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Abstract. Background/Aim: Glioblastomas (GBM) are
infiltrative malignant brain tumors which mostly recur within a
year'’s time following surgical resection and chemo-radiation
therapy. Studies on glioblastoma cells following radio-
chemotherapy, have been demonstrated to induce trans-
differentiation, cellular plasticity, activation of DNA damage
response and stemness. As glioblastomas are heterogenous
tumors that develop treatment resistance and plasticity, we
investigated if there exist genome-wide DNA methylation
changes in recurrent tumors. Materials and Methods: Utilizing
genome-wide DNA methylation arrays, we compared the DNA
methylation profile of 11 primary (first occurrence) tumors with
13 recurrent (relapsed) GBM, to delineate the contribution of
epigenetic changes associated with therapy exposure, therapy
resistance, and relapse of disease. Results: Our data revealed
1,224 hypermethylated- and 526 hypomethylated-probes in
recurrent glioblastomas compared to primary disease. We found
differential methylation of solute carrier and ion channel genes,
interleukin receptor/ligand genes, tumor-suppressor genes and
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genes associated with metastasis. We functionally characterized
one such hypomethylated-up-regulated gene, namely anthrax
toxin receptor 1/tumor endothelial marker 8 (ANTXRI1/TEMS),
whose expression was validated to be significantly up-regulated
in recurrent glioblastomas compared to primary tumors and
confirmed by immunohistochemistry. Using overexpression and
knockdown approaches, we showed that TEMS induces
proliferation, invasion, migration, and chemo-radioresistance
in glioblastoma cells. Additionally, we demonstrated a novel
mechanism of f3-catenin stabilization and activation of the [3-
catenin transcriptional program due to TEMS8 overexpression
via a Src/PI3K/AKT/GSK3p/3-catenin pathway. Conclusion: We
report genome-wide DNA methylation changes in recurrent
GBM and suggest involvement of the TEMS8 gene in GBM
recurrence and progression.

A major bottleneck in glioblastoma (GBM, Grade IV glioma)
treatment is the problem of recurrence. Recurrence in
glioblastoma is inevitable (1) and invariably fatal. Owing to
their highly infiltrative nature, it is virtually impossible to
attain complete surgical debulking in GBM, in spite of gross
total resection (GTR) of all contrast-enhancing areas on pre-
operative MRIs. Tumor cells microscopically infiltrate beyond
the contrast enhancing areas and to the contralateral
hemisphere via the corpus callosum. Additionally, GBMs
contain a peri-tumoral zone defined by tumor cell infiltration
into the normal brain parenchyma. The extent of this zone is
variable and therefore GTR is incapable of eliminating all
residual tumor cells. Indeed, two-thirds of all recurrences
occur locally, within a 3 cm margin (2) at a median time of
59.5 weeks (3).

Standard protocol for glioblastoma management entails
a combination of maximal safe resection, chemotherapy
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with temozolomide, and fractionated ionizing radiation
(IR) to the tumor bed (4). While this regimen improves
survival compared to surgery alone, it is increasingly
shown that both IR and temozolomide may result in
generation of therapy resistance. For instance, therapeutic
concentrations of temozolomide exposure led to increase
in stem-cells and more diffuse tumors (5, 6), trans-
differentiation of bulk tumor cells to endothelial cells
showing vasculogenic mimicry (7), and induced HIFla
signaling (6) in glioma cells. Exposure to therapeutically
relevant (2-3 Grays) doses of IR showed an increase in
stem-cell content and accelerated DNA-damage response
(8), a marked decrease in differentiation markers (9),
subtype plasticity from pro-neural to mesenchymal
phenotypes (10), and induced HIF1a signaling (6). Much
older studies (3) also show that radiographic implants at
tumor beds accelerated the detection of new lesions in
glioblastomas.

To explain the phenomena of inevitable recurrence in
GBMs, it was proposed that infiltrated and residual tumor
cells in the tumor-bed, termed recurrence initiating stem-
cells (RISCs), serve as seeds for the recurrent disease (11).
Given that GBM cells are inherently plastic, these cells are
postulated to undergo adaptive responses to genotoxic
therapy, resulting in therapy resistance commonly seen in
recurrent GBMs. Local and distant recurrences also harbor
distinct mutational patterns (12), suggesting a field
cancerization effect whereby non-genetic mechanisms may
also play a role in precipitating recurrences.

IR and temozolomide, apart from inducing genetic
aberrations such as mutations (13), may also result in
epigenetic changes, such as DNA methylation or histone
modifications (14, 15). Additionally, the hypoxic nature of
GBMs poses a dual challenge, it initiates proangiogenic
signaling and dampens the IR response due to lack of O,
radicals to ‘fix” double-strand breaks. Interestingly, hypoxia
also influences DNA methylation kinetics (16, 17). It is
plausible that in this hypoxic, genotoxic GBM
microenvironment, residual tumor cells undergo DNA
methylation changes which may translate into clinically
more aggressive and therapy-refractory tumors. In this
study, utilizing Illumina’s 450K Methylation Bead Array, we
have compared the DNA methylome of glioblastoma (first
occurrences/primary tumors) with recurrent tumors to
understand if there exists DNA methylation changes that
may impact the aggressiveness of recurrent tumors.

Utilizing the data generated from our cohort, we report
that several genes are hyper- or hypomethylated in recurrent
tumors, resulting in transcriptional changes. We have
functionally characterized one such hypomethylated-up-
regulated gene in recurrent tumors, ANTXRI/TEMS, and
delineated the signaling mechanism responsible for its pro-
tumorigenic actions in glioblastomas.
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Materials and Methods

Patient characteristics. Tumor tissues were obtained from patients
availing surgical treatment at the National Institute of Mental Health
and Neurosciences (NIMHANS), Bangalore, after obtaining written
informed consent and approval by the Institutional Ethics Committee
of NIMHANS, dated NIMHANS/31 [EC (BS & NS Div.)/2016. The
study was performed according to the Declaration of Helsinki
guidelines. A total of 24 fresh-frozen tissues were utilized in the
study, consisting of 11 treatment-naive (primary) GBMs and 13
relapsed (recurrent) GBMs, of which 10 samples belonged to patient-
matched pairs (5 pairs) (Table I). The inclusion criteria were
treatment-naive and relapsed Isocitrate Dehydrogenase-wildtype
(IDH-wt) glioblastomas, while the exclusion criteria were
glioblastomas of IDH-mutant origin. Tumors were verified to be
grade IV glioblastoma by a neuropathologist, and wildtype-IDH
status was confirmed by PCR for R132H.

