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Abstract.
BACKGROUND: The inhibition of the enzyme telomerase (TERT) has been widely investigated as a new pharmacological
approach for cancer treatment, but its real potential and the biochemical consequences are not totally understood.
OBJECTIVE: Here, we investigated the effects of the telomerase inhibitor MST-312 on a human glioma cell line after both
short- and long-term (290 days) treatments.
METHODS: Effects on cell growth, viability, cell cycle, morphology, cell death and genes expression were assessed.
RESULTS: We found that short-term treatment promoted cell cycle arrest followed by apoptosis. Importantly, cells with
telomerase knock-down revealed that the toxic effects of MST-312 are partially TERT dependent. In contrast, although the
long-term treatment decreased cell proliferation at first, it also caused adaptations potentially related to treatment resistance
and tumor aggressiveness after long time of exposition.
CONCLUSIONS: Despite the short-term effects of telomerase inhibition not being due to telomere erosion, they are at
least partially related to the enzyme inhibition, which may represent an important strategy to pave the way for tumor growth
control, especially through modulation of the non-canonical functions of telomerase. On the other hand, long-term exposure
to the inhibitor had the potential to induce cell adaptations with possible negative clinical implications.
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1. Introduction

A pharmacological approach that has been widely investigated for cancer treatment is the target
strategy of telomerase reverse transcriptase (TERT) inhibition. The expression of this enzyme is an
important hallmark in most human cancers [1, 2]. This leads to the maintenance of telomeric DNA,
allowing the bypass of senescence and the immortalization of cancer cell [3]. Importantly, several
studies have demonstrated that inhibiting telomerase seems to be effective in controlling some types of
cancer cell lines, including osteosarcoma [4], prostrate [5] and pancreas [6]. Moreover, clinical trials
were developed to evaluate the effects of telomerase inhibition in different cancer types, including
hematological, lung and breast cancer [7].

Most studies with telomerase inhibitors focus on their effects on telomeres shortening and consequent
induction of senescence or apoptosis [8–11]. However, these effects are expected to occur after a long-
term exposure to telomerase inhibitors, which still has its biochemical consequences largely unknown.
In fact, despite important advances in the field, our understanding on the long-term effects of telomerase
inhibition as a therapeutic strategy to treat cancer is still very limited.

Overall, in this work we investigated the effects of the telomerase inhibitor MST-312 [12], a synthetic
compound derived from epigallocatechin gallate, on the human glioma cell line U-251. This cell line
was chosen to be the model due to its convenient characteristics (hTERT expression, high proliferative
pattern and susceptibility to transfection), but also because gliomas, and especially glioblastomas,
remain a clinical challenge that demands the development of new drugs [13, 14]. We analyzed the
consequences of short-term and long-term telomerase inhibition treatment on cancer cells growth,
morphology, cell cycle, viability, and its association with histone methyltransferases (HMTs) gene
expression, aiming to increase knowledge about the mechanism of action of MST-312 and to investigate
the potential of short-term inhibition of telomerase as therapeutic strategy.

2. Methods

2.1. Cell culture and short-term treatment with MST-312

Telomerase positive human glioma U-251 cells were cultured at 37 ◦C with Dulbecco’s Modified
Eagle Medium (DMEM), supplemented with 44 mM NaHCO3, 10 % fetal bovine serum, 100 IU/mL
penicillin and 100 �g/mL streptomycin in a humidified atmosphere of 5% CO2 and 95% air. The
culture medium was changed every 2 days.

MST-312 (Sigma Aldrich) was diluted in dimethyl sulfoxide (DMSO) to a 50 mM concentration and
stored at –20◦C. The short-term treatment was performed when cells (3.1 × 104 /cm2) were plated in
96-wells plate. After 24 h, U-251 cells were treated with increasing concentrations of MST-312 (0.25,
0.5, 1, 2, 5, 10, 15, 25, 35 and 50 �M) for 24 h, 48 h and 72 h. DMSO (0.1%) was present in each
treated group and in the vehicle control group.

