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Abstract

Glioblastoma (GBM) is the most aggressive cancer of central nervous system with worst patient outcome. Telomere main-
tenance is a crucial mechanism governing GBM initiation and progression making it an attractive target. microRNAs (miR-
NAs) have shown therapeutic potential in GBM. Earlier, we showed miR-490 is downregulated in GBM patients and plays a
tumor suppressive role. Here, we show that miR-490 regulates telomere maintenance program in GBM by directly targeting
Telomeric Repeat-binding Factor 2 (TERF2) of the shelterin complex, Tankyrase 2 (TNKS2) and Serine/Threonine-protein
kinase, SMG1. Overexpression of miR-490 resulted in effects characteristic to hampered telomere maintenance via TERF2
inhibition. These include induction of telomere dysfunction-induced foci and global DNA damage (53BP1 foci), along
with an increase in p-yH2AX levels. Further, it led to inhibition of telomere maintenance hallmarks via reduced stemness
(SOX2 and SOX4 downregulation) and induction of senescence (H3K9me3 marks gain and SIRT1 downregulation). It also
initiated downstream DNA damage response (DDR) leading to p53 pathway activation. Moreover, microarray data analysis
highlighted an overlap between miR-490 expression and REST-inhibition responses in GBM. Thus, miR-490-mediated
targeting of telomere maintenance could be therapeutically important in GBM.
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Introduction processes like aging as well as carcinogenesis and cancer

progression is the regulation of telomere maintenance mecha-

Glioblastoma remains the most aggressive tumour of the
central nervous system. Despite the advances in conven-
tional therapeutic strategies, the prognostic outcome of GBM
patients has improved marginally [1]. However, the evaluation
of the molecular aberrations involved in gliomagenesis and
progression has advanced our understanding about gliomas
while simultaneously enabling the identification of promising
druggable targets. One of the key factors regulating crucial
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nisms (TMMs) that include activity of telomerase, shelterin
complex and other factors [2]. Telomeres are the ends of linear
eukaryotic chromosomes composed of tandem 5’-TTAGGG-3’
repeats. Although telomere length has been directly correlated
to organismal aging, recent evidence suggests that the rate of
telomere shortening in an organism is a better indicator of its
biological age [3]. Replication of linear chromosomes is even-
tually met with a hindrance called the end replication problem
where the DNA replication machinery is unable to replicate
the linear overhangs which causes recession of these ends. If
unchecked, this leads to loss of vital genetic information. Cells
solve this issue by initial activation of telomerase to elongate
the telomeres via addition of the repeats, which are then repli-
cated by DNA replication machinery. However, telomeres get
progressively shortened with each round of replication, which
eventually leads to cellular senescence or apoptosis. Telomere
maintenance is, thus, especially important to malignant trans-
formation for evading apoptosis and senescence and main-
taining proliferative potential [4]. Cancer cells, unlike normal
cells, frequently harbor TERT promoter mutations (TPMs) to

@ Springer


http://orcid.org/0000-0003-0488-5048
http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-020-03644-2&domain=pdf
https://doi.org/10.1007/s00018-020-03644-2

2300

0. S.Vinchure et al.

reactivate the telomerase and exhibit enhanced genomic insta-
bility, both of which collectively contribute to tumorigenesis
[5]. Telomere maintenance has been implicated in increased
cancer stemness [6, 7], proliferation [8] and resistance to radio/
chemotherapy [9-11], and hence tumour recurrence in glioma.
However, evaluating the therapeutic potential of targeting tel-
omere maintenance in GBM remains poorly explored.

MicroRNAs (miRNAs) are the non-coding RNAs that
mediate post-transcriptional gene regulation. miRNAs bind
to discrete binding sites on the 3’UTR of cognate target
mRNA transcripts. This leads to the formation of RNA-
induced silencing complex (RISC) which eventually leads
to the degradation of the transcript or repression of its
translation [12]. Interestingly, the expression of miRNAs
themselves is deregulated in various malignancies including
GBM [13, 14]. Generally, the downregulated miRNAs are
known to play a tumour-suppressive function and upregu-
lated miRNAs are oncogenic in nature (oncomiRs) [15].
Thus, miRNAs have emerged as novel regulators of gene
expression and crucial therapeutic targets/agents.

Earlier, we showed that miR-490 is an epigenetically sup-
pressed miRNA in GBM and that it functions as a tumour-
suppressor miRNA by inhibiting the TGF-f pathway-medi-
ated epithelial-to-mesenchymal transition (EMT) [16]. The
hallmarks suppressed by miR-490 and recent evidence about
the role of TGF-f pathway in telomere dynamics prompted
us to investigate its participation in regulation of telomere
maintenance [17]. In that context, we report here that miR-
490 regulates telomere maintenance in GBM cells. miR-
490 was also shown to target various genes (TERF2 of the
shelterin complex, TNKS2 and SMG1) that are known to
regulate TMM in GBM. Overexpression of miR-490 leads to
telomere dysfunction-induced foci formation and DNA dam-
age in GBM cells. miR-490 induces DNA-damage response
and the senescence program in GBM cells as well as inhibits
stemness. It also leads to the activation of p53 signaling and
induction of REST-inhibition response. Thus, overexpres-
sion of miR-490 inhibits key hallmarks of telomere mainte-
nance in GBM characteristic of TERF2 inhibition leading
to impaired telomere maintenance and activation of corre-
sponding tumour-suppressive events in GBM cells. Thus,
targeting TMMs in GBM cells to inhibit its progression
via miR-490-mediated TERF2 inhibition could be a viable
therapeutic strategy.