Cell lines. Cell lines of Grade IV astrocytoma origin, such as U87-
MG, Al172, U251, LN229 originally obtained from European
Collection of Authenticated Cell Cultures (ECACC), were recently
verified by short tandem repeat analysis (DNA Labs, Hyderabad,
India). Cells were grown in high-glucose DMEM with 10% newborn
calf serum with 1X Penicillin-Streptomycin, in a humidified incubator
at 37°C and 5% CO,. For overexpression studies, an expression
construct containing TEMS8 cDNA (3X-Flag-hTEMS8 pcDNA3.1) was
transfected using Lipofectamine 3000 (Thermo Fisher Scientific,
Waltham, MA, USA) and cells were selected with G418-disulfate
(#G8168, Sigma-Aldrich, MA, USA) for a month. For knockdown
expression, cells were virally transduced and selected with Puromycin
dihydrochloride (#540222, Sigma). Lentiviral packaging was
performed in HEK293T (ATCC) cells using target plasmids encoding
shRNA sequences and helper plasmids psPAX2 and pMD2.G.

Genomic DNA and protein isolation from patient samples. Fresh-
frozen patient tissues were utilized to isolate genomic DNA using
Genomic DNA Extraction kit (Qiagen, Venlo, the Netherlands)
according to manufacturer’s instructions and run on 1% Agarose gel
to verify integrity of DNA. For protein isolation from glioblastoma
samples, 30 mg of tissue was weighed, minced, and mixed with fresh
lysis buffer containing protease inhibitors, and processed in a
TissueLyser II (#85300, Qiagen) machine for 3-5 cycles (30 Hz, 30 s
on, 30 s off) till a non-viscous lysate was obtained. The lysate was
spun for 30’ to isolate protein, run on an SDS-PAGE gel and stained
with Coomassie Brilliant Blue to verify protein integrity.

450K DNA Methylation Array. Genomic DNA isolated from patients
were subjected to Infinium 450K Bead Array (Illumina Inc., San
Diego, CA, USA) that interrogates ~485,577 CpG sites across the
human genome, according to manufacturer’s instructions. The (3-value
for a particular CpG probe was used as a measure of differential
methylation across primary and recurrent samples, with probes
showing IABI=0.2 with p=<0.05 being designated as differentially
methylated regions (DMRs). AP =<-0.2 were considered as
hypomethylated probes and AP =+0.2 were considered as
hypermethylated probes respectively, in recurrent tumors.

Methylation array data analysis. The Combat pipeline in ChaMP
package (18) was implemented for pre-processing and batch correction
of samples in BioConductor. Wilcoxon rank-sum test with p-value
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Table 1. Clinical characteristics of patient samples for methylation array.

Sr. No. Age/Sex Annotation Diagnosis Histopathology Pair status R132H status
1 62/M GBM 1 Primary Glioblastoma Paired with GBM 5 Negative
2 30/M GBM 2 Primary Glioblastoma Paired with GBM 6 Negative
3 40/M GBM 3 Primary Glioblastoma Paired with GBM 7 Negative
4 48/M GBM 4 Primary Glioblastoma Paired with GBM 8 Negative
5 62/M GBM 5 Relapsed Recurrent glioblastoma Paired with GBM 1 Negative
6 30/M GBM 6 Relapsed Recurrent glioblastoma Paired with GBM 2 Negative
7 40/M GBM 7 Relapsed Recurrent glioblastoma Paired with GBM 3 Negative
8 48/'M GBM 8 Relapsed Recurrent glioblastoma Paired with GBM 4 Negative
9 GBM 9 Primary Glioblastoma Paired with GBM 10 Negative
10 GBM 10 Relapsed Recurrent glioblastoma Paired with GBM 9 Negative
11 64/M GBM 11 Relapsed Recurrent glioblastoma Unpaired Negative
12 40/M GBM 12 Relapsed Recurrent glioblastoma Unpaired Negative
13 60/M GBM 13 Relapsed Recurrent glioblastoma Unpaired Negative
14 43/M GBM 14 Relapsed Recurrent glioblastoma Unpaired Negative
15 GBM 15 Relapsed Recurrent glioblastoma Unpaired Negative
16 GBM 16 Relapsed Recurrent glioblastoma Unpaired Negative
17 GBM 17 Relapsed Recurrent glioblastoma Unpaired Negative
18 GBM 18 Relapsed Recurrent glioblastoma Unpaired Negative
19 60/M GBM 19 Primary Glioblastoma Unpaired Negative
20 61/M GBM 20 Primary Glioblastoma Unpaired Negative
21 47/F GBM 21 Primary Glioblastoma Unpaired Negative
22 63/F GBM 22 Primary Glioblastoma Unpaired Negative
23 63/M GBM 23 Primary Glioblastoma Unpaired Negative
24 72/M GBM 24 Primary Glioblastoma Unpaired Negative

R132H denotes IDH mutation status. M: Male, F: female.

cutoff of 0.05 was employed for finding differential methylation at
CpG probes. Gene-level annotations at 5’-UTR (Untranslated region),
15t Exon, TSS 200 (Transcription Start Site) and TSS 1500 were
conducted using Illumina Methylation analyzer package (IMA). The
Seaborn package was used to generate hierarchical clustering for the
top ~50 hypomethylated- and hypermethylated probes. The 450K
methylation array data is deposited in Gene Expression Omnibus
(GEO) with accession number GSE190953.

Inhibitor experiments. Cells were serum-starved for 24 h before
inhibitor treatment for 6 h and subsequent protein collection. Small-
molecule inhibitors used were synthetic RGD peptide (10 puM,
GRDGNP, #14501, Cayman Chemicals, Ann Arbor, MI, USA), ILK
inhibitor (1 uM, CPD-22, Calbiochem, Merck, Boston, MA, USA),
PI3 Kinase inhibitor LY294002 (10 uM, #440202, Calbiochem),
FAK inhibitor-1 (10 uM, #324877, Calbiochem), Src inhibitor PP2
(10 uM #529573, Calbiochem) and Src inhibitor inactive analog
PP3 (10 puM, #529574, Calbiochem).

Semi-quantitative and quantitative real time PCR. Total RNA from
cell lines and patient samples was isolated using TRI reagent (Sigma-
Aldrich). 2 pg of total RNA was converted to cDNA using High-
Capacity cDNA Archive kit (Applied Biosystems, Bedford, MA,
USA). Semi-quantitative and real-time PCRs were performed using
DreamTaq Mastermix (Thermo Scientific) and DyNamo ColorFlash
SYBR Green Mastermix (Thermo Scientific) respectively. Fold
changes were calculated using the AACT method. Primer sequences
are given in Table II. RPL-35A was used for normalization as it was
reported to be un-regulated in glioblastomas (19).

