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The Small Molecule BIBR1532 Exerts Potential Anti-cancer Activities in Preclinical Models of Feline Oral Squamous Cell Carcinoma Through Inhibition of Telomerase Activity and Down-Regulation of TERT
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Expression of telomerase reverse transcriptase (TERT) and telomerase activity (TA) is a main feature of cancer, contributing to cell immortalization by causing telomeres dysfunction. BIBR1532 is a potent telomerase inhibitor that showed potential anti-tumor activities in several types of cancer, by triggering replicative senescence and apoptosis. In a previous work, we detected, for the first time, TERT expression and TA in preclinical models of feline oral squamous cell carcinoma (FOSCC); therefore, we aimed at extending our investigation by testing the effects of treatment with BIBR1532, in order to explore the role of telomerase in this tumor and foreshadow the possibility of it being considered as a future therapeutic target. In the present study, treatment of FOSCC cell lines SCCF1, SCCF2, and SCCF3 with BIBR1532 resulted in successful inhibition of TA, with subsequent cell growth stoppage and decrease in cell viability. Molecular data showed that up-regulation of cell cycle inhibitor p21, unbalancing of Bax/Bcl-2 ratio, and down-regulation of survival gene Survivin were mostly involved in the observed cellular events. Moreover, BIBR1532 diminished the expression of TERT and its transcriptional activator cMyc, resulting in the down-regulation of epidermal growth factor receptor (EGFR), phospho-ERK/ERK ratio, and matrix metalloproteinases (MMPs)-1/-2 and−9, likely as a consequence of an impairment of TERT extra-telomeric functions. Taken together, our data suggest that BIBR1532 exerts multiple anti-cancer activities in FOSCC by inhibiting telomerase pathway and interfering with signaling routes involved in cell proliferation, cell survival, and invasion, paving the way for future translational studies aimed at evaluating its possible employment in the treatment of this severe tumor of cats.
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INTRODUCTION

Telomerase is a holoenzyme that extends telomeres, the terminal DNA sequences of chromosomes (1). This function is carried out mostly by its catalytic subunit, the telomerase reverse transcriptase (TERT), which works by adding TTAGGG repeats to telomeric DNA by using an internal RNA template (TERC) (1).

In somatic cells, TERT gene is not transcribed, and telomerase is not active; therefore, telomeric ends shorten at each cell duplication until, after a scheduled number of replications, they reach a critical point of erosion (1). The cell machinery senses this event like a severe DNA damage and thus activates p53-dependent molecular pathways that result in replicative senescence and cell death, including p21-induced cell cycle arrest and apoptosis through unbalancing of genes belonging to the Bcl-2 family, such as the pro-apoptotic gene Bax and the anti-apoptotic gene Bcl-2 (1).

Instead, cancer cells are prone to maintain a highly proliferative rate; therefore, it is not surprising that TERT expression and telomerase activity (TA) represent a common feature of most of human malignancies (2). A main player in the activation of this pathway in tumor cells is the cMyc oncogene that, among its multiple transforming properties, works as a positive transcriptional regulator of TERT gene, constituting a key signaling axis in cancer (3, 4); once this is switched on, active telomerase triggers cell immortalization by preventing telomeres shortening, thus resulting in the abrogation of replicative senescence (1). However, there is increasing evidence that, beyond its canonical activity, TERT displays some extra-telomeric functions, such as transcriptional regulation of genes with a relevant role in oncogenic pathways (2). For instance, TERT is a positive regulator of epidermal growth factor receptor (EGFR), a membrane tyrosine kinase that activates signal transduction cascades that results in cell proliferation and inhibition of apoptosis (2, 5, 6). And yet, it modulates the expression of genes influencing cell migration and invasiveness, such as matrix metalloproteinases (MMPs)-1/-2/-9, thus playing a role in epithelial–mesenchymal transition and metastasis (2, 7–9). For these reasons, TERT is actually considered a central regulator of the hallmarks of cancer (2).

Due to this multilevel role in carcinogenesis, different strategies are under investigations for telomerase inhibition, such as gene silencing through siRNA or treatment with small molecules (10). BIBR1532 is a non-nucleosidic, non-peptidic inhibitor of telomerase that blocks enzymatic activity by binding to the active site of TERT (11). Treatment of many cancer cell types with this drug has been shown to efficiently repress TA, leading to growth arrest and cell death (10). Moreover, independently from its activity as functional telomerase inhibitor, BIBR1532 induces the down-regulation of TERT expression, which in turn further weakens TA and provides additional anti-cancer effects linked to impairment of its extra-telomeric functions (8, 12). In addition, BIBR1532 displayed potential efficacy as adjuvant in combination with other anti-cancer agents and radiotherapy in lung and breast cancer as well as acute promyelocytic leukemia (13–15). Therefore, BIBR1532 may be potentially an ideal compound for cancer therapy.