Materials and methods
Cell culture
Since the dysregulation of telomere maintenance culminates

in apoptosis or senescence mostly regulated by the p53 path-
way, GBM cell lines US7MG (wild-type p53) and T98G
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(p53 mutant ¢.711G >T) both differing in their p53 status
were chosen for analysis. U87MG and T98G cell lines were
maintained in DMEM medium supplemented with 10% fetal
bovine serum, 100 U/ml penicillin and 100 pg/ml strepto-
mycin and incubated at 37 °C and 5% CO, in a humidified
atmosphere in an incubator. The U§7MG cell line was pro-
cured from the cell line repository at the National centre for
cell science (NCCS, Pune, India). The T98G cell line was a
kind gift from Dr. Ellora Sen (National brain research centre,
Manesar, India).

Transient transfections

Cells were seeded such that they were ~80% confluent 24 h
post seeding. Cells were transfected with miR-490 overex-
pressing plasmid PC-490 or its control PCDNA (1.5 pg or
3 ug for 12-well and 6-well plate format, respectively), using
Lipofectamine 2000 transfection reagent (Invitrogen, USA)
as per manufacturer’s instructions. The cells were processed
after 48 h for the quantification of transcript levels using
gPCR or performing the cellular assays.

miRNA target prediction and TCGA data analysis

Potential targets of miR-490-3p were predicted using the
miRWalk 2.0 database that uses 12 different miRNA tar-
get prediction programs [18]. Genes predicted by at least
5 programs were considered as potential targets for further
analysis (Supplementary Table 1). Further, shortlisting
of the targets was done on the basis of their novelty and
involvement in different modes of telomere maintenance.
Project Betastasis (https://www.betastasis.com) was used for
gene set correlation analysis from the cancer genome atlas
(TCGA) GBM patient cohort.

Luciferase assay

The binding sites of miR-490 in the 3’UTR of the target
transcripts were obtained using targetscan [19]. The primers
flanking the miR-490 binding sites were designed using the
gene runner program. The region of 3’UTRs of the selected
target genes containing miR-490 binding sites was ampli-
fied by PCR. It was then cloned into the luciferase reporter
vector (pMIR-REPORT) in the sites for Sacl and Spel down-
stream of a firefly luciferase gene. pMIR-REPORT vector
was a kind gift from Dr. Dipanjan Chowdhury, Dana Farber
Cancer Institute, USA. To perform PCR-based site-directed
mutagenesis, primers incorporating the indicated mutations
in the miR-490-3p-binding site on TERF2 mRNA were
designed. The primer sequences are available in Supplemen-
tary Table 2. PCR was then performed using these primers
and the luciferase construct harboring wild-type binding
site as a template. This was followed by Dpnl digestion and
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purification of PCR products to eventually yield a luciferase
construct with the mutant binding site. Cells (3 x 10* cells/
well of a 24-well plate) were co-transfected with 3°’UTR
luciferase constructs and miR-490 overexpression vec-
tor or its control using Lipofectamine 2000 (Invitrogen).
Luciferase activity was quantified with the Dual Luciferase
reporter assay (Promega) 48 h post transfection as per the
manufacturer’s instructions using FB 12 Luminometer
(Berthold).

Total RNA isolation

Total RNA isolation from cell lines either from transfected
groups or non-transfected cells was performed 48 h post
transfection using an RNA extraction kit (Qiagen) according
to the manufacturer’s instructions. The concentration and
purity of RNA samples was determined using a NanoDrop
spectrophotometer (Thermo fisher scientific).

Reverse transcription and quantitative polymerase
chain reaction (qPCR)

Stem-loop Reverse Transcription-PCR was performed using
miRNA-specific stem-loop primers to reverse-transcribe
miR-490-3p and RNU6-6P (used for normalization). gPCR
for miRNAs was performed using miRNA-specific forward
primer and a universal reverse primer (Supplementary
Table 2). Reverse transcription of mRNAs was performed
using Oligo dT primer from iScript cDNA synthesis kit
(BioRad). The cDNA prepared as above was further quanti-
fied using respective primers in CFX96 real-time system
(Biorad) using SsoFast Evagreen Supermix (Biorad). Beta-
Actin and RNU6-6P were used as controls for the normaliza-
tion of mRNAs and miRNAs, respectively. Data were plotted
using the 2-AACt method.

Protein isolation and western blotting

The cells were collected and lysed in non-denaturing lysis
buffer at the end of the treatments 48 h post transfection.
Protein estimation was done by Bradford assay. For west-
ern blot analysis, 30 pug protein was denatured in Laemmli
sample buffer and subjected to SDS-PAGE on 8 or 10%
Tris—glycine gel. The resolved proteins were transferred
on a nitrocellulose membrane and blocked for 2 h at room
temperature in 5% skim milk. The membranes were probed
with the primary antibodies for TERF2 (Cat. No. 2645,
cell signaling technology; 1:1000), phospho-yH2AX (Cat.
No. 05-636, Upstate; 1:1000), TP53 (Cat no. 2524S, Cell
Signaling Technology; 1:1000), p21 (Cat. No. 2947 T, cell
signaling technology; 1:1000), H3k9me3 (Cat. No. 07442,
Upstate; 1:500), SIRT1 (Cat. No. AB12193, Abcam;
1:2000), SOX2 (Cat. No. AB97959, Abcam; 1:1000), SOX4

(Cat. No. AB10537, Abcam; 1:500), SMC1 (Cat. No. A300-
055A, Bethyl Laboratories; 1:4000) and Beta-actin (Cat. No.
AS5316; Sigma-Aldrich; 1:4000) overnight at 4 °C followed
by incubation in respective HRP-conjugated secondary anti-
bodies at room temperature for an hour. The ECL (Millipore)
detection system was employed for visualization. Beta-actin
was used as a loading control.

