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Abstract

Background: In the present study, we analyzed the cytotoxic effect of
reversine, a small molecule used for stem cell dedifferentiation and
potential to selectively induce cell death, on two human glioblastoma cell
lines. The AURKA and AURKB gene expression were quantified in both cell
lines following the exposure to different concentrations of reversine, and
the effect of reversine on telomere dynamics, in a 3D scale was analyzed.
AURKA and AURKB genes express mitotic kinases with an important
role in the regulation of several mitotic events. Hyperexpression of these
genes are found in patients with cytogenetic abnormalities presenting an
unfavorable prognosis.

Methods and Results: Our results indicate that reversine was able to
inhibit the cell growth of both cell lines in a time and concentration-
dependent fashion. A comparative analysis showed that reversine induced
apoptosis of U138 cells more significantly than in U87 cells at the same
dosage. Reversine was able to decrease the expression levels of AURKA
and AURKB mRNA in both cell lines after 24 hours exposure. The total
number of telomeres in both glioblastoma cells was determined after 48 h
exposure and compared (not treated vs. treated cells) using TeloView®™
software. Two distinct subgroups of the same cell line were identified,
based on treatment status (reversine+/-). Microscopy Fluorescence analysis
showed glioblastoma cells exhibiting nuclei with low relative fluorescent
intensities suggestive of short telomeres and nuclei with intermediate
relative fluorescent intensity indicating intermediate length of telomeres.

Conclusions: Our results have demonstrated that reversine can act as an
important antiproliferative agent in glioblastoma cells and possibly promote
redifferentiation of glioblastoma cell lines by genetic reprogramming and
changing the genomic instability status, as suggested by decreased gene
expression profile, and two distinct telomere signatures. Aurora kinase
inhibitors such as reversine may have potential therapeutic value when
combined with radiation therapy.

Keywords: Glioblastoma; Reversine; Telomere; Aurora Kinase; Genomic
instability

Introduction

Glioblastoma represents the most common malignant primary brain
tumor, with an incidence rate of 3.2 cases per 100,000 in the United States.
It is characterized by a high proliferation index, cellular heterogeneity,
and highly capacity to infiltrate adjacent normal brain tissue [1]. Genomic
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instability, characterized by chromosomal abnormalities,
telomere disfunction and differential gene expression are
very commom in glioblastoma, occurring in 80 to 85% of
adult patients [2]. Despite notorious poor survival rates,
patients with glioblastoma exhibit a sequence of outcomes
ranging from a survival time of several weeks to several
years [3]. Telomeres are complex structures of DNA and
proteins, at the ends of chromosomes that play an important
role in cellular maintenance [4]. On the other hand, telomere
dysfunction has been associated with predisposition to
chromosomal rearrangements, genomic instability and in
final analysis malignant cell transformation [5]. From a three-
dimensional nuclear perspective, in normal cells telomeres are
homogeneously organized and localized in micro territories
[6]. In contrast, telomeres of tumor cell nuclei show an altered
three-dimensional nuclear organization with manifestation of
telomeric aggregates [7]. Alterations in the nuclear telomere
architecture and telomeric dysfunction are associated with
chromosomal instability (structural and numerical), which is
a hallmark of glioblastoma cells [4]. Regarding the genomic
instability, aurora kinase genes (4AURKA and AURKB) play a
critical role in mitosis by regulating centrosome duplication,
bipolar spindle formation, alignment of chromosomes on
the mitotic spindle, and the mitotic checkpoint [8]. High
expression of aurora kinase genes has been implicated in
many types of neoplasia including breast, gastric, colon,
ovarian, liver, non—small cell lung, uterine, esophageal and
leukemias [9,10]. In CNS tumors, overexpression of aurora
kinase genes in medulloblastoma, low-grade gliomas and
glioblastoma, in addition to high Ki-67 expression has been
reported [11-14]. Reversine (2-(4-Morpholinoanilino)-
6-cyclohexylaminopurine) is a small synthetic molecule
that promotes in vitro and in vivo differentiation of human
fibroblasts into skeletal muscle cells [15,16]. It has been
identified as a novel class of ATP-competitive aurora kinase
inhibitor acting through the formation of the reversine-
Aurora kinase complex. Reversine can reprogram somatic
cells to a state of increased plasticity that can be manipulated
to direct differentiation in various cell types. In addition,
this small molecule displays an anti-cancer activity in some
cancer cell lines, such as multiple myeloma, leukemia cells,
thyroid cancers, oral squamous carcinoma cells among
other tumor cell types [17-20]. Therefore, in the present
study, we analyzed the cytotoxic role of reversine on two
glioblastoma cell lines (U87 and U138). Furthermore, we
analyzed the AURKA and AURKB expression in both cell
lines under exposure to different concentrations of reversine,
and determined the effect of reversine on telomere dynamics,
in a 3D scale.

