular conduit. Our
observation of PBK staining of perinecrotic tumour cells
probably suggests that this gene is induced by hypoxia in
GBM. For the first time, we report PBK mRNA and protein
expression to be significantly up-regulated in PT as com-
pared to TC. This observation has not been made in previous
studies on PT, probably due to variation in the sampling of
PT when compared to ours [4, 7, 13]. Further, we also noted
an increased expression of PBK in recurrent GBM in a sig-
nificant number of paired GBM samples. From these obser-
vations, we imply that tumour cells with higher PBK expres-
sion probably have an advantage over others in migrating
and invading into the normal neuroparenchyma, thereby
contributing to tumour recurrence in GBM. Although high
PBK expression is known to be associated with poor patient
prognosis in GBM and other cancers [40, 43, 44], we could
not establish this in our cohort. However, our survival data
is in line with TCGA data which also did not show correla-
tion of PBK mRNA with patient prognosis. PBK protein
expression did not show any correlation with IDH1 R132H
mutation. This could be because of fewer cases showing
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IDH1 R132H mutation which is expected as per WHO 2016
classification of GBM. Our in vitro studies showed that PBK
significantly contributes to tumour cell proliferation, migra-
tion and invasion which is line with other studies on PBK in
GBM and other systemic cancers [12, 38, 45]. These obser-
vations further strengthened the significance of PBK up-
regulation in PT. We demonstrate a significant role for PBK
in conferring resistance to both radiation and TMZ treatment
along with other chemotherapeutic drugs like cisplatin and
etoposide. Only one study till date showed a role for PBK
along with miR-770-5p in conferring radiation resistance
[46]. Studies have shown that treatment of glioma cells with
PBK inhibitor brings down the tumour volume in vivo [12,
47]. In support of our data on the functional role of PBK in
conferring tumour aggressiveness in GBM, there are few
studies that have shown that treatment of glioma cells with
PBK inhibitor brings down the tumour volume in vivo [12,
47]. However, we were not able to establish a prognostic
significance in our cohort. Hence, further studies and clinical
validation of the efficacy of PBK inhibitors are warranted.
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