Preparation of metaphase spreads

For metaphase preparation, cells were treated for 4 h with
0.1 pg/ml Colcemid after respective treatment 48 h post
transfection. Cells were then trypsinized and re-suspended
slowly in pre-warmed (37 °C) hypotonic solution (0.03 M
sodium citrate) for 25 min. Then, cells were fixed in a low
volume of fixative solution (3:1 methanol/acetic acid), cen-
trifuged, collected and supernatant was aspirated. Fixative
solution was again added while gently vortexing. This was
repeated 3 times. Finally, the cells were re-suspended in a
small volume of fixative. Glass slides were wet with 45%
acetic acid and drained. Cell suspension was added onto
glass slides from a maximum distance possible. The slides
were dried overnight.

Quantitative fluorescence in situ hybridization
(Q-FISH) on metaphase spreads

Slides were fixed with 4% formaldehyde solution in PBS
and treated with Pepsin/HCIl solution. After washing with
PBS, slides were dehydrated with increasing ethanol con-
centrations (70%, 90%, and 100%) and were dried overnight.
Slides were then incubated with Tel-Cy3 PNA telomeric
probe mix for 3.5 min at 85 °C followed by 2 h RT incuba-
tion in a wet chamber. After the incubation, the slides were
washed with wash solution (70% formamide, 10% BSA, 1%
1 M Tris pH 7.2 in water) and then in 0.08% TBS-Tween.
The slides were then incubated in a DAPI bath for 5 min at
room temperature followed by Vectashield application. A
coverslip was added to each slide and the slides were sealed
with nail polish. Slides were stored at 4 °C in the dark before
confocal microscope imaging. Six images of the metaphase
spreads (random) per slide were obtained using a confocal
microscope (Leica TCSSPS) followed by quantification of
the telomere probe fluorescent signal.

Preparation of slides for immunofluorescence

Cells were trypsinized 48 h post transfection and the pellet
was re-suspended in 10% formaldehyde solution in PBS (pH
7.0) for 20 min at room temperature. Porcine type A gelatin
solution (10% gelatin in PBS) was made and added to an
equal volume of cell suspension. The solution was gently
poured into an Eppendorf tube and allowed to solidify for
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«Fig. 1 miR-490 targets multiple genes involved in telomere main-
tenance in GBM. a Pipeline to identify miR-490-3p targets involved
in telomere maintenance. b qPCR analysis of target genes TERF2,
TNKS2 and SMG1 upon miR-490 overexpression in U87MG and
T98G cell lines. ¢ Prediction of binding sites of miR-490 in 3°UTR
of candidate genes using Targetscan. d 3’UTR Luciferase dual-
reporter assay for constructs harboring 3’UTR of TNKS2 and SMG1
with wild-type miR-490-3p-binding sites. € 3’UTR Luciferase dual-
reporter assay for construct harboring 3’UTR of TERF2 with wild-
type or mutated miR-490-3p-binding site. f Western blotting for
TERF2 upon overexpression of miR-490 in US7MG and T98G cells.
Images are representative of western blotting performed as three rep-
licates. For quantitative PCR analysis, actin was used as a control
for normalization of mRNA data. Data was plotted using 2-AACt
method. Beta-actin was used as a loading control for western blotting.
The graphs represent mean +SD of at least three independent experi-
ments (*p <0.05, **p <0.01)

5 min at 4 °C. 1 mL of formaldehyde solution was added
on top and tubes were stored at 4 °C overnight. The gelatin
block was extruded into histopathology cassettes the fol-
lowing day and processed for paraffinization and sectioning.

Immunofluorescence staining

After deparaffinization and citrate antigen retrieval, the
slides with gelatin sections were washed in PBS and per-
meabilized with 0.5% Triton in PBS for 3 h. Followed by
washing in PBS again, slides were blocked with 100% FBS
for 1 h at room temperature. Respective antibodies were
diluted using antibody diluent with background reducing
agents and applied onto the slides followed by incubation
overnight at 4 °C in a wet chamber. The slides were washed
with 0.1% Tween 20 in PBS followed by 1 h incubation with
appropriate secondary antibodies. After washing slides again
with PBS, the slides were incubated in DAPI bath for 5 min
followed by washing with PBS. A coverslip was added after
the Vectashield was applied and slides were sealed with nail
polish and stored at 4 °C in the dark before imaging.