Immunohistochemistry. A retrospective cohort of 29 pairs of
formalin-fixed paraffin embedded IDH-wildtype primary and
recurrent glioblastomas was utilized to assess TEMS protein
expression (Tris-EDTA buffer, 1:500 ab21270 TEMS antibody,
Abcam, Cambridge, UK). Tissue microarrays for control brain tissue
(from temporal cortex surgically removed in patients with drug
resistant epilepsy: ‘control’) was utilized to assess TEMS
expression. Briefly, 4 uM slices were deparaffinized using Xylene
and 100% Methanol, followed by heat-mediated antigen-retrieval at
900W-5°, 600W-10’, 450W-5’. Endogenous peroxidase was
quenched with 5% H,0, in Methanol for 20 min and subsequently
blocked with 5% skimmed milk for 1 h. After overnight incubation
at 4°C, slides were developed using PolyExcel HRP/DAB Detection
System Universal kit (PathnSitu Biotechnologies, CA, USA),
counterstained with hematoxylin, dried and mounted using DPX
(Sigma-Aldrich). A semi-quantitative labeling index method was
employed to assess overall staining: 2+ and 1+ denoted strong and
moderate staining respectively, while the percent of cells stained
was noted separately. A combined score was allotted [(2+ staining
intensity * percent positive cells) + (1+ staining intensity * percent
positive cells)] to each sample. Pair-wise comparison using
Wilcoxon signed-rank test was employed for test of significance.

Plasmids. 3X-Flag-hTEMS8 (pcDNA3.1) was a kind gift from Brad
St. Croix, National Institutes of Health, USA (20). M50 Super 8X
TOPFlash and MS51 Super 8X FOPFlash and pRLTK were obtained
from Addgene (gift from Randall Moon). TEM8 shRNAs (D6
5’CCGGCCCACAGTTGAGAATGTCCTTCTCGAGAAGGACAT
TCTCAACTGTGGGTTTTTG 3’ and D9 5’CCGGACACTCAAT
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Table II. List of gene specific primers used in the study.

Forward primer (5°-3”) Reverse primer (5°-3") Amplicon (bp) Tm (°C)
OCT4/POUSF1 ACATCAAAGCTCTGCAGAAAGAACT CTGAATACCTTCCCAAATAGAACCC 127 60
TWIST1 GTCCGCAGTCTTACGAGGAG CCAGCTTGAGGGTCTGAATC 159 60
B-Catenin CACAAGCAGAGTGCTGAAGGTGC AAGGAGGCCTTCCATCCCTTC 190 60
AXIN2 CCGAGATCCAGTCGGTGATG GGTTGGCGAAAGTTTGCACT 212 60
NANOG CCTCCTCCATGGATCTGCTTATTCA CAGGTCTTCACCTGTTTGTAG 262 60
ZEB1 TGCACTGAGTGTGGAAAAGC TGGTGATGCTGAAAGAGACG 237 60
ANTXRI AGGTTCGTTGGGGAGAAAAGG CAGTAGGACCCACAAGGCAT 200 60
ASAP1 TGACTAGCAAAACGCAGAACC ACACACATTATATCCCCCTCC 152 60
CNOT7 CTCAGCGACACAAGTACATAAATAA TGGCATAGTGAGGGCACAAG 114 60
LRP6 CCGAGTCAGAACCTGGAAATAC CTCCAACTGATCTCCCATCTAATC 127 60
GAPDH TTAAAAGCAGCCCTGGTGAC CTCTGCTCCTCCTGTTCGAC 144 60
RPL35A GAACCAAAGGGAGCACACAG CAATGGCCTTAGCAGGAAGA 236 50
WNTI1 GGTTTCTGCTACGCTGCTG TAAGCAGGTTCGTGGAGGAG 113 60
WNT2 GAAGCCAACGAAAAATGACC CCCACAGCACATGACTTCAC 148 50
WNT4 GCGAGCAACTGGCTGTACC GAGTCCCTTGCGTCACCAC 256 65
WNTI11 ATATCCGGCCTGTGAAGGACTC TCTTGTTGCACTGCCTGTCTTG 114 65
ACTA2/aSMA CAGCCAAGCACTGTCAGG CAATGGATGGGAAAACAGC 150 60

Tm indicates annealing temperature of primers.

GAGAAGCCCTTTCTCGAGAAAGGGCTTCTCATTGAGTGTTT
TTTG 3’) and scrambled shRNA plasmids were obtained from
Sigma’s Mission® shRNA Library in lentiviral pLKO.1 background
(kindly provided by Prof. G. Subba Rao, IISc).

Wound-healing and invasion assays. Wound-healing assays were
conducted on confluent monolayers by making a scratch with a
p200 tip, in the presence of 0.5-1 uM Mitomycin C to control for
proliferation differences. Images were analyzed using TScratch
software (21). Invasion assays were performed according to
manufacturer’s instructions using BioCoat Matrigel 8 uM Invasion
chambers (#354481, Corning, Corning, NY, USA) by seeding
75,000-200,000 cells in triplicates.

MTT assays. MTT assays (MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide, #M2128; Sigma-Aldrich) were
performed to assess relative chemoresistance of vector
control/scrambled cells and overexpressing/knockdown cells against
Temozolomide, Cisplatin, Etoposide, and 5-Fluorouracil. Briefly,
5,000 cells were plated and treated with drugs for 72 h. Post-
treatment, 20 pl MTT reagent (5 mg/ml) was added and incubated
for a further 3.5 h. Formazan crystals that were formed, was
dissolved in DMSO (Sigma) and absorbance measured at 570 nm.
The data was normalized to solvent (DMSO)-treated controls and a
non-linear regression curve was fitted using GraphPad Prism 5.0 to
arrive at 50% relative Inhibitory Concentration (ICs) values.

BromodeoxyUridine incorporation assays. BrdU incorporation assay
was performed according to manufacturer’s guidelines (Calbiochem,
Cat. No.: QIAS58). Briefly, 1,000-2,000 cells were plated in
triplicates in 96 well plates and allowed to attach overnight. 20 pl
of a diluted BrdU stock (1:2,000) was added to the wells for 4 h,
after which cells were washed with PBS, and fixed with fixation-
denaturation solution for 30 min. After fixation, wells were
incubated with anti-BrdU primary antibody for 2 h, washed twice
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with PBS and incubated with peroxidase IgG-HRP for 1 hour. After
three washes, 100 ul of chromogenic substrate TMB was added and
incubated in the dark for 15 min. The reaction was terminated by
adding 2.5N H,SO, and yellow absorbance was measured at 450-
540 nm using a Plate Reader (Tecan, Mannedorf, Switzerland).