2.2. Long-term treatment with MST-312

We used the sub-toxic concentration of 2 �M of MST-312 for the long-term treatment in U-251 cells.
Cells were grown in 10 cm plates in the continuous presence of the drug or in 0.01% DMSO for 290
days. Trypan blue dye exclusion assay was used to monitor cell viability. When plates reached 70%
confluence, cells were detached using 0.05% trypsin, washed with 20% EDTA in PBS and centrifuged
at 168 g for 6 minutes. The pellet was suspended, trypan blue was added (0.05%), and cells were
counted using a hemocytometer. Blue stained cells were considered unviable. The number of living
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cells was registered for population doubling calculation and a total of 5,000 viable cells were seeded
in a new plate to continue the long-term treatment.

2.3. Cell viability analysis

As mentioned previously, to evaluate MST-312 short-term treatment, the U-251 cells were cultured
with increasing concentrations of the drug during 24 h, 48 h and 72 h. On the other hand, to evaluate
drug resistance using higher doses of MST-312, cells continuously treated with 2 �M of MST-312 were
collected from the primary experiment in different time points and were re-challenged with 5, 25 or
50 �M of MST-312 for 48 h. Both dose response curve of MST-312 and evaluation of resistance were
measured by cell viability assay in 96-well plates (N = 8), using the classic MTT method. The cells were
incubated with MTT (1 mg/mL) for 2 hours and then lysed (20% SDS and 50% dimethylformamide).
After overnight complete formazan crystals solubilization, the absorbance was measured at 540 nm.
Cell viability was expressed as percentage of the control (0.1% DMSO), considered as 100%. Cytotoxic
effect was confirmed by trypan blue exclusion assay. In this case, after treatments, the culture medium
was collected, and cells were removed from plates using 0.05% trypsin, 20% EDTA in PBS for 5 min.
Cells were harvested and centrifuged at 150 g for 6 min. Then, the pellet was suspended and mixed with
fresh culture medium, and 0.05% trypan blue was added. Five minutes after, the cells were counted in
a hemocytometer.

2.4. Cell morphology assessment

Cell morphology was registered by phase-contrast microscopy (NIKON Eclipse TS100) and recorded
in digital micrographs. The polarity index (PIn) was adopted as quantitative parameter to analyze
intergroup differences. For this purpose, the PIn was defined as the ratio between the longest axis
and its longest perpendicular (measured in �m) of a single cell. At least twenty cells were measured
randomly in each group.

2.5. Determination of doubling time (DT)

Cell proliferation profile was accessed by estimating DT (time, in hours, to duplicate the number of
cells in culture). Cells were cultured in 96-well plates at sub-confluence conditions (1,000 cells/well)
and maintained at standard conditions for 1 week. The medium was changed after the fourth day and
cell viability was analyzed by MTT assay, in eight wells at several points of timeline (at approximately
12 hours intervals). After that, data were plotted in a graph and fitted to a nonlinear regression with
exponential equation to estimate DT, using GraphPad Prim 5.0 software.

2.6. Cell cycle and cell death analyses

The mechanism of cell death induced by short-term treatment was accessed using FITC-Annexin V
and propidium iodide (PI) staining approach (annexin-V FITC-Kit, BioSource, Camarillo, USA), that
identifies both apoptotic (annexin-V +) and necrotic cells (PI + and annexin-V -). Moreover, analysis of
DNA content was performed to assess the cell cycle phase distribution. After the treatments, cells were
harvested by trypsinization, fixed with cold 70% ethanol, and stained with PI. A fluorescence-activated
flow cytometer FACScalibur (Becton-Dickinson, FranklinLakes, NJ, USA) and the Cell Quest™3.1
software was used for both analyses, considering at least 10,000 events acquired in FL-1 and FL-2
channels.
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2.7. Evaluation of gene expression profile