Telomere dysfunction-induced foci (TIFs) and DNA
damage foci analysis

To identify the incidence of DNA damage at telomeres,
immunofluorescence staining was performed in cells trans-
fected with either PCDNA or PC-490 48 h post transfection.
The slides with gelatin sections were processed for immuno-
fluorescence as described in the immunofluorescence stain-
ing section. Antibodies against TERF1 (Cat. No. AB10579,
Abcam; 1:100) and 53BP1 (Cat. No. NB100-304, Novus
Biologicals; 1:1000) were used as telomere and DNA-dam-
age markers, respectively. Images were obtained using a con-
focal microscope (Leica TCSSPS). To quantify TIFs, images
were analyzed using ImageJ. The fluorescent spots positive
for DAPI, TERF1, and 53BP1 were considered as TIFs. The
same slides were used to quantify 53BP1 foci. Cells with at

least 3 distinct 53BP1 foci against a DAPI background were
considered for analysis.

Microarray data acquisition

Two separate datasets based on gene expression by micro-
array with Accession IDs GSE4290 and GSE118983 were
obtained from NCBI Gene Expression Omnibus database
(https://www.ncbi.nlm.nih.gov/geo/). Data for 77 GBM
patients were obtained from GSE4290. Data for differen-
tially expressed genes (DEGs) in response to miR-490 over-
expression in GBM cells were obtained from GSE118983.

Downstream analysis of DEGs

GBM patients from GSE4290 were stratified into two groups
REST-High and REST-Low based on the expression pro-
file of REST. Gene expression data were downloaded using
GEO2R tool and were used to identify significantly altered
DEGs among REST-Low vs. REST-High (GSE4290) and
miR-490 overexpression vs. control (GSE118983) groups
based on p value (p <0.05). Further, the Panther pathways
tool [20] was used to perform the pathway enrichment analy-
sis in the respective DEGs. The top 5 pathways based on
number of representative genes were analyzed by intersect-
ing the DEG profiles obtained from these groups. AmiGO
gene ontology [21] analysis tool was used to obtain gene
entries associated with GO terms ‘senescence’, ‘apoptosis’
and ‘stem cell population maintenance’.

Statistical analysis

All in vitro experiments were performed in three biologi-
cal replicates with a minimum of two technical replicates.
Two-tailed Student’s ¢ test was applied for the calculation
of p values using Microsoft excel. Data with p value <0.05
were considered significant.

Results

miR-490 targets multiple genes involved
in telomere maintenance in GBM

Previously, we showed that miR-490 acts as a tumour-sup-
pressor miRNA in GBM by inhibiting GBM proliferation
and inducing apoptosis among other hallmarks. Interestingly,
these features are characteristic to telomere maintenance as
well. First, to investigate the mode of action of miR-490
in the context of telomere maintenance, we analyzed miR-
490 targets predicted by at least 5 target prediction algo-
rithms using miRWalk [18] (Supplementary Table 1). We
intersected this list with the genes with GO term ‘telomere
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«Fig.2 miR-490 induces telomere fragility in GBM cells. a Rep-
resentative images of quantitative fluorescent in situ hybridiza-
tion (Q-FISH) using metaphase spreads of U87MG and T98G cells
transfected with either PCDNA or PC-490. DAPI and cy3-labeled
telomere PNA probe were used as nucleus and telomere stains,
respectively. The region highlighted in insets is shown separately as
an enlarged image. b Quantification of Q-FISH data represented as
average telomere spot fluorescence. Number of spots analyzed for
each sample is as follows: US7MG PCDNA (4975 spots), USTMG
PC-490 (8257 spots), T98G PCDNA (19,247 spots) and T98G
PC-490 (14,812 spots). Representative images for the incidence of
telomere DNA damage as telomere dysfunction-induced foci (TIFs)
in (¢) U7MG and (d) T98G cells upon miR-490 overexpression by
immunofluorescence microscopy, with the quantification for both cell
lines shown in (d). DAPI was used as a nucleus stain, 53BP1 was
used as a pan-nuclear DNA damage marker, and TERF1 was used
as a telomere probe. Cells with colocalized fluorescent spots for all
three markers were considered as positive for TIFs (highlighted in the
insets). Sample TIFs analyzed are marked. Data was represented as
the percentage of cells with at least one TIF in each sample group.
The graphs represent mean +SD of at least three independent experi-
ments (¥p <0.05, **p <0.01)

maintenance’. Out of the 16 genes identified (Supplemen-
tary Table 1), we decided to further focus on four genes
TERF2, SMG1, TNKS2 and PML (Fig. 1a). These were
shortlisted with an attempt to gauge the effect of miR-490
on different modes of telomere maintenance, for instance,
direct maintenance (via TERF?2 of the shelterin complex) or
indirect maintenance (via TNKS2 and SMG1) and based on
their novelty. To study the effect of miR-490 on the expres-
sion of these genes, we transfected GBM cells with either
control PCDNA (mammalian expression vector pcDNA
3.1(+) (without insert)) or PC-490 (pre-miR-490 cloned in
pcDNA 3.1(+) for overexpression of miR-490). A qPCR
analysis upon miR-490 overexpression revealed significant
downregulation of TERF2, TNKS2, and SMG1 indicating
that these genes could be direct targets of miR-490 (Fig. 1b).
Using Targetscan, we predicted the binding sites of miR-
490 in their 3’UTR (Fig. 1c). To investigate direct binding
of miR-490 to these predicted sites, we cloned these sites
in pMIR-REPORT vector downstream to the firefly lucif-
erase gene. A significant inhibition of luciferase activity was
observed upon miR-490 overexpression when TNKS2 and
SMG1 WT 3’UTR luciferase constructs were used indicat-
ing that TNKS2 and SMG1 could be direct targets of miR-
490 (Fig. 1d). Owing to the direct involvement of TERF2 at
the telomeres, we further focused on TERF2. To that end,
we also performed PCR-based site-directed mutagenesis
on miR-490-binding site in TERF2 3’UTR to yield TERF2
Mut UTR luciferase construct. Subsequent luciferase assay
showed that miR-490 overexpression significantly down-
regulated the luciferase activity in the case of TERF2 UTR
luciferase construct which was restored significantly when
TERF2 mut UTR luciferase construct was used, suggesting
that miR-490 brings about downregulation of TERF2 lev-
els through direct binding on its binding site in its 3’UTR