Cell cycle and proliferation assays. Equal number of cells were plated
in triplicates and allowed to attach overnight. Cells were then serum-
starved with serum-free DMEM media for 72 h to achieve cell cycle
synchronization. Post 72 h, one set of cells were harvested, fixed with
Ethanol, and stored in —20°C (denoted as 0 h). The other set was
stimulated with 10% fetal bovine serum containing media, i.e.,
complete media for another 12 h and allowed to progress through the
cell cycle, harvested (denoted as 12 h) and stored at —20°C. A 10 pg/ml
Propidium Iodide solution containing RNase A (Thermo Scientific)
was used to stain the cells at 37°C and 10,000 events were captured
in BD FACSVerse (BD Biosciences). The data was analyzed using BD
FACS Suite software. For proliferation assays, equal number of cells
were plated in 6 well-plates in triplicates and allowed to attach
overnight. Cell proliferation was measured after trypsinization, using
a Trypan-blue exclusion assay with ViCell XR (Beckman Coulter) at
24,48 and 72 h of growth.

Western Blotting. For immunoblotting, protein was harvested using
a modified RIPA buffer containing 1X Protease-Inhibitor Cocktail
(Set III, Calbiochem), and quantified using Bradford reagent
(Biorad, Hercules, CA, USA). Equal amount of protein was
electrophoresed on a 12.5% Sodium Dodecyl Sulfate-
Polyacrylamide gel and transferred onto a 0.45 uM polyvinylidene
difluoride membrane (Immobilon-P, Merck). The membrane was
blocked with 3% bovine serum albumin for 1 hour. Primary
antibodies used were: Anti-TEM8 (#73136, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), Phospho GSK3[3 S9 [#9323,
Cell Signaling Technology (CST), Danvers, MA, USA], Total
GSK3p (#9315, CST), Phospho FAK Y397 (#3284 , CST), Total
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Number of primary (de novo) glioblastomas : 11
Number of recurrent glioblastomas : 13
Number of patient-matched pairs : 5
Median age : 54 years
E 3
| Genomic DNA extraction and Sodium Bisulfite conversion |

| Infinium Human Methylation 450K BeadChip Array |

Preprocessing, batch correction (ChaMP), annotation
with Illumina Methylation Analyzer (IMA) package

¥

B-value 2+0.2 for hypermethylated probes
B-value <£-0.2 for hypomethylated probes

1
1224 hypermethylated and 526 hypomethylated differentially
methylated regions (DMRs) identified in recurrent tumors
2
Identification of hyper-methylated and hypo-
methylated CpG probes on gene promoters and shores
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Validation of transcriptional regulation by RT-PCR and
immunohistochemistry on paired patient cohorts
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FAK (#3285, CST), Phospho-Akt S473 (#4060, CST), Phospho-Akt
T308 (#9275, CST), Total Akt (#9272, CST), B-catenin (#C2206,
Sigma), Lamin A/C (#4777, CST) and [(-Actin (#A5441, Sigma),
Vimentin (#V2258, Sigma), Oct4 (#ab19857, Abcam), Zeb1 (#3396,
CST), Twist (#ab50887, Abcam), a-SMA (#5694, Abcam),
phospho-ILK S246 (#AB1076, Millipore), Total ILK (#3862, CST).
Membranes were developed using femtoLUCENT-PLUS HRP
(#786-003, G Biosciences, Overland, MO, USA) in a Chemi-Doc
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Figure 1. Continued

(Biorad). For nuclear-cytoplasmic fractionation, a hypotonic lysis
buffer protocol was used (22).

Dual luciferase assays. 500 ng of Super 8X TOPFlash (containing
TCF binding elements) or FOPFlash (containing mutated binding
sites) was co-transfected with 10 ng of pRL-TK (Renilla luciferase-
thymidine kinase) in U87 or LN229 cells. After 48 h, lysates were
harvested using passive lysis buffer and luminescence measured
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Figure 1. The ANTXRI/TEMS gene is up-regulated in recurrent glioblastomas. (A) A brief overview of analysis of differentially methylated regions
in primary and recurrent glioblastomas. (B) Hierarchical clustering for the top ~50 hypomethylated probes in recurrent vs. primary tumors. (C)
Relative expression of hypomethylated genes ANTXR1/TEMS, normalized by RPL-35A in our cohort of primary and recurrent glioblastomas. (D)
Mean (-value of ANTXRI promoter-localized probe in primary and recurrent samples. (E) Representative images of immunohistochemistry staining
of TEMS in a retrospective cohort of paired primary and recurrent GBM tissues. (F) Labeling index for TEMS immunostaining in paired samples;
Wilcoxon signed rank paired test p-value 0.001. (G) Kaplan-Meier survival curves for ANTXRI1/TEMS in the Chinese Glioma Genome Atlas (CGGA)
and Donson datasets, classified according to high and low mRNA expression in glioma patients. Hazard ratio (HR) calculated as low/high, with
log-rank (Mantel-Cox) and Wilcoxon (Gehan-Breslow-Wilcoxon) p-values reported. (H) TEMS8 expression in five GBM patient tissues. Note the
predominant ~63 kDa isoform, representing the transmembrane bound receptor. The extra band at 25 kDa (*) is presumably a cleavage product.

according to Promega’s Dual Luciferase Assay kit (#E1980,
Promega) guidelines.

Zymography. Gelatin zymography was employed to assess levels of
matrix metalloproteinases in 72 h serum-free conditioned media
from overexpressing cells. Briefly, 40 ul of media was mixed with
5X non-reducing sample buffer and electrophoresed on Gelatin
(0.1%)-SDS-8% Polyacrylamide gel. The gels were washed twice
with washing buffer and incubated in developing buffer for 22 h at
37°C and subsequently stained with Coomassie Brilliant Blue.

Neurosphere assays. Neurospheres were plated as single-cell
suspensions in ultra-low attachment 24-well plates for 7-14 days using
Neurobasal media (Invitrogen) supplemented with 3 mM L-Glutamine
(Invitrogen), 1X B27 supplement (Life Technologies, Carlsbad, CA,
USA), 0.5X N2 supplement (Life Technologies), 2 pg/ml Heparin
(Sigma), 20 ng/ml recombinant human EGF (R&D systems), 20 ng/ml
recombinant human FGF2 (Peprotech, Cranbury, NJ, USA), and 1X
Penicillin-Streptomycin-Amphotericin B (Invitrogen). Images were
analyzed in Fiji (23) to calculate number and mean diameter of spheres.

Clonogenic assays. A vy-irradiator with Cobaltg, source (Blood
Irradiator 2000, BRIT) was used to irradiate cells with 0, 2,4, 6, 8,
10 Grays. A single-cell suspension was plated in triplicates in 6-well
plates and allowed to grow for three weeks. Colonies were fixed,
stained with Crystal Violet, and photographed at 600 dpi using
Chemidoc (Biorad). Images were processed in Fiji using Threshold
> Process > Binary > Watershed > Analyze particles. The plating
efficiency (PE) and surviving fraction (SF) was calculated as:

PE=(Number of colonies at each dose)/ (Number of cells plated
for that particular dose)

SF at a particular dose=(PE at a particular dose)/(Maximum PE)

The SF was plotted at log scale to fit the data to a linear-quadratic
model. Experiments were conducted thrice, and representative data
is shown.