Telomerase inhibition represents a promising therapeutic approach for human oral squamous cell carcinoma (hOSCC), where the role of this enzyme is prominent (16–18). Then, there is increasing interest in veterinary oncology for studying telomerase in animal counterparts, particularly in canine and feline OSCC (FOSCC) (19–21). FOSCC is a malignant tumor characterized by highly aggressive behavior, frequent local invasion, metastasis, high rate of recurrence, and often poor prognosis (22). Indeed, surgery, radiotherapy, and chemotherapy are possible treatment strategies; however, no 100% efficient therapy is currently available (23). A recent study of our group demonstrated the expression of cMyc, TERT, and TA, along with the expression of MMP-1/-2/-9 in two validated preclinical models of FOSCC, namely, SCCF2 and SCCF3 (24–26). With the present work, we aimed at expanding our investigation by testing the effects of the specific inhibitor BIBR1532 in SCCF2, SCCF3, and, importantly, in an additional validated tumor-derived cell line named SCCF1, in order to investigate the role of telomerase pathway in these tumors and explore the potential anti-cancer activities of this drug in FOSCC (27).



MATERIALS AND METHODS


Cell Lines, Cell Culture, and Treatments

FOSCC cell lines SCCF1, SCCF2, and SCCF3 developed in the Rosol laboratory are a kind gift from Professor T.J. Rosol (The Ohio State University) and were cultured as previously described (24, 25, 27). A stock solution of BIBR1532 (Selleckchem #S1186) at 10 mM was prepared by dissolving the compound in dimethylsulfoxide (DMSO, Bioshop #67-68-5) and stored at −80°C in aliquots to be thawed immediately before use. For treatment, cells were plated at 1 × 105 density in 6-well plates, and after 24 h, BIBR1532 diluted at 25, 50, and 100 μM in culture medium was added to wells. In control plates, drug was replaced with the same amount of DMSO for each dose. After 48 h, wells were read under ZOE Fluorescent Cell Imager (Bio-Rad Laboratories) for scanning and phase contrast photography, and then cells were harvested by trypsinization and analyzed as described below.



Trypan Blue Exclusion Assay for Cell Count and Viability

Cell pellets from treatments at 25, 50, and 100 μM for 48 h were resuspended in phosphate buffered saline (PBS, Corning #21-040-CV), and then equal amounts of cell suspension and 0.4% trypan blue (Lonza #17-942E) were mixed, incubated for 1–2 min at room temperature (rt), and counted by the use of Cell Counter (Bio-Rad). Changes in cell viability and growth at each dose of treatment with BIBR1532 were calculated and expressed as percentage compared with the respective control plate treated with DMSO set as 100%.



Telomeric Repeat Amplification Protocol Assay

TA in FOSCC cell lines treated at 25, 50, and 100 μM for 48 h was assessed by a telomeric repeat amplification protocol (TRAP) assay by using TRAPeze® Telomerase Detection Kit (Merck #S7700) as previously described (26). Reaction products were run on non-denaturing 15% polyacrylamide gel electrophoresis (PAGE). Gels were stained with GelStar™ Nucleic Acid Gel Stain (Lonza #50535) and read through the ChemiDoc gel scanner (Bio-Rad). For quantification, densitometric analysis was performed by using Image Lab software (Bio-Rad), and TA was calculated as the ratio between the telomerase ladders and the 36-base pair internal control. Decrease in TA at each dose was expressed as percentage compared with the respective control plate treated with DMSO set as 100%.



Western Blotting

Total protein extraction, protein quantification, sodium dodecyl sulfate (SDS)-PAGE, and Western blotting (WB) on cells treated at 50 or 100 μM for 48 h were performed as reported elsewhere (28). Detection of TERT, MMP-1, MMP-2, MMP-9, β-actin, and tubulin protein bands in SCCF cells was obtained as described previously (26). Detection of ERK, phospho-ERK, and Caspase 3 was performed by using antibodies and protocols described in previous work, anti-EGFR (Thermo Fisher Scientific #MS-378-P0) was also applied overnight at 4°C at 1:1,000 dilution, and HeLa whole cell lysate was loaded along with feline samples to ensure the reactivity of these three antibodies and the identity of the bands in SCCF cells (29, 30). Goat anti-mouse (GE Healthcare #LNA931V/AH) and donkey anti-rabbit (Bethyl Laboratories #A-120-108P) secondary antibodies conjugated with horseradish peroxidase were applied for 1 h at rt, and protein bands were visualized by enhanced chemiluminescence (ECL, Bio-Rad) at ChemiDoc gel scanner (Bio-Rad). Densitometric analysis for protein quantization was achieved by using Image Lab software (Bio-Rad). Protein expression levels were normalized to β-actin, and phosphorylation status of ERK was calculated as densitometric ratio pERK/ERK. Changes in protein expression upon treatments at each dose were calculated and expressed by comparison with the respective control plate treated with DMSO set as 1.



RNA Extraction, Reverse Transcription, and Real-Time Quantitative PCR

Total RNA extraction, reverse transcription (RT) to cDNA, and real-time quantitative PCR (qPCR) for feline EGFR, TERT, and cMyc were performed on cells treated at 50 μM for 48 h, as previously described (26, 31). For amplification of feline Survivin, p21, Bax, and Bcl-2 genes in cells treated at 25, 50, and 100 μM for 48 h, primers sets reported elsewhere were employed (32–34). Gene expression results were normalized for feline β2-microglobulin (β2MG), and data were generated according to the 2−ΔΔCt method by using Bio-Rad CFX Manager software (35). Changes in gene expression were calculated as relative mRNA levels at each dose with respect to DMSO control plate set as 1.



Statistical Analysis

For statistical analysis, Student's t-test was performed using SPSS 17.0 software (SPSS Inc.), and differences were considered to be statistically significant for *P < 0.05 or **P < 0.01.




RESULTS


BIBR1532 Inhibits TA in FOSCC Cell Lines

BIBR1532 blocks TA by specifically limiting the amount of nucleotide repeats available for substrate elongation; this activity has been detected in numerous preclinical models of cancer; however, it has never been tested in FOSCC cell lines (10). In order to define the effects of BIBR1532 on TA in FOSCC, SCCF1, SCCF2, and SCCF3 were treated at 25, 50, and 100 μM for 48 h and subjected to TRAP assay. The results showed readily detectable TA at control conditions in SCCF1, SCCF2, and SCCF3 (Figure 1A), and importantly, gel scans and quantitative analysis demonstrated reduction of TA with a dose-dependent trend in BIBR1532-treated cells in all of the three cell lines (Figures 1A,B). However, SCCF3 appeared to be sensitive already at the lower dose (25 μM), whereas SCCF1 and SCCF2 showed significant telomerase inhibition from 50 μM onward (Figures 1A,B).


[image: Figure 1]
FIGURE 1. BIBR1532 down-regulates telomerase activity (TA) in a dose-dependent manner in FOSCC cell lines. (A) SCCF1, SCCF2, and SCCF3 were treated with BIBR1532 at 25, 50, and 100 μM vs DMSO and analyzed by telomeric repeat amplification protocol (TRAP) assay. Representative gels out of at least three independent experiments are illustrated (C–: negative control, sample with no lysate; L100bp: 100 bp DNA ladder, the first band from the bottom is 100 bp; L50bp: 50 bp DNA ladder, the first band from the bottom is 50 bp). (B) Quantification of TA by densitometric analysis of gel scans. Data were calculated as the ratio between TERT products ladder and 36 bp internal standard and represent the mean ± standard deviations of at least three independent experiments. Changes in TA were calculated and expressed as % for each BIBR1532 dose compared with its respective DMSO control set as 100% (statistically significant, *P < 0.05; **P < 0.01).




BIBR1532 Affects Cell Growth, Viability, and Morphology in SCCF1, SCCF2, and SCCF3

Then, to investigate the impact of telomerase inhibition by BIBR1532 on these cell lines, cell growth and viability were evaluated under the same experimental conditions. The treatment induced growth inhibition in SCCF1, SCCF2, and SCCF3 in a dose-dependent manner (Figure 2A); notably, this effect was more marked in SCCF3 than in the other cell lines, and this was already noticeable at the lowest dose (Figure 2A). Moreover, BIBR1532 caused a dose-dependent decrease in cell viability in SCCF2 and, although slightly, in SCCF1, whereas in SCCF3, a mild reduction was yielded only at 100 μM (Figure 2B).


[image: Figure 2]
FIGURE 2. BIBR1532 inhibits cell growth and decreases cell viability in FOSCC cell lines. (A) SCCF1, SCCF2