(Fig. le). We further observed downregulation of TERF2
expression at the protein level after overexpressing miR-
490 by western blotting, confirming that miR-490 inhibited
the expression of TERF2 in GBM (Fig. 1f). Thus, miR-
490 targeted the telomere maintenance program in GBM
cells by affecting the levels of TERF2, TNKS2, and SMG1
transcripts. Given the positive correlation in the expression
of TERF2, TNKS2, and SMG1 in GBM (Supplementary
Fig. 1), miR-490 appears to regulate the telomere mainte-
nance program by multifaceted targeting.

miR-490 induces telomere fragility in GBM cells

One of the consequences of hampered telomere mainte-
nance is the introduction of telomere fragility. To inves-
tigate the effect of miR-490 overexpression on telomere
maintenance, we performed quantitative fluorescence
in situ hybridization (Q-FISH) on metaphase preparations
to measure the relative telomere length in GBM cells trans-
fected with either PCDNA or PC-490 in T98G and U87MG
cell lines. A decrease in relative mean fluorescent signal
intensity (corresponding to decrease in average telomere
length) was observed in U87MG cells overexpressing miR-
490. Although the data were not significant (p =0.08 for
U87MG), the trend seems to indicate progressive shortening
of telomere length in the US7MG GBM cell line (Fig. 2a).
The quantification of the intensities is plotted in Fig. 2b.
However, no decrease in relative mean fluorescent signal
intensity was observed in the T98G cell line. A comparison
between control groups in each cell line indicates shorter
telomere length in T98G as compared to US7MG (Fig. 2b).
Next, to gauge the effect of miR-490 on telomere DNA dam-
age, we performed telomere DNA dysfunction-induced foci
(TIFs) analysis using immunofluorescence staining on inter-
phase samples. We used antibodies against TERF1 (telomere
probe) and 53BP1 (pan-nuclear DNA-damage marker) and
checked for co-localization of their respective fluorescent
signals against a DAPI (nuclear stain) background. It was
observed that a higher proportion of cells overexpressing
miR-490 exhibited an incidence of TIFs (percentage of
cells with TIFs) with statistically significant differences in
US87MG cell line but not in T98G cell line (Fig. 2c, d). This
could be so owing to the higher incidence of TIFs in the cells
with mutated p53 like T98G. Thus, miR-490 overexpression
could result in telomere fragility as seen from the incidence
of TIF formation and telomere length shortening in GBM
cells with wild-type p53 (U87MG cells).

miR-490 induces DNA damage in GBM
One of the prime functions of shelterin complex proteins

apart from maintaining telomere integrity is to prevent
the activation of DNA-damage response (DDR) pathways.
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For instance, it has been shown that upon depletion of the
shelterin component TERF2, ATM kinase-mediated DDR
signaling is activated, culminating in apoptosis, cell cycle
arrest, or senescence via activation of p53 signaling [22]. We
checked the onset of DDR by counting DNA damage foci by
immunofluorescence staining using 53BP1 as a pan-nuclear
DNA-damage marker post transfection with either PCDNA
or PC-490. We observed that miR-490 overexpression led
to an increase in the proportion of US7MG cells having
more 53BP1 foci as compared to the cells transfected with
PCDNA (Fig. 3a). Interestingly, T98G cells did not exhibit
such response (Fig. 3b). The quantification of the percent-
age of cells with 3 or more 53BP1 foci for both the U87TMG
and T98G cell line is shown in Fig. 3c. Further, to validate
the significant induction of global DNA damage as seen
from 53BP1 staining of single cells, we performed west-
ern blotting using bulk cells for another pan-nuclear DNA-
damage marker p-yH2AX. Interestingly, it was observed that
miR-490 overexpressing cells showed an accumulation of
p-YH2AX in both the cell lines (Fig. 3d). Overexpression of
miR-490, thus, induced DNA damage in these cells.

miR-490 inhibits hallmarks of telomere
maintenance

Cellular senescence is the prolonged arrest of cell cycle pro-
gression that arises due to various cellular insults including
telomere damage. Tri-methylation of Lys9 in Histone H3
(H3K9me3) is considered as an epigenetic marker of senes-
cence in GBM [23, 24]. Also, a member of the sirtuin fam-
ily of proteins, namely SIRT1, has been shown to suppress
senescence in GBM via suppression of CHK?2 activation in
the ATM kinase-dependent DDR pathway [25]. To inves-
tigate the onset of senescence, we thus performed western
blotting for H3K9me3 and SIRT1in GBM cells and qPCR
analysis for SIRT1 and P53 (PS3BETA) after transfection
with either PCDNA or PC-490. We observed that upon
miR-490 overexpression, a senescence program was acti-
vated in the cells as seen by increased H3K9me3 marks and
downregulation of SIRT1 (Fig. 4a). qPCR analysis showed
downregulation of SIRT1 in T98G cells with no change in
P53p transcript levels (Fig. 4b). This indicated that miR-
490 overexpression could induce senescence in GBM cells.
Interestingly, in support of our observation, the expression of
TERF2 is negatively correlated with senescence-promoting
genes-D-amino acid oxidase (DAO), Epsin-3 (EPN3) and
positively correlated with senescence-inhibiting SIRT1
[26] which prompts towards the regulation of senescence
program by miR-490 via TERF?2 inhibition (Supplementary
Fig. 2).