Statistical analysis. Statistical analyses were conducted using
GraphPad Prism 5. For qPCR fold change calculation, Mann-Whitney
two-tailed t-tests were conducted using p<0.05 for significance
(*p=0.05, **p=<0.001, ***p=<0.0001). For analysis of paired samples,
Wilcoxon signed rank test and paired t-tests were conducted.
Unpaired Student’s -test was conducted for all other analysis.

Data availability statement. The datasets generated in this study are
deposited in Gene Expression Omnibus with accession number
GSE190953.

Results

Genome-wide DNA methylation changes in primary and
recurrent glioblastomas. A brief overview of investigating
differentially methylated regions (DMRs) in primary and
recurrent glioblastoma samples, and subsequent in vitro
experimental analyses is depicted in Figure 1A. Genomic DNA
were subjected to sodium bisulfite conversion and subsequently
the Infinium 450K Methylation Bead Array was performed for
assessing DMRs with a AB-value cutoff of 10.2] and p<0.05,
revealing 1224 hypermethylated and 526 hypomethylated probes
(Supplementary Table I), where IABI=+0.2 in recurrent tumors
compared to primary is considered to be hypermethylated while
IABI=-0.2 in recurrent tumors compared to primary is considered
to be hypomethylated at that particular CpG locus. We
performed a gene-level annotation for these commonly regulated
DMRs for probes localizing to promoter-proximal regions, such
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as 5’-Untranslated Regions, Transcription Start Site (TSS) 200
and TSS 1500, and 1%* Exon regions. The top ~50
hypo/hypermethylated promoter-proximal probes, listed in
Supplementary Table II; were subjected to unsupervised
hierarchical clustering. The resulting clustered hypomethylated
probes is represented in Figure 1B.

The clustering results revealed that the recurrent
(RECURRENT 1-8, and RECURRENT.PAIRED 1-5) and
primary samples (PRIMARY 1-6 and PRIMARY.PAIRED 1-
5) clustered separately in case of the hypomethylated probes,
except for sample ‘RECURRENT 8’ that clustered with
primary samples. However, for the hypermethylated probes
(Supplementary Figure 1A), the clustering did not differentiate
between primary and recurrent samples, suggesting that
promoter hypomethylation is a more uniform DNA methylation
change in recurrent tumors on disease progression.

We observed several interesting candidates among our list of
differentially regulated genes, categorized according to reported
functions in Supplementary Figure 1B. Several genes, such as
CAV2, HTATIP2, DSC3 for which epigenetic inactivation in
different cancers is reported (24-26), came up as
hypermethylated genes in recurrent tumors. Genes associated
with histological grade, such as ZHX2, ASAPI and genes with
reported protumorigenic functions, such as ANTRX1/TEMS,
FAMA46D, AZIN1, CNOT7 were hypomethylated. Several genes
encoding solute carrier ion channels or potassium channels
(KCNN3, KCNTI, KCNQI) were dysregulated (hypo/
hypermethylated) in recurrent glioblastomas. This is interesting
because involvement of ion channels in gliomagenesis is
increasingly being noted (27), and this data may suggest that
there could be unexplored contribution of ion channel
dysregulation in glioblastoma progression.

We validated randomly selected hypomethylated genes in
our patient cohort and found them to be transcriptionally up-
regulated in recurrent glioblastomas. These include stem-cell
biomarker ANTXRI/TEMS (Figure 1C) and the transcriptional
co-repressor CNOT7 (Supplementary Figure 1C). We decided
to functionally characterize the ANTXRI/TEMS (Anthrax
Toxin Receptor 1/Tumor Endothelial Marker 8) gene as it was
found to be hypomethylated at a promoter-associated CpG
island at TSS200, suggesting that hypomethylation could
potentially regulate its transcription, apart from the fact that
it is characterized as a stem-cell biomarker in triple negative
breast cancer (28). It is also reported to be pro-tumorigenic
in osteosarcomas, colorectal and gastric cancer (29-31),
although, significance of its expression or its role in
glioblastomas is not yet reported.

As the ANTXR1/TEMS gene was found to be hypomethylated
in recurrent glioblastomas and transcriptionally up-regulated in
recurrent glioblastomas, we assessed whether the TEM8 protein
is overexpressed in paired recurrent glioblastomas compared to
primary tumors. To this end, a separate retrospective cohort of
29 patient-matched (paired) primary and recurrent glioblastomas
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was utilized to determine protein expression via
immunohistochemistry. We found significant up-regulation of
protein expression (Wilcoxon paired signed-rank test, p=0.001)
in recurrent tumors compared to primary tumors (Figure 1D),
with a mean labelling index of 34.5 in recurrent samples
compared to 27 in primary samples (Figure 1E, Supplementary
Figure 1D). The differentially methylated promoter proximal
CpG in the ANTXR1 TSS200 (cg06870284) was found to have
lower mean f-value in recurrent tumors compared to primary
ones (Figure 1F), suggesting that the increased protein and
RNA expression could be due to promoter-proximal
hypomethylation. In glioblastomas, the role or consequence of
TEMS expression is unknown. Survival analysis via Gliovis
(32) revealed that higher TEMS8 expression conferred poor
survival in gliomas (Figure 1G). Analysis of transcript
expression in Repository of Molecular Brain Neoplasia Data
(REMBRANDT database) revealed TEM8 up-regulation in
lower-grade gliomas (LGGs) and glioblastomas (Supplementary
Figure 1E). This correlated with up-regulation in other datasets,
such as Bredel Brain and Sun Brain (Supplementary Figure 1F).
Immunoblotting for TEMS on glioblastoma tumor tissue lysates
revealed a predominant ~63 kDa band, suggesting that this is
the transmembrane isoform expressed in glioblastomas (Figure
1H). Additionally, to determine TEMS protein expression in
non-neoplastic brain tissues, we utilized a control brain tissue
microarray and observed no detectable staining in control brains
(Supplementary Figure 1G), suggesting that TEMS8 expression
is negligible in normal brain, and its expression is correlated to
gliomagenesis and its progression.

TEMS expression regulates proliferation, invasion, migration,
chemoresistance and radiation resistance in glioblastoma cells.
To understand the functional consequences of TEMS
expression in glioblastomas, we overexpressed a 3X Flag-
hTEMS&/pcDNA3.1 construct in U87-MG, A172 and LN229
cell lines (Figure 2A). We observed a predominant band of 63
kDa, confirming expression of the transmembrane isoform,
while also observing another band at 25 kDa (*), similar to our
observations in glioblastoma tumor lysates (Figure 1H),
suggesting that this could be a cleaved isoform produced in
glioblastoma cells.