Material and Methods

Cell lines and cell culture and Reversine treatment

The human glioblastoma cell lines U87 and U138
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were obtained from the American Type Culture Collection
(ATCC). The cells were cultivated in Eagle’s minimum
essential medium (Thermo Fisher Scientific, Waltham -
Massachusetts, EUA), supplemented with 15% of fetal bovine
serum (Thermo Fisher Scientific, Waltham - Massachusetts,
EUA) and 1% of penicillin/streptomycin (Thermo Fisher
Scientific, Waltham - Massachusetts, EUA). The cells
were maintained at 37°C, with 5% of CO,. Reversine was
purchased from Sigma-Aldrich (USA), prepared in dimethyl
sulfoxide (DMSO), in accordance with the manufacture’s
instruction. The cells were plated onto 24-well tissue-culture
plates and grown (2.0x10° cells/well) in medium. After twelve
hours, the cells were treated with pure medium (containing
0.01% DMSO) as control and medium containing different
concentrations of reversine (5.0, 10.0, 15.0, 20.0, 50.0, 100.0,
150.0 and 200.0nM). The cells were incubated for 24h, 48h
and 72h.

Cell viability analysis.

For cell viability analysis we  performed
methylthiazoletetrazolium (MTT) assays and trypan blue
exclusion testing. For MTT, 5000 glioblastoma cells were
seeded/well in a 96-well plate. After 24h, the cells were
treated with different concentrations of Reversine (5.0, 10.0,
15.0, 20.0, 50.0, 100.0, 150.0 and 200.0nM). DMSO was
used as a negative control. Cell viability was tested by the
MTT assay for 24, 48 and 72h. MTT solution was added to
each well and incubated at 37°C for 4h. The absorbance was
finally determined at 490 nm using a microplate reader. For
the trypan blue test, 1.0 x 10 glioblastoma cells from each cell
line were seeded/well on 24-well plates. After a 24h the cells
were treated with different concentrations of reversine (5.0,
10.0, 15.0, 20.0, 50.0, 100.0, 150.0 and 200.0nM). Following
a 24-72h incubation period, cell viability was assessed by
counting live versus dead cells on a hemocytometer using
the Trypan Blue (0.4% in phosphate-buffer saline, PBS)
exclusion staining. The test was performed in triplicate.
Results were expressed using GraphPad Prism 8 (GraphPad
Software, Inc., San Diego, CA, USA).

Aurora kinase mRNA analysis.

RNA was isolated from glioblastoma cells treated with
reversine, using TRIzol reagent (Thermo Fisher Scientific,
Waltham - Massachusetts, EUA), as previously described [21].
Complementary DNA (cDNA) was synthesized from ~1pg of
total RNA using a High-Capacity cDNA reverse transcription
Kit (Thermo Fisher Scientific, Waltham - Massachusetts,
EUA), following the manufacturer's instructions. For
analysis of aurora kinase genes, primes and probe developed
by Assay on Demand were used (4URKA: Hs00269212 ml
and AURKB: Hs00177782_ml; Thermo Fisher Scientific,
Waltham - Massachusetts, EUA). The AURKA and AURKB
genes and GAPDH mRNA, used as endogenous internal
control for each sample, were analyzed in duplicate on the

Citation: Fabio Morato de Oliveira, Aline Monezi Montel, Wagner Gouvéa dos Santos, Fermino Sanches Neto, Cristina Mores Junta, Ubirajara
Lanza Junior, Sabine Mai. Telomere Dynamics, Gene Expression and Genetic Instability in Glioblastoma Cells Treated with Reversine.

Journal of Biotechnology and Biomedicine. 6 (2023): 565-572.



fortune

ournals DOI:10.26502/jbb.2642-91280118

same MicroAmp optical 96-well plates using a 7500 Real-
Time PCR System (Thermo Fisher Scientific, Waltham -
Massachusetts, EUA). Real-time quantitative polymerase
chain reaction (RT-qPCR) assays were performed in a final
reaction volume of 20ul. The comparative cycle threshold
(Ct) method was used to determine the relative expression
level of AURKA and AURKB genes. On comparative analysis
of glioblastoma samples and healthy donors, AURKA
and AURKB gene expression was calculated as a relative
quantification to the GAPDH housekeeping gene. The gene
expression AURKA and AURKB from glioblastoma samples
was calculated as relative quantification to healthy donors
(AACt=ACt . = ACE, 1 doners) @0 expressed as 2788Ct Al
primers were standardized by conventional semi-quantitative
PCR analysis before proceeding to the real-time quantitative
analysis.

3-D Quantitative Fluorescent in Situ Hybridization
(Q-FISH).

For Q-FISH analysis, slides containing fixed glioblastoma
cells were incubated in 3.7% formaldehyde/1xPBS
solution for 10 minutes, followed by incubation in 20%
glycerol/1xPBS solution for 45min. The cells were treated
by four repeated cycles of freeze-thaw in glycerol. Then,
the slides were incubated in 0.1 HCL solution and fixation
was performed in 70% formamide/2xSCC for 1 hour. For
hybridization, slides were covered with 8ul of PNA telomeric
probe (Agilent Dako, Santa Clara, California, USA), sealed
with coverslip and rubber cement. For denaturation, the slides
were placed on a hot plate, protected from direct light, for
3 minutes, at 82°C. The hybridization was carried out for 2
hours, at 30°C. The slides were then washed three times in
70% formamide/10mM Tris (pH 7.4) solution, for 15 minutes
followed by washing in 1xPBS at room temperature for 2
minutes, and in 0.1xSSC at 55°C for 5 minutes under shaking.
Finally, the slides were washed in 2xSSC/ 0.05% Tween 20
solution for three times, for 5 minutes, at room temperature
under shaking. After final washing, the nuclei were counter-
stained with 4°,6-diamino-2-phenylindole (DAPI) (0.1pg/ml)
and antifade reagent (Thermo Fisher Scientific, Waltham -
Massachusetts, EUA), and covered with coverslip for image
acquisition.

3D image acquisition and analysis using TeloView®™
software.

30 interphase nuclei were analyzed, for each sample,
by using an Axiolmager M1 microscope (Carl Zeiss, Jena,
Germany), coupled to an AxioCam HRm charge-coupled
device (Carl Zeiss, Jena, Germany) and a 63-x oil objective
lens (Carl Zeiss, Jena, Germany). The acquisition time was
500 milliseconds (ms) for Cy3 (telomeres) and 5 ms for DAPI
(nuclei). Sixty z-stacks were acquired at a sampling distance
of x,y: 102 nm and z: 200 nm for each slice of the stack.
AxioVision 4.8 software (Carl Zeiss, Jena, Germany) was
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used for 3D image acquisition. Deconvolved images were
converted into TIFF files and exported for 3D-analysis using
the TeloView®™ software (Telo Genomics Corp., Toronto,
ON, Canada) [22].

Data image analysis — 3D telomere architecture

The evaluation of the telomeric architecture of
glioblastoma cells was performed by TeloView®™
software. It measures five distinct parameters for each
sample: (1) the number of telomeres (signals); (2) the total
intensity (telomere size); (3) the distribution and frequency
of telomere aggregates, which means clusters of telomeres
that are found in proximity that cannot be further resolved;
(4) the a/c ratios represent a measure defined by the cell cycle
progression through interphase cells. Thus, it is possible
to check if there was a difference in cell cycle among the
glioblastoma samples. The telomere dynamics through varies
with cell cycle; according to stages of the cell cycle (G0/G1,
S, and G2); (5) Finally, TeloView®™ software allows us to
measure the distance of each telomere signal from the nuclear
center versus the periphery. For the distinct subgroups of
glioblastoma cells, a graphical representation was obtained
showing the distribution of the intensity of the acquired
telomere fluorescent signals, the distribution of the frequency
of telomere aggregates per cell and the acquired signals per
cell.

Statistical analysis for differential
analysis (AURKA/AURKB)

expression

All data obtained are presented as the mean + standard
deviation. GraphPad Prism 8.0 software (Graph Pad Software,
LaJolla, CA, USA) was used for statistical analysis. Statistical
analysis was performed with one-way ANOVA of.

Statistical Analysis for telomere architecture

Based on treatment of glioblastoma cells with reversine,
two distinct subgroups were defined. The telomeric
parameters (number, length, telomere aggregates, nuclear
volumes, and a/c ratio) were compared between these
subgroups using analysis of variance. All telomere parameters
in both glioblastoma subgroups were compared using chi-
square analysis. On the other hand, cell parameters averages
were analyzed using nested factorial analysis of variance.
Significance level was set at 0.05.

Results

To determine the effect of reversine, we measured
the cell proliferation rate in two human glioblastoma cell
lines (U87 and U138) after exposure. Reversine was able
to inhibit the cell growth of both cell lines in a time and
concentration-dependent way (Fig. 1A-D). We also defined
the half maximal inhibitory concentration (IC50) for both
cell lines. Using a nonlinear regression analysis, the 1C50
obtained were 89.1nM(24h), 34.1nM(48h) and 33.3nM(72h)
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for U87 and 85.0nM(24h), 59.7nM(48h) and 22.3nM(72h)
for U138. We observed that the viable reversine-treated cells
changed morphologically from a swollen shape with less
cell-to-cell connections to a homogeneous appearance. The
cell number decreased with reversine treatment, showing
the anti-proliferative effect of reversine on both cell lines. A
comparative analysis evidenced that the potency of reversine
to induce cell apoptosis was more significant in U-187 cells
than in U87 cells at the same dosage. After determination
of cell cytotoxicity by reversine treatment, we evaluated the
expression levels of AURKA and AURKB mRNA, by exposing
glioblastoma cells to different concentrations of reversine.
Our results showed that reversine was also a potent inhibitor
of AURKA and AURKB gene expressions. Both protein-
products are required for mitotic chromosome segregation,
spindle checkpoint function, cytokinesis, and histone H3
phosphorylation®. Our experiments demonstrated that the
levels of AURKA and AURKB mRNA were downregulated
in both glioblastoma cell lines (Fig. 2A-B). The 24h exposure
of reversine, allowed to verify that the expression levels of
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AURKA and AURKB mRNA decreased by 55.2% and 38.1%,
respectively, inthe U87 cell line. In contrast, for U138 cell line,
the AURKA expression levels declined more than 4AURKB;
59.4% and 36.8%, respectively. Futhermore, reversine was
proven to block proliferation or to induce programmed cell
death in different malignant cell lines, this small molecule,
can induce dedifferentiation and cell reprogramming.
Various studies have focused on the roles of reversine in
regenerative medicine'>'6. In this context, telomere dynamics
analysis has documented that it was possible to distinguish
among cell transformation, from a ‘“higher to a lower
level” of genomic instability, by the frequency of telomere
aggregates, through treatment with reversine. For telomere
analysis we only considered the IC50 for both cell lines, and
48h of reversine exposure. We analyzed the total number of
telomeres in both glioblastoma cells (not treated vs. treated
cells) using TeloView®T™ software?? and thereafter observed
three categories of samples (Figures 3 and 4). In figure 3, it
is shown telomeric nuclear signals of each glioblastoma cell
line (U87 and U138) not treated (first and second column and
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Figure 1: Reversine inhibited the proliferation of glioblastoma cells cells. U-87 and U-138 glioblastoma cells were treated
with different concentrations of Reversine (5, 10, 15, 20, 50, 100, 150 and 200 nM) for 24, 48 and 72 hours. Results represent
the mean £SD of four experiments each performed in triplicate. A/B - Cell viability was determined by MTT assay for U-87
and U-138 cells treated with reversine. Values were normalized with DMSO treated cells. C/D - Dose- and time-response
cytotoxicity curves analyzed by trypan blue assay for glioblastoma cells treated with reversine. Values were expressed as
percentage of viable cells for each condition. Results are shown as mean+=SD of three independent experiments; p<0.0001;

ANOVA test.
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reversine treated, third column) in two-dimensional and three-
dimensional images using reconstruction after deconvolution.
Forty nuclei per cell line and treatment status were identified
in blinded analysis. TeloView®™ indicated the presence
of two distinct subgroups of the same cell line, based on
treatment status (reversine +/-). We also observed nuclei with
low relative fluorescent intensities representing glioblastoma
cells with short telomeres and nuclei with intermediate
relative fluorescent intensity indicating intermediate length
of telomeres (Figure 4). The telomere organization inside the
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nuclei varies according to cell cycle. Thus, the determination
of the a/c ration represent a way to define progression through
cell cycle in interphase cells. It is necessary to keep in mind
that the nuclear space that contains the telomeres is defined
by two axes, a and b, that are equal in length, and a third axis,
¢, that has a different length*. In our study we find significant
differences for the a/c ratio (p < 0.05) and for nuclear volume
(p < 0.05) among the two groups (reversine +/-), for both
glioblastoma cell lines.

Glioblastoma U-138
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Figure 2: qPCR analysis of AURKA and AURKB mRNA expression in glioblastoma cells treated with reversine (5, 10, 15,
20, 50, 100, 150 and 200 nM) for 24h DMSO solution was used as calibrator sample. The graph represents the mean+SD of
three independent experiments. The p values are indicated in the graphs; *p<0.05, **p<0.01; ANOVA test and Bonferroni

post-test.

Y (um)

Figure 3: Representative 2D (A, B) and 3D (C, D, E, F) telomere analysis in glioblastoma cells using a PNA telomeric probe.
Glioblastoma cell U-87 not treated (C), and U-87 cell treated with reversine (34.1nM) for 48h. The yellow arrows identify the
presence of telomere aggregates. For U-138 glioblastoma cell telomere aggregates were observed in cell without treatment
(D), and not seen in U-138 cell treated with Reversine (59.7nM) for 48h.
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Figure 4: Graph distribution of number of telomeres according to
their intensity (length of telomeres) for glioblastoma cells [treated
with reversine/not treated - reversine (+/-)]. The image represents
the 3D telomere distribution of the 3D telomeric profile.

Discussion

Reversine was discovered in 2004, by Chen and co-
workers as a small molecule able to induce myogenic
lineage-committed cells into multipotent progenitor cells
[23]. A couple of years later, Tze-chen and co-workers (2007)
[24], observed that reversine was capable to inhibits cell
proliferation of various human cancer cells. The relationship
among reversine and aurora kinase genes became evident after
Anna Morena and colleagues [25] have demonstrated that
reversine could induce failure in cytokinesis and subsequent
polyploidy in cells. Considering its lower toxicity on normal
cells compared to others aurora kinase inhibitors, reversine
has entered in phase II clinical trials [25]. In our investigation,
we tested the effects of reversine over glioblastoma cell lines
in order not only to confirm its antiproliferative/cytotoxic
effects, but also to verify the possible effect of reversine on
the 3D telomere dynamics. The treatment with reversine
induced nuclear condensation and fragmentation, a hallmark
of apoptosis, in both glioblastoma cell lines. Reversine
effectively inhibited the growth of U87 and U138 cells
in a concentration dose dependent. This observation is in
accordance with results previously published, regarding the
anticancer effects of reversine over several types of cancer
cells [18,19,24-28]. We also observed the overexpression of
aurora kinase genes in both glioblastoma cell lines and the
expanded analysis demonstrating reduction of the expression
levels of AURKA and AURKB, after exposure to reversine.
In 24h, reversine was able to reduce the mRNA levels of
AURKA and AURKB in 55.2% and 38.1%, respectively, in
the U87 cell line. In contrast, for U138 cell line, the AURKA
expression levels declined more than AURKB; 59.4% and
36.8%, respectively. According to previous studies, aurora
kinase mRNA present itself significantly upregulated in
glioblastoma compared with normal brain specimens and
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pilocytic astrocytoma’s. In addition, high AURKA mRNA
expression was significantly associated with higher grade
CNS neoplasms, and this characteristic may represent a
general marker of tumor malignancy [29-31]. In gliomas,
a high expression of AURKA or AURKB is associated
with a malignant phenotype and a poor prognosis and
chemoresistance [32,33]. Telomeres are essential DNA
sequences responsible to form a stable and recognized end of
the chromosome that avoids it being perceived from the cell
as a naked chromosome®*. In terms of nuclear organization,
the telomeres present a particular disposition within the
three-dimensional space of the nuclei, in which telomeres
from normal cells do not overlap, and are localized in micro
territories [22,32]. Modifications to this nuclear organization
leads to the initiation of genomic instability [33]. Studies
using high-resolution fluorescence imaging techniques in
combination with quantitative optical analyses, indicated
that the nuclei harbors chromosomes that are nonrandomly
positioned within the 3D nuclear space [34-36]. On the other
hand, telomeres from neoplastic cells present themselves
as an irregular nuclear organization with the presence of
telomeric aggregates®. In this investigation, the spatial
telomere organization was obtained using the TeloView®
software. TeloView® analysis was able to determine the
subclassification of telomere organization regarding the
reversine treatment status of the cells. Thus, our investigation
identified two distinct populations of glioblastoma cells based
on the number of telomere aggregates, telomere number, and
size of telomeres. Studies regarding telomere dynamics in
glioblastoma revealed for the first time that three glioblastoma
subgroups could be distinguished according to their nuclear
telomeric patterns, and these profiles corresponded to patient
survival and disease progression [37,38]. Keeping in mind
the variability of patient responses to treatment, the clinical
application of telomere signatures could represent a powerful
prognostic biomarker in glioblastoma. In summary, we
have demonstrated that reversine can act as an important
antiproliferative agent against glioblastoma cells and promote
redifferentiation of glioblastoma cell lines from a “high” to
a “lower” genomic instability status, as demostrated by two
distinct telomere signatures. The three-dimensional telomere
analysis confirmed that the number and distribution of
telomeres differed markedly between the glioblastoma cells
treated and not treated with reverisne. TeloView®™ analysis
of the sample slides displays telomere numbers, sizes, and
aggregates. It is possible that in the future we could use this
classification strategy to identify patients whose Aurora
kinase inhibitors use could be beneficial for tumor shrinkage.
A rational approach would be to enrich early trials with
patients whose aurora kinase expression is greater than the
mean expression of patients with glioblastoma. Additional
studies are needed to explore this approach and to determine
if it is more suitable to measure aurora kinase expression at
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the gene or protein level in patient specimens. The present
study suggests that aurora kinase inhibitors may be of greater
therapeutic value when combined with radiation therapy due
to the observed synergy.
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