Telomere maintenance in GBM has been well associated
with enhanced stemness and targeting shelterin proteins has
shown promise in its inhibition [8]. Recent research in the
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context of stemness in GBM has identified the crucial factors
that regulate cell stemness, which is implied in enhanced
chemoresistance and tumour recurrence. For instance, SOX?2
and SOX4 were identified to promote glioma self-renewal
and are widely implicated in stemness [27]. We performed
western blotting for stemness genes SOX2 and SOX4 and
gPCR analysis for SOX2, SOX4, and CD133 after trans-
fection with either PCDNA or PC-490 to evaluate the link
between miR-490-mediated telomere damage and stemness.
Interestingly, we observed that miR-490 overexpression
brought about downregulation of SOX2 in T98G and SOX4
levels in both T98G and U87MG cells at the protein levels
with minimal effects at transcript levels indicating that miR-
490 affected the translation of these proteins or their sta-
bility (Fig. 4c). qPCR analysis showed inhibition of SOX2
and CD133 in U87MG and T98G cell lines, respectively
(Fig. 4d). The more pronounced effect of miR-490 over-
expression on stemness genes was observed at the protein
level and not at transcript levels, possibly indicating that
miR-490 affected the translation or stability of these proteins
via other effectors rather than by post-transcriptional regula-
tion. We also compared the genes associated with GO terms
‘senescence’, ‘apoptosis’ and ‘stem cell population mainte-
nance’ with significantly altered DEGs representing miR-
490 overexpression obtained from GSE118983 and found
many overlapping entries (Supplementary Fig. 3). miR-490
could, thus, be crucial in regulation of these hallmarks of
telomere maintenance in GBM.

miR-490 activates downstream p53 signaling
pathway

To investigate the pathway activated upon TERF2 deple-
tion and telomere DNA damage instigated by miR-490
overexpression, we hypothesized that miR-490 would acti-
vate the p53 signaling pathway since p53 is a well-known
master regulator of DNA-Damage Response. To that end,
we performed qRT-PCR analysis post transfection with
either PCDNA or PC-490. We studied the expression of
genes in the p53 pathway including TP53, p21, Survivin
and NOXA. Upon miR-490 overexpression in U§7TMG, we
observed a moderate induction in p21 levels (p =0.1) and
a downregulation in Survivin indicating that downstream
p53 signaling was activated (Fig. 5a). On the other hand,
upon miR-490 overexpression in T98G cells with defective
p53 signaling, we did not observe induction in p53 path-
way genes with the exception of NOXA (Fig. 5b). Next,
we performed western blotting for p53 and p21 after trans-
fection with either PCDNA or PC-490 in the US7MG cell
line. Although we did not observe an induction in total p53
protein levels, a significant upregulation was seen in p21
protein levels after miR-490 overexpression in line with the
gPCR data (Fig. 5c). Also, in accordance with qRT-PCR
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«Fig.4 miR-490 inhibits hallmarks of telomere maintenance. a West-
ern blotting for senescence markers H3K9me3 and SIRT1 upon miR-
490 overexpression in U§7MG and T98G cell lines. b qPCR analysis
of SIRT1 and P53BETA upon miR-490 overexpression in US7TMG
and T98G cell lines. ¢ Western blotting for stemness markers SOX2
and SOX4 upon miR-490 overexpression in US87MG and T98G cell
lines. d gPCR analysis of SOX2, SOX4 and CD133 upon miR-490
overexpression in U87MG and T98G cell lines. For quantitative PCR
analysis, actin was used as a control for normalization of mRNA data.
Data was plotted using 2-AACt method. Beta actin was used as a
loading control for western blotting. The graphs represent mean+ SD
of at least three independent experiments (*p <0.05, **p <0.01)

data, we did not observe an induction in p53 levels in the
T98G cell line (Fig. 5d). Thus, miR-490 overexpression-
induced DNA damage and DDR signaling in GBM cells,
culminating in the activation of the p53 pathway in cells
with wild-type p53.