In Boyden-chamber assays, we observed increased invasion
in TEMS8 overexpressing cells (Figure 2B); while gelatin
zymography using conditioned media revealed expression of
active MMP-2 (Figure 2C) suggesting a possible role in
increased invasion. We also observed increased wound-healing
(Figure 2D), and increased neurosphere number and size in
TEMBS overexpressing cells (Figure 2E). Using the MTT assay
we explored if TEMS expression enhanced chemo-resistance in
cells towards four chemotherapeutic drugs viz. Temozolomide,
Cisplatin, Etoposide, and 5-FluoroUracil (Figure 2F). Relative
50% Inhibitory Concentration (ICs) calculations by non-linear
regression curve fitting revealed increased ICs, values for all the
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above drugs in TEMS8 OE cells except in the case of 5-
FluoroUracil, which showed a marginal increase (Supplementary
Figure S2A).

We observed increased proliferation in TEMS8 overexpressing
(OE) cells compared to vector controls (VC) as seen by Trypan-
blue based viability assays (Figure 2G) and BromodeoxyUridine
uptake for 4 h (Supplementary Figure S2B), suggesting that
TEMS expression may regulate cell cycle progression. To assess
that, we exposed stably overexpressing U87-MG glioma cells to
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Figure 2. Continued

prolonged (72 h) serum-starvation induced cell cycle
synchronization (termed O h), and then stimulated cell cycle
reentry with 10% FBS-containing complete media for 12 h
(termed 12h) (Figure 2H). Quantitation from three independent
experiments (Figure 2I) revealed that after 72 h of serum-
starvation (time 0 h), ~92% of VC cells while 85% of TEM8 OE
cells were G;-phase arrested. A significantly higher percentage
of cells in S phase were detected in TEM8 OE cells (~7%)
compared to VC cells, suggesting a proportion of TEM8 OE
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Figure 2. TEMS8 gene induces increased proliferation, invasion, migration and chemoresistance. VC denotes vector control and OE denotes
overexpression. (A) Representative TEMS overexpression blots in US7 and Al72, representing the transmembrane bound receptor. The extra band
at 25 kDa (*) is presumably a cleavage product. (B) Representative Matrigel invasion assay in TEMS overexpressing A172 and U87 cells. (C)
Gelatin zymography with VC and TEM8 OE conditioned media. HT1080 conditioned media used as positive control. (D) Representative images
and quantitation of wound-healing assays in A172 and LN229 cells, represented as percentage of open area. (E) Neurosphere generation capacity
of VC and TEMS OE cells at 7 days. Representative images (left) and quantitation of the same. (F) Relative 50% inhibitory concentrations (IC50)
of VC and TEMS8 OE cells towards Temozolomide, Cisplatin, 5-Fluorouracil, and Etoposide. C.I, Confidence interval. (G) Trypan-blue based cell
proliferation assay in VC and TEM8 OE US87 cells. (H-1) Cell cycle progression assay after 12 h of serum-stimulation in VC and OE cells. Cells
were G -phase synchronized (86%-92%) with 72 h of serum-starvation, and then stimulated using 10% serum-containing complete media. Percentage
of cells in each phase after 12 h of stimulation was quantified via flow cytometry and is denoted as numbers. p-Values indicate 2-way Analysis of
Variance (ANOVA) with Bonferroni’s correction. All experiments were repeated thrice, and representative results are shown. p-Value for Student’s

t-test, ¥¥¥p<0.0001; ¥p<0.001; *p<0.05.

cells escaping arrest and progressing to the G,/M phase. At 12
h of growth-stimulation (time 12 h), we observed 8.83% cells in
S phase in TEMS OE cells compared to 4.58% in VC cells, and
a proportionately higher number of cells in the G,/M phase.
TEMS8 expression thus endowed cells with a proliferation
advantage.

Similarly, when TEMS8 was stably knocked-down in U251-
MG glioma cells with two shRNAs, pLKO.1-D6 and pLKO.1-
D9 (Figure 3A), we observed a growth lag in TEMS8 knock
down cells (Figure 3B) compared to scrambled-shRNA
transfected cells (SCR). As described earlier, we used a similar
approach of 72 h serum-starvation induced synchronization and
subsequent cell-cycle re-entry with 10% FBS-containing
complete media (Figure 3C). After 72 h of serum-starvation
(termed O h), we observed more cells (76%) being arrested in
G/ phase in D6 and D9 compared to 61% cells in SCR controls.
To ascertain if parental U251 cells showed similarly low levels
of G-synchronization as SCR cells, we performed the same
experiment with U251-parental cells which revealed that ~66%
cells were G, arrested (Supplementary Figure 3A). This
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suggested that TEM8 knockdown led to more efficient G,-arrest
in D6 and D9 cells on prolonged serum-starvation. Additionally,
only about 11% of both D6 and D9 knockdown cells were
found in G,/M phase, while ~22% of SCR cells were found in
the G,/M phase. Further, at 12 h of growth-stimulation, we
observed 26.3% cells in Go/M phase in SCR, compared to 15
and 16% in D6 and D9 cells respectively, suggesting that TEMS8
knockdown delays cell cycle progression. Quantification from
three independent experiments is shown in Figure 3C.

We also demonstrated reduced invasion (Figure 3D) and
migration (Figure 3E) in D6 and D9 cells when compared to
SCR, and gelatin zymography with conditioned media from
these cells revealed reduced MMP2 levels in knockdown
cells compared to SCR controls (Figure 3F). To assess
whether TEM8 knockdown led to reduced chemo- and
radioresistance, we performed MTT and clonogenic assays
respectively. In response to temozolomide and Cisplatin, we
found relative IC5( concentrations were reduced in D6 and
D9 cells compared to SCR (Figure 3G, Supplementary
Figure 3B). Additionally, clonogenic assays after y-radiation
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exposure (0-10 Gray) revealed that TEMS8 knockdown D6
and D9 cells had attenuated radioresistance compared to
SCR cells (Figure 3H), as evidenced by lesser area-under-
curve (SCR:2.67, D6:1.98, D9:2.5) and surviving fraction.