Total RNA extraction was performed in three time points of the long-term treatment using
TRIzol Reagent (Thermo Fisher Scientific, Waltham, MA, USA), and mRNA was reverse tran-
scribed using the High Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s protocol. Gene expression profile of HMTs
SUV39H1, SUV420H1 and SUV420H2, and TERT was accessed by qPCR. Reactions were per-
formed on a StepOnePlus ™ Real-Time PCR System using TaqMan Universal PCR MasterMix
and TaqMan Gene Expression Assays. The probes (Thermo Fisher Scientific, Waltham, MA, USA)
were Hs00957892 m1 (SUV39H1), Hs00992344 m1 (SUV420H1), Hs00261961 m1 (SUV420H2),
Hs00972656 m1 (hTERT) and Hs99999903 m1(β-actin). Amplification conditions were as follow: 2
minutes at 50◦C and 10 minutes at 95◦C on holding stage, and then 40 cycles (95◦C for 15 s and 60◦C
for 1 min). To determine the relative quantification (RQ) of gene expression, the data were analyzed
using the comparative quantification Ct method (��Ct). The amount of each mRNA, normalized to
the endogenous reference (�-actin) and relative to a calibrator was converted into relative quantification
by the formula: 2–��Ct.

2.8. Measurement of average telomeric DNA length

First, for genomic DNA extraction, cells were trypsinized and washed with PBS. Then, lysis solution
(2% SDS) was added, followed by buffer containing 20 mmol/l EDTA and 50 mmol/l Tris. DNA
was precipitated with 5 mol/l sodium chloride and ethanol, suspended in water, quantified using a
nanospectrophotometer and stocked under –80◦C. The relative quantification of the telomere content
in DNA samples was performed by real-time PCR. Each 25 �l qPCR reaction contains Taq DNA
polymerase (0.75 U) in 1 × Taq buffer, 0.2 mmol/l each dATP, dCTP, dGTP, dTTP, 1.5 mmol/l MgCl
1.5 mmol/l MgCl2, EvaGreen (Biotium, Fremont, CA, USA) 1 × , 10 mmol/l dithiothreitol, 0.5 ml
DMSO, 5 ml DNA template, and primer sets. Two reactions were performed: telomere and the single
copy gene (SCG) 36B4. The final primer concentrations were as follows: telomere: forward 0.3 mmol/l
and reverse 0.4 mmol/l; 36B4: forward 0.3 mmol/l and reverse 0.5 mmol/l. The primer sequences were
the same as those described by Lau et al. [15] The PCR conditions were as follows: telomere: 95◦C
for 15 min, 40 cycles of 95◦ C for 15 s, 54◦C for 30 s and 72◦C for 2 min, 36B4 : 95◦C for 15 min, 35
cycles of 95◦C 15 s, 58◦C for 30 s, and 72◦C for 1 min. For data analysis, the telomere product was
normalized with the SCG product.

2.9. Production of transient TERT knock down cell line

U-251 cells were transfected with TERT shRNA plasmid (sc-36641-SH, Santa Cruz
Biotechnology®), using the Lipofectamine 3000 protocol, submitted to selection with puromycin
for five days and then grown until reach 70% confluence. A scramble shRNA plasmid was used as
control. Decreased gene expression level was confirmed by qPCR, as previously described. Comple-
mentarily, single cells were isolated in 96 well plates by calculated dilution, and viable colonies were
selected to develop clonal confluent cultures, in which TERT stable suppression was investigated.

2.10. Statistical analysis

Data were tested for normal distribution, by the D’Agostino and Pearson normality test and analyses
of skewness and kurtosis, when applicable. Data were expressed as average ± SD (qPCR), mean ± SEM
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or median and ranges according to the distribution. The statistical analysis was performed using
GraphPad Prism version 5.00 for Windows, GraphPad Software, San Diego California USA. The
statistical approach adopted for each analysis is described in the figure legends. Non-parametric tests
were used for data with non-normal distribution. Experiments were performed at least in triplicate.
Probability values of p < 0.05 were accepted as indication of statistically significant difference. IC50

(inhibitory concentration) and DT were calculated by non-linear regression of the data.