miR-490 mediates a cellular response similar
to REST downregulation in GBM

RE1 Silencing Transcription Factor (REST) is a known
oncogene that promotes glioma aggressiveness and is asso-
ciated with a poor prognostic outcome [28]. The association
of TERF2 with REST has been shown to promote REST
stability and repression of its target genes [29]. We, thus,
hypothesized that miR-490, via TERF2 inhibition, led to
the activation of transcriptional response similar to REST
downregulation. We performed gene expression data analy-
sis using publicly available microarray datasets. A sche-
matic representation of the approach followed is shown in
Fig. 6a. First, we downloaded the gene expression microar-
ray data for REST in 77 GBM samples from GEO dataset
GSE4290 from NCBI Gene Expression Omnibus database
using GEO2R tool. To study differentially expressed genes
(DEGs) pertaining to REST, we divided the GBM samples
into two groups, namely REST-High (n=32) and REST-Low
(n=45) on the basis of mean expression of REST. We then
compared the expression of REST in these groups (REST-
Low vs. REST-High) and found significant difference in
REST expression, which validated the stratification approach
(Fig. 6b). As a further step of validation, we compared the
24-gene REST signature [30] (genes upregulated upon REST
inhibition) with the upregulated DEGs (representative of
REST downregulation) from our analysis. Interestingly, we
observed a significant overlap (~67%; 16 out of 24 genes)
indicating the activation of transcriptional response for
REST-inhibition (Fig. 6¢). Significantly altered DEGs rep-
resenting REST downregulation (referred to as REST-group;
p <0.05) were, thus, obtained from comparison of REST-
Low vs. REST-High groups using GEO2R (Supplementary
Table 3). Similarly, we obtained significantly altered DEGs
representing miR-490 upregulation (referred to as miR-490
group; p <0.05) in response to miR-490 overexpression in

GBM cells from our GEO dataset GSE118983 (Supplemen-
tary Table 3). Importantly, we found 192 common DEGs
among REST and miR-490 groups which underlined the reg-
ulation of the REST pathway by miR-490 (Fig. 6d). Based
on our hypothesis that miR-490 led to REST inhibition
via targeting TERF2, we then performed pathway enrich-
ment analysis for these groups of DEGs using the Panther
pathways analysis tool and compared the enriched path-
ways (Supplementary Table 4). The pathways were ranked
based on the number of genes represented. Interestingly, we
observed that the DEGs represented by miR-490 overex-
pression were enriched in pathways overlapping with those
represented by REST downregulation in GBM (Fig. 6e, f).

This indicated that miR-490 overexpression in GBM
cells activated a cellular response profile that significantly
matches that of REST downregulation which could be a via-
ble approach in GBM therapy. A diagram of the proposed
model for how miR-490 plays a role in telomere mainte-
nance and senescence is shown in Fig. 6g.

Discussion

Telomere maintenance has been widely implicated in cancer
progression. Targeting telomere maintenance has, thus, been
suggested as an alternative therapeutic option for GBM man-
agement. For instance, targeting shelterin protein TERF1
was shown to inhibit tumour progression in mouse mod-
els and patient-derived xenografts [8] whereas targeting
adrenocortical dysplasia protein homolog (ACD) enhanced
radiosensitivity of GBM cells [9]. Also, downregulation of
stemness in glioblastoma stem cells was achieved via inhi-
bition of TERF2 [6]. Likewise, inhibition of hTERT by the
means of drugs or RNA-interference has also shown promise
by downregulating various hallmarks of glioblastoma [31,
32]. However, the role of miRNAs in the regulation of tel-
omere maintenance is beginning to be explored with promis-
ing reports indicating that miRNAs could have therapeutic
potential [33].

Several miRNAs have been shown to regulate telomere
maintenance via various mechanisms. For instance, miR-155
and miR-23a were shown to induce telomere DNA dam-
age by targeting shelterin components TERF1 and TERF2,
respectively [34, 35]. Likewise, miR-21-mediated regulation
of hTERT was identified as a mechanism promoting GBM
cell growth [36]. Here, we show that miR-490 targeted the
telomere maintenance program and its associated hallmarks
in GBM via regulating TERF2, TNKS2, and SMG1. Forced
expression of miR-490 in vitro in GBM cells induced tel-
omere uncapping and damage along with global DNA dam-
age and downstream p53-related DDR signaling. The miR-
490, thus, challenged the telomere maintenance program
in GBM cells via downregulation of effectors participating
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directly (TERF2) or indirectly (TNKS2 and SMG1) in the
maintenance of telomeres. However, the role of miR-490 in
the regulation of telomere maintenance mechanisms, namely
alternative lengthening of telomeres (ALT) and telomerase
activation (TA), needs further evaluation [37]. Since this
study focuses on the role of miR-490 in vitro, further studies
concerning the role of miR-490 in the regulation of telomere
maintenance in pre-clinical in vivo mouse models need to
be performed.

Recent reports have highlighted the link between the
mechanisms of genomic instability/telomere maintenance
and EMT in cancer progression [17, 38]. Interestingly, along
with other oncogenic effects of REST in glioblastoma [39],
it has also been shown to promote EMT [40]. Thus, extra-
telomeric binding of TERF2 to stabilize REST [29] could
be instrumental in the maintenance of telomeres and EMT.
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Also, our microarray data analysis highlighted the sig-
nificant overlap in the transcriptional profiles for miR-490
overexpression and REST-inhibition strategies which further
unravels the mode of action of miR-490 through regulation
of REST signaling in GBM. However, these findings would
need further experimental validation. Apparently, the sup-
pression of miR-490 in GBM could be of prime importance
leading to enhanced GBM aggressiveness via the miR-
490ITERF2IREST axis. Our earlier observations regarding
miR-490-mediated regulation of EMT [16] together with
the present study regarding miR-490-mediated telomere
maintenance make miR-490 a central miRNA exerting a
multi-pronged effect in inhibiting GBM progression. From
a therapeutic intervention point of view, activation of miR-
490 could be achieved either by targeted delivery of miR-
490 mimics or overexpression vector or using a targeted
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demethylation approach employing CRISPR-dCas9-medi-
ated recruitment of TET1 (ten—eleven translocation methyl-
cytosine dioxygenase), a DNA demethylase. A similar
approach has been shown to be effective in the activation of
target genes suppressed via DNA methylation [41].

Our observations indicated that miR-490 overexpres-
sion leads to the downregulation of TERF2 levels and an
increased incidence of telomere uncapping and dysfunction
(TIFs) and global DNA damage (53BP1 foci) in U87MG
cells. This is consistent with the findings reported earlier
regarding the incidence of TIFs and 53BP1 foci upon RNAi-
mediated inhibition of TERF2 [42]. The similarity in the
percentage of cell populations exhibiting TIFs and 53BP1
foci incidence further highlights the efficacy of miR-490 in
initiating telomere specific DNA damage and concurrent
formation of 53BP1 recruitment to DNA damage lesions
(global DNA damage) in GBM cells. Furthermore, we did
not observe significant induction of TIFs or 53BP1 foci in
the T98G cell line. One of the factors responsible for these
observations could be the p53 mutation in T98G cells, as
such cells are known to exhibit an inherently higher inci-
dence of TIFs [43] and an improper recruitment of 53BP1
to DNA damage sites [44, 45]. However, 53BP1 recruit-
ment in the p53 mutant background of T98G cells should be
further explored. The resilience of T98G cells to miR-490
overexpression-mediated telomere length shortening could
also be in part attributed to shorter telomere lengths. Nev-
ertheless, the induction of the DNA-damage response was
observed in these cells after miR-490 overexpression as seen
by an accumulation of p-yH2AX. This observation reiterates
the shift in the choice of DNA damage pathway even in the
presence of the p53 defect in such cells [45].

In glioma, the inhibition of TERF2 has been shown to
suppress tumorigenicity, chemoresistance, and proliferative
ability of glioblastoma stem cells (GSCs) [6]. Also, treat-
ment of GSCs with the G-quadruplex (G4s)-stabilizing agent
telomestatin leads to the dissociation of TERF2 from telom-
eres, the induction of TIFs, and the consequent DNA dam-
age response and growth inhibition of GSCs [46]. miR-490

replacement could, thus, be of vital importance in the GBM
stem cell niche owing to the importance of TERF2 in GBM
stem cells. Other than shelterin proteins, SMG1 and TNKS2
also regulate telomere maintenance. SMG1 has been shown
to participate in the maintenance of telomeres and regu-
late the recruitment of TElomeric Repeat-containing RNA
(TERRA) [47, 48]. Interestingly, TERRA levels show grade-
dependent expression in glioma with the highest expression
in GBM, highlighting the relevance of SMG1 in telomere
maintenance in GBM [49]. Depletion of SMG1 promotes
spontaneous DNA damage and activation of the ATM path-
way [50], and induction of senescence [51]. TNKS2, on the
other hand, is involved in the maintenance of telomere length
[52]. Also, TNKS2, along with TNKSI1, has been shown to
mediate the DNA damage response (DDR), and depletion
of TNKS2 resulted in hampered recruitment of BRCA1 to
DNA damage lesions and faulty repair [53]. Thus, in line
with these observations, the tumour-suppressive effects of
miR-490 in the context of telomere maintenance could be
in part via direct targeting of TERF2, SMG1, and TNKS2.
Overall, we show that telomere fragility and the conse-
quent DNA damage response inflicted in GBM cells upon
miR-490 overexpression result in the inhibition of aggres-
sive GBM traits. The miR-490 highlights the sensitivity and
resistance of GBM cells harboring wild-type and mutant
p53, respectively, for the induction of DNA damage. Epige-
netic suppression of miR-490 in early grades of glioma could
be coinciding with activation of telomere maintenance dur-
ing gliomagenesis and progression. miR-490, thus, appears
to regulate the telomere maintenance program in GBM
owing to its potential to target multiple genes involved. This
feature could be harnessed to develop a novel therapeutic
approach for GBM by targeting telomere maintenance via
forced expression of miR-490. Overall, miR-490 overexpres-
sion may serve as a therapeutic strategy for GBM by not only
preventing cell proliferation and migration as previously
reported [16], but also by promoting DNA damage and lim-
iting telomere maintenance, leading to increased apoptosis.
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«Fig.6 miR-490 mediates a cellular response similar to REST down-
regulation in GBM. a Schematic representation of the approach used
for microarray data analysis. b Validation of group stratification
(REST-High n=32 and REST-Low n=45 groups) based on REST
expression analysis in GBM patient data from GSE4290. ¢ Valida-
tion of upregulated DEGs against an established 24-gene REST-inhi-
bition signature. d Intersection of significantly altered DEGs among
REST and miR-490 groups. e, f Panther Pathway enrichment analysis
for upregulated and downregulated DEGs, respectively, in the indi-
cated groups. g Cartoon summarizing the role of miR-490 in regula-
tion of telomere maintenance in GBM by direct targeting of TERF2,
TNKS2, and SMG1. miR-490 overexpression lead to telomere and
global DNA damage and suppression of telomere maintenance asso-
ciated hallmarks like senescence induction and inhibition of stemness
including activation of p53 signaling and REST-inhibition response
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