The TEMS gene regulates [3-catenin signaling in glioblastoma
cells. Few reports have suggested that ANTXRI can interact
with LRP6 (33, 34), and engaging ANTXRI with the C5
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Figure 3. Continued

fragment of Collagen VI or with Anthrax toxin component
Protective Antigen, lead to induction of Wnt target genes, such
as Axin2 or Zebl in triple-negative breast cancer or
endothelial cells (28, 35). We, therefore, explored if TEMS8
activation led to enhanced f3-catenin signaling in glioblastoma
cells. In U87 TEMS OE cells, we observed induction of Wnt
target genes Zebl, Axin2, Nanog, Twistl and a-SMA,
although B-catenin or LRP6 transcript levels were unchanged



Kundu et al: TEMS in Recurrent Glioblastomas

G SCR D6 D9
Drug 1C50 (uM), 1C50 (uM), 1C50 (uM),
95 % C.I 95 % C.I 95 % C.1
Cisplatin 12.2,7.6-19.3 8.15, 6.5-10 7.2,49-10.4
Temozolomide 251,177-403 66.5,41-109 204, 152-297
H

o’

1% - SCR

. -+ D6

2

2 o1 - D9

g o

wv

©

c

o

= 0.01

(8]

©

S

= A

0.001 T T T T 1
1] 2 4 6 8 10
= Radiation dose (Grays)

Figure 3. TEMS8 knockdown (D6 and D9) in U251-MG cells reduces proliferation, invasion, migration while increasing chemo- and radiosensitivity.
SCR denotes scrambled controls while D6 and D9 are pooled knockdown cells. (A) Immunoblot showing TEMS stable knockdown in U251 cells by
lentiviral transduction. (B) Trypan-blue based cell proliferation assay in SCR and TEMS8 knockdown cells. (C) Cell cycle progression assay after
12 h of serum-stimulation in SCR and knockdown cells. Cells were G j-phase synchronized with 72 h of serum-starvation, and then stimulated using
10% serum-containing complete media. Percentage of cells in each phase after 12 h of stimulation was quantified via flow cytometry and is denoted
as numbers. (D) Matrigel invasion assay in scrambled and TEMS8 knockdown cells. (E) Wound-healing assay in U251 scrambled and TEMS8
knockdown cells. Quantification represented as percentage of open area. (F) Gelatin zymography with conditioned media from scrambled and
knockdown cells. HT1080 conditioned media used as positive control. (G) Relative 50% inhibitory concentrations (ICsy) of scrambled and
knockdown cells for Temozolomide and Cisplatin. C.I, confidence interval. (H) Clonogenic assay in scrambled and TEMS8 knockdown cells after
exposure to 0-10 Grays of ionizing radiation. All experiments were repeated thrice, and representative results are shown. p-Value for Student’s t-

test, ***p<0.0001; **p<0.001; *p<0.05.

(Figure 4A). In three glioma cell lines U87, LN229 and A172,
we found induction of Zebl, Twist, Vimentin, Oct4 and o.-
SMA, all of which are induced by p-catenin (Figure 4B). To
determine if this association held true in patients, we assessed
the co-expression of TEM8 with [-catenin target genes in
glioblastoma patients from the Chinese Glioma Genome Atlas
(CGGA) dataset in Gliovis. The expression of Zebl, Axinl,
Axin2, CyclinD1, c-myc and Vimentin were all positively
correlated (Pearson’s correlation co-efficient #%: 0.33-0.77) to
ANTXRI1/TEMS expression (Figure 4C).

We observed no induction of canonical (Wntl, Wnt2) or
non-canonical (Wnt4, Wntl11) Wnt ligands (Figure 4D) in
TEMS OE cells, suggesting that 3-catenin induction by TEM8
is likely Wnt-ligand independent. We further confirmed
enhanced nuclear -catenin accumulation in U87 and LN229
OE cells via nuclear-cytoplasmic fractionation (Figure 4E).
Next, we utilized a dual-luciferase assay to measure nuclear
[-catenin activity in overexpressing and knockdown cells. 3-
catenin responsive 7X TCF containing luciferase reporter
construct, Super8X pTOPFlash, and its negative control with
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7X mutated TCF, pFOPFlash, was transfected into these cells.
We observed basally increased luciferase expression in TEM8
OE cells (Figure 4F) and reduced expression in D6 and D9
knockdown cells compared to SCR cells (Figure 4G),
suggesting that TEM8 expression is correlated to nuclear f3-
catenin activity. Additionally, we found reduced protein levels
of P-catenin target genes, such as Zebl, Twistl, a-SMA,
Vimentin in U251-D6 and -D9 knockdown cells (Figure 4F),
suggesting transcriptional changes and enhanced activation of
the 3-catenin pathway in glioma cells.

TEMS regulation of [-catenin occurs via Src/PI3K/AKT/
GSK3p cascade in glioblastoma cells. As TEM8 could up-
regulate B-catenin and its effector genes, and as per our data
Wht ligands may not be involved (Figure 4D), we explored the
signaling pathway responsible for [3-catenin translocation into
the nucleus. We, therefore, determined the phosphorylation of
protein kinases such as GSK3p, whose inactivating
phosphorylation at Ser9 leads to P-catenin stabilization.
Expectedly, p-GSK3f Ser 9 levels in TEM8 OE cells was up-
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Figure 4. TEMS expression induces [3-catenin in glioblastoma cells. (A) RNA expression of [5-catenin target genes, such as Axin2, Twist, Nanog, Zebl,
a-SMA in VC and TEMS8 OE celis via RT-PCR. (B) Immunoblotting for protein expression of [3-catenin target genes, such as ZEBI, Twist, Vimentin,
a-smooth muscle actin, OCT4 in VC and OE cells. (C) Gene co-expression analysis of ANTXRI/TEMS with [-catenin target genes, such as Zebl,
Vimentin, Axinl, Axin2, CyclinD1, c-myc from the Chinese Glioma Genome Atlas (CGGA) dataset. (D) Expression of canonical (Wntl, Wnt2) and non-
canonical (Wnt4, Wntll) Wnt ligand genes in TEMS overexpressing cells. PCRs were conducted at saturating cycles, ‘+Con’ denotes positive control
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negative control. ns, Non-significant. (G) Luciferase reporter assay with TOPFlash in scrambled controls and TEMS8 knockdown cells. (H)
Immunoblotting for protein expression of -catenin targets, such as ZEBI, Twist, Vimentin expression in U251 scrambled and TEMS8 knockdown cells.
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regulated (Figure 5A) in three cell lines: U87, LN229 and
A172, concomitant with up-regulated p-catenin levels. GSK3f3
is regulated by varied upstream kinases, such as PI3 Kinase
induced AKT (36, 37), Integrin-linked kinase (38, 39) or focal
adhesion kinase (40) in glioblastomas. We observed elevated
levels of phospho-AKT S473 and T308 in TEMS8 OE cells.
Additionally, we observed elevated phospho-ILK (S246) and
phospho-FAK (Y397) levels in TEM8 OE cells.

In TEMS8-knockdown cells, we observed a concomitant
decrease in p-AKT (S473, T308), p-FAK (Y397) and p-
GSK3p (S9) levels (Figure 5B). Interestingly, the total levels
of FAK were reduced in knockdown cells, suggesting
destabilization of focal adhesions and reduction of focal
adhesion-mediated survival signals in these cells.

Since multiple kinases were induced, we utilized a panel of
small-molecule inhibitors to identify the exact signaling
cascade involved in B-catenin stabilization in the presence of
TEMS: LY294002 (PI3K inhibitor), CPD-22 (ILK inhibitor),
FAK inhibitor 1 (324877), RGD peptide (GRDGNP), PP2 (Src
inhibitor) and PP3, a non-functional analog of PP2 was used
as a negative control. We observed that phosphorylation on
AKT (both T308 and S473) and GSK3p (S9) was abrogated in
presence of PI3 kinase inhibitor LY294002 (Figure 5C),
suggesting PI3 kinase activation was responsible for induction
of p-AKT in TEMS8 OE cells. Additionally, we observed that
PP2 (Src kinase family inhibitor) abrogated p-AKT and p-
GSK3p induction as well, suggesting that Src-dependent
activation of PI3 Kinase/AKT was responsible for inactivating
phosphorylation of GSK3p and stabilization of B-catenin in
TEMS8 OE cells. We therefore surmise that a non-canonical
Src/PI3K/AKT/GSK3p/p-catenin pathway is activated in
TEMS expressing glioma cells (Figure 5D) which leads to
enhanced proliferation, invasion, migration, chemo- and
radioresistance in glioma cells.

Discussion

In this study, we investigated genome-wide methylation patterns
in treatment-naive and treated glioblastomas to assess promoter
associated DNA methylation changes when glioblastomas recur.
We report that ANTXRI/TEMS is a hypomethylated and up-
regulated gene in recurrent GBMs, and we demonstrate
increased protein expression in a retrospective cohort of paired
primary-recurrent glioblastomas. In vitro studies in multiple
glioma cell lines revealed that TEMS8 expression conferred
proliferation advantage, invasion, migration, chemoresistance
and radioresistance in these cells. TEMS8-knockout in multiple
cell lines, such as melanoma, lung, colon has been demonstrated
to lead to a drastic reduction in subcutaneous tumor growth
(41). To our knowledge, this is the first study demonstrating
TEMS8’s protumorigenic actions in glioblastoma. We
demonstrate that the 63 kDa TEMS isoform (svl, membrane-
bound receptor) is predominantly expressed in glioblastoma
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patient tissues and cell lines. It can potently regulate
proliferation, invasion and migration in glioma cells, which is
clinically relevant as one of the major causes of glioblastoma
relapse and the tumor’s ability to invade far away from the
tumor bed. TEMS8 expression was also found to influence
chemo- and radioresistance of glioma cell lines. We also
demonstrate the involvement of [3-catenin in this protumorigenic
phenotype and implicate a Src/PI3K/ AKT/GSK3[/B-catenin
pathway in TEMS8 expressing glioblastoma cells. Similar
atypical regulation as this, i.e., Src/PI3K/AKT/GSK3[/p-catenin
was found in transmembrane-bound IL15 receptor signaling in
renal cancer (42), suggesting that this might be a non-canonical
pathway for [3-catenin stabilization. The stimulus for signaling
through Src/PI3K/AKT/GSK3[/B-catenin by TEMS is not
known from our study. We speculate that TEMS is activated by
endotrophin [cleaved C5 domain of Collagen a3(VI)]. This is
because Col a3(VI) was demonstrated to bind the TEMS8
extracellular domain (43) and is predominantly expressed in
glioblastoma perivascular regions (44).

Interestingly, we found enhanced phosphorylation of Focal
Adhesion Kinase (FAK) and Integrin-linked kinase (ILK) in
TEMS8-expressing glioma cells. It is reported that TEMS8
mediates cellular adhesion (45), however the mechanism for
this regulation is not clear. The finding from our study that
FAK/ILK are activated by TEM8 may explain how TEMS8
regulates cellular adhesion and positively impacts migration
and invasion (31, 46).

We restricted this study to IDH-wildtype GBMs as IDH
mutation confers a distinct CpG-hypermethylated phenotype
(47), which may complicate data interpretation. In the recent
past, Klughammer and Keisel ez al. (48) and Kraboth et al.
(49) reported exploring DNA methylation patterns in
sequential glioblastomas. Both these studies utilized
formalin-fixed paraffin embedded (FFPE) patient tissues, and
a modified reduced representation bisulfite sequencing
(RRBS) approach to probe DNA methylation at CpG-rich
regions. The Klughammer study reported DNA methylation
patterns related to immune cell infiltration and a loss of
methylation at Wnt signaling related gene promoters. This
has parallels with our study wherein we see differential
methylation of immune system related genes like Interleukin
receptor antagonists (/LRN1) and Interleukin ligands, and
hypomethylation of the TEMS gene leading to non-canonical
stabilization of -catenin levels in glioma cells.

One important aspect revealed from the study is that
several different potassium-based voltage-gated ion-channels
and solute-carrier channels were differentially methylated in
recurrent compared to primary glioblastomas (Supplementary
Figure 1, Supplementary Table I). Potassium channel
dysregulation in cancer progression is frequently reported
(50), and in glioblastomas in particular, they are known to
modulate cellular osmolarity and consequently cellular
volume; essential for tumor cell invasion in restricted spaces
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Figure 5. Signaling cascade upon TEMS activation. VC denotes vector control and OE denotes overexpression. (A) Immunoblotting for p-AKT,
p-FAK, p-ILK, p-GSK33, B-catenin, in VC and TEMS8 OE cells. (B) Immunoblotting for p-AKT, p-GSK3f5 and [3-catenin in scrambled controls and
TEMS knockdown cells. (C) Immunoblotting for assessing p-AKT T308, p-AKT S473 and p-GSK3[ S9 levels in inhibitor treated cells for 6 h. (D)
A model for Src/PI3K/AKT/GSK3p/f-catenin cascade in glioblastoma cells. Schematic created in BioRender.

(51). Hence, the contribution of such genes in glioblastoma
progression needs further investigation.

One of the limitations of this study is the cohort size of
paired primary and recurrent patient samples, due to scarce
availability of fresh-frozen paired samples. To mitigate this
limitation, we utilized a separate cohort of retrospective
paired FFPE tissues for independent validation of protein
markers wherever necessary.
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Conclusion

This study highlights the importance of epigenetic changes that
promotes aggressive growth and invasion of glioma cells. We
demonstrate the importance of one such gene, TEMS and there
could be several other genes which may individually and/or
collectively contribute to the recurrence phenomena. In this
study, we have characterized the contribution of one such gene
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in promoting glioblastoma aggressiveness and deciphered its
mechanism (s) of action. Our study is in concordance with a
growing body of literature suggesting that ionizing radiation
and chemotherapy with alkylating agents as Temozolomide on
highly heterogenous and adaptive tumors as glioblastomas may
bring about complex and unpredictable responses, therefore
newer and more efficient treatment modalities are urgently
required for glioblastoma treatment.
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