3. Results

3.1. MST-312 long–term treatment decreases cell proliferation, leading to adaptations, significant
morphological alterations, and resistance in U-251 cells

We initially determined the toxic profile of MST-312 towards U-251 cells by plotting dose-response
curves. The data shows that the drug induced a significant decrease on cell viability in a concentration-
dependent way, even under short-term exposure of 24 hours (Fig. 1). A sub-toxic low concentration
(2 �M) was used to perform the long-term exposure experiment. This concentration is known to be
sufficient to promote telomerase inhibition in cell cultures [12].

As expected for telomerase inhibitors, the MST-312 showed no significant effect on culture growth
during the initial 3 months of treatment (Fig. 2A). However, in the following months it induced a
sustained decrease on the proliferative rate (Fig. 2A), defining the responding phase of the experiment.
This phase was accompanied by development of drug resistance toward higher concentrations of
MST-312 and remarkable morphological changes, leading to cells with fusiform shape (Fig. 2B,C)
The responding phase lasted approximately one hundred days resulting in a significant decrease in
proliferation. After this period, the cell culture recovered its original proliferation rate, measured by
slope, and typical morphology. In fact, the substantial morphological change in cultured cells, that
happened when the drug most impacted the proliferation, became evident by polarity index calculation
used as the morphological quantitative parameter (Fig. 3A). There was no detectable alteration in TERT
mRNA levels (Fig. 3B) on MST-312 long-term treated cultured cells compared to DMSO control.

Fig. 1. Effects of MST-312 on cell viability. Analysis of cell viability by MTT assay after treatment with MST-312 at
increasing concentrations showing a dose-dependent and time-dependent drug toxicity. The IC50 was estimated by non-linear
regression. The IC50 and R2 values were 13.88 �M / 0.90 and 6.56 �M / 0.98 for the 48 h and 72 h curves, respectively. It
was not possible to calculate the IC50 for the 24 h curve due to the low toxicity in these conditions.
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Fig. 2. Effects of long-term treatment with MST-312 on U251 cells. (A) Cell growth in cultures long-term treated with DMSO
[0.01% DMSO (ltt)] or MST-312 [2�M MST-312 (ltt)] was followed up for 290 days in order to calculate the population
doubling time (a growth rate indicator). According to this parameter, the long-term treatment period can be divided into
three phases: 1: both groups exhibited the same growth pattern; 2: after 100 days of treatment, the MST-312 treated cells
proliferated at a significantly lower rate; 3: finally the MST-312 treated cells recovered the original growth rate (graph slope).
(B) This long-term exposition also led to the acquisition of resistance to high concentration of MST-312 showed by MTT
assay, but it was restricted to the responding (2) phase. Data are expressed as mean with SEM and analyzed by ANOVA
followed by Dunnett’s post-test. (C) The 2�M MST-312 (ltt) treated cells showed remarkable morphological changes under
phase-contrast microscopy, during the responding (2) phase.

Interestingly, the resistance to deleterious actions of high concentration of MST-312 remained as
characteristic of the culture even at the very end of the long-term experiment (Fig. 3C,D).

3.2. U-251 cells presented longer telomeres and increased HMTs genes expression during
MST-312 responding phase

As expected, the telomeres of cells treated with the telomerase inhibitor were shortened in the first
months of treatment. However, at the end of phase 2 the average telomeres length in the treated culture
was approximately five times longer than control. Furthermore, after recovering original proliferative
rate, the telomere lengths were similar in MST-312 and DMSO treated cultures (Fig. 4A). Also, the
expression of SUV39H1, SUV420H1 and SUV420H2 HMTs (which are associated with genetic stability
and telomere recombination) was significantly increased in the responding phase of the long-term
exposure to MST-312 (Fig. 4B). It was not observed any significant HMTs gene expression alteration
neither with 80 days of culture nor with 240 days, as described with other parameters previously.
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Fig. 3. Effects of long-term exposure to MST-312 on cell morphology, telomerase expression and resistance to cytotoxic
effects of the compound. (A) Dramatic changes on cell morphology, accessed by polarity index quantification, during the
responding phase of long-term treatment. After 200 days of treatment, no difference on this morphological parameter between
control and treated group was found (∗∗∗ two-tailed p value < 0.001; Mann-Whitney test). (B) The treatment did not change
levels of TERT mRNA. (C) Phase contrast micrographs show the resistance of long term MST-312 treated cells to cytotoxic
effects of the drug at high concentration, which remains as characteristic of the culture at the end of experiment, showed by
trypan blue exclusion assay (D).

3.3. Short-term treatment with MST-312 promotes apoptosis that is preceded by cell cycle arrest
in U-251 cell line

Given that long-term treatment did not prove to be the best telomerase based antitumor strategy, and
considering the dose-dependent toxic effect observed under the short-term treatment, we decided to
investigate the mechanism of cell death induced by MST-312 in this scenario. Results from Annexin
V/ Propidium iodide staining ratified the data from viability assay (Fig. 5A) suggesting that 2�M of
the telomerase inhibitor used was able to significantly induce apoptosis, but only after 48 h treatment
(Fig. 5B). Interestingly, 2�M of MST-312 induced cell cycle arrest in G0/G1 phase after 24 h of
treatment (when no cytotoxic effect was observed), affecting 68% of treated cells compared to 47%
of control cells (Fig. 5C, D, E), leading us to hypothesize that the cell death may be secondary to the
impacts of telomerase inhibition on cell cycle.
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Fig. 4. Effects of long-term exposure to MST-312 on average telomere length and expression of specific methyltransferases.
After a retraction of approximately 70% in the first 100 days, the longest telomeres were observed in the end of responding
(2) phase. In the end of the experiment, the average telomeres lengths were the same in control and treated groups (A).
Coincidently, the expression of SUV39H1, SUV420H1 and SUV420H2 histone methyltransferases were increased in the
responding phase, but not in early or late phases of the long-term exposure to MST-312 (B). There were no changes in the
expression levels on DMOS control groups (data not shown).

3.4. TERT knock down promotes resistance of U-251 cells to MST-312

To evaluate the relevance of telomerase inhibition to cytotoxic action of the drug, we generated TERT
knock down U-251 cells by transient inhibition of TERT mRNA expression (Fig. 6A). These cells with
reduced telomerase expression were significantly more resistant (50.7 ± 4.2% of viable cells) to the
highest concentration of MST-312 (50�M) compared to control cells (27.9 ± 3.5% of viable cells)
(Fig. 6B and C), despite the similar IC50 values (Table 1).

We attempted to generate stable TERT knock-out clonal cells. However, the process of clonal selec-
tion was not satisfactory. The colonies that spontaneously rescued TERT expression were the only
ones that thrived. Two of these clonal cultures (clones A and B) showed TERT expression higher
than the control (scramble shRNA) and the parental cell line (Table 1). Corroborating with the data
from TERT knock down cells, both clones with increased TERT expression were more sensitive to the
toxic effects of MST-312 at the highest concentration (Fig. 6D). Taking into account the mechanism
previously described, the toxic effect of MST-312 may be partially cell cycle dependent, so that a
low proliferation rate could explain the weaker response of knock down cells to the drug. However,
the calculation of Doubling Time for all cells involved in the experiments clarified that there is no
correlation between proliferative profile and response to MST-312 (Table 1). The knock down and
clone A cells, for instance, have approximately the same DT, but different susceptibility to telomerase
inhibitor.

4. Discussion

The study of telomerase as pharmacological target is strategic due to the cancer-related nature of
this protein. Since its first description as telomerase inhibitor, MST-312 has had its activity tested
in several experimental models [16–18]. Our data reinforce the potential of these inhibitors for the
development of new anticancer drug, since interference in telomerase actions led to cytotoxicity. In
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Fig. 5. Toxic effect of MST-312 at low concentration on U-251 cells. (A) MTT assay showing no toxicity of 2 �M of MST-312
after 24 h treatment, but with decrease on cell viability after 48 h treatment (∗ two-tailed p value < 0.05; Mann-Whitney test).
(B) Assessment of apoptotic (Propidium Iodide negative annexin V positive) cells after 24 h and 48 h exposition to the drug
(∗∗ two-tailed p value < 0.01; unpaired t-test), indicating apoptosis induction. (C) Gate with representative events of cell cycle
analysis. (D) Representative graph showing cell cycle arrest in G0/G1 phase after 24 h treatment with 2 �M of MST-312.
(E) Quantification of the effect (N = 3, ∗∗ two-tailed p value < 0.01; ∗∗∗p < 0.001; compared to respective controls - unpaired
t-test).

this model, the compound showed a time and dose-dependent toxic effect against U-251 glioma cells
at short-term exposure, suggesting a telomere-shortening independent mechanism. The lowest toxic
concentration among those tested was chosen for a very long-term exposure, which can be divided into
three different phases, early and late phases with no apparent response, and an intermediate period of
time that we called responding phase, in which morphology changes and other biochemical markers
alterations could be observed. This pattern is suggestive of adaptation by selective pressure leading to
resistant cells [19].

As previously demonstrated for breast cancer cells [19], after a reduction of average telomeres length
provoked by telomerase inhibition on U-251 cells, if time enough is given to the culture, a reversion
of this condition can be observed, with increase of telomeres length, probably by selection of long
telomeres clones and finally recue of original phenotype. This finding reinforce the idea that traditional
dogma (of treating cancer by induction of telomeric crisis) can represent a recipe for therapeutic failure
and a selective pressure for adaptations with possible negative clinical meaning.

Keeping longest telomeres requires biochemical adaptations. The telomeres have heterochromatic
features and the main histone marks that characterize, heterochromatin formation are the trimethylation
of histone H3 at lysine 9 (H3K9me3) and of histone H4 at lysine 20 (H4K20me3). The histone methyl-
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Fig. 6. Toxic effect of MST-312 on TERT knock-down U-251 cells. (A) Characterization of knock-down cells by qPCR
showing low TERT expression in TERT -shRNA plasmid transfected cells compared to control-shRNA plasmid transfected
cells. (B) 72 h dose-response curve (MTT assay, the control is not shown due to the use of log of concentrations - basal
viability values in both control and KD groups were comparable) showing that TERT knock-down cells are more resistant
to MST-312 effects, which was also clearly demonstrated by phase-contrast microscopy analysis (C). (D) In addition, clonal
cultures with high TERT expression exhibited greater susceptibility to high concentration of the drug (50 �M) (72 h treatment;
∗ two-tailed p value < 0.05; Mann-Whitney test).

Table 1

Characteristics of U-251cell cultures with different patterns of TERT expression

Sample IC50 (72 h) TERT Doubling
(relative expression) Time (hours)

U-251 parental 6.56 1 47.65
U-251 control-shRNA 14.21 0.99 53.86
U-251 TERT knock down NC∗ 0.09 70.25
U-251 clone A 15.64 4.86 71.24
U-251 clone B 10.26 2.1 50.45

TERT knock down in U-251 cells. U-251 TERT knock down cells, showing reduced TERT expression, were resistant to toxic
activity of MST-312 compared to control transfected cells, even when compared to cultures with similar proliferative pattern.
∗not calculable.

transferases (HMT) known to catalyze these modifications are the SUV39H1/H2 and SUV420H1/H2.
In fact, HMT have shown important roles in the maintenance of cell viability under genomic stress
[20–22]. The HMT SUV420H and SUV39H HMTs were shown to be involved in telomere recom-
bination [23]. SUV39H1, for instance, is associated with aberrant telomere elongation [24], besides
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acquisition of altered and complex karyotypes in chronic lymphocytic leukemia [21]. We addressed the
expression of the HMT SUV39H1, SUV420H1 and SUV420H2 in long-term treated cells. Interestingly,
all of them were overexpressed in long telomeres culture, but went back to its original levels in the
end of the experiment, when cells recovered the initial telomeres lengths and proliferation rate.

However, it is important to take into account the role of HMT in epigenetic control of genes expression
and cell signaling pathways relevant for tumor growth [25]. Inactivating mutation of SUV420H1 in
tumor subpopulations, for instance, can abrogate DNA repair and it was associated with increased
invasion and migration in glioma [26]. Then, the described changes in HMT expression levels can
directly impact in a number of biochemical processes, leading to cells with a new set of properties,
including susceptibility to apoptosis. In fact, a globally plastic and open chromatin found in stem cell-
like subpopulation of human glioblastoma cells was linked to the reduced chromatin-binding affinity of
SUV39H1 with consequent reduction of its repressive histone H3 lysine 9 trimethylation (H3K9me3)
mark, which prevented apoptosis [27], and which up-regulation of SUV39H1 may compensate it.

Given the relevance of telomerase for the maintenance of proliferative rate in most tumor cells,
it is easy to understand that inhibition of its activity is a strong biochemical pressure that can lead
to acquisition of resistance through more than one mechanism in cancer cells, such as the develop-
ment of Alternative Lengthening of Telomeres (ALT), dysregulated transcriptional networks related
to mitochondrial biology [28], and increasing of TERT expression in response to long-term treatment
[29], which was not the case in our model. Other mechanism could include telomeric heterochromatin
regulation, with protection and maintenance of telomere length by epigenetic regulators such as the
SUV HMTs [23, 24], which would explain the observed upregulation of the SUV39H1, SUV420H1
and SUV420H2 enzymes in an attempt to scape cell death caused by telomere erosion, leading to the
observed low rate of cell proliferation during the responding phase and to the acquisition of resistance
to high concentration of MST-312. Corroborating with these findings, although studies are necessary
for the HMTs, there are evidence that cancer cells can become tolerant to drugs through dynamic
epigenetic chromatin remodeling [30, 31]. All of this data together show that the long term needed
for strategies aiming telomere erosion represents a limitation for the development of clinically useful
therapies. However, recent evidence has shown multiple roles of telomerase that are not related to
telomere lengthening, the so called non-canonical functions [32, 33], implicating this enzyme, for
example, with cell cycle control [34]. Therefore, telomerase remains an interesting potential target for
new anticancer drugs development [35–37].

The short-term experiments demonstrated that MST-312 was able to interfere with the cell cycle
leading to apoptosis in our in vitro model. In fact, telomerase has been implicated in cell cycle regulation
[38], and many other telomerase inhibitors have been shown to act on cell cycle, including the specific
inhibitor Imetelstat [39–41]. Moreover, the ability to induce G2/M arrest was previously described for
MST-312 [17], contrasting with our findings (G0/G1 arrest) and suggesting that this mechanism of
action may be tumor or even cell line specific. It is true that most of the classical anticancer drugs act,
directly or indirectly, on cell cycle, but very few of them in a cancer-specific target like telomerase,
evidencing the importance of our findings. In summary, it seems that, in the short term, the main
mechanism for drug toxicity is its interference in the cell division and that at long term, the inhibition of
telomerase triggers a compensatory mechanism that activates epigenetic regulators of heterochromatin
for telomere maintenance and, ultimately, resistance against MST-312. This interference in cell cycle
could also explain the chemosensitizer activity already demonstrated for MST-312 [42]. Finally, the
lack of specificity of MST-312 can represent a bias when its anti-telomerase properties are under
investigation. However, although the toxic effects of MST-312 were not totally reversed with the
reduction of TERT expression, it clearly induced a significant decrease in the response to the inhibitor.

Therefore, our results showed that long-term exposure to the MST-312 resulted in the induction
of cell adaptations with possible negative clinical implications, adding arguments against inducing
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telomere erosion as antitumor mechanism of drugs (beyond the long periods of treatment required).
On the other hand, telomerase inhibition by small molecules may represent an important strategy for
the development of new pharmacological therapies due to modulation of the non-canonical functions
of the enzyme, and considering its high potential to specifically target tumor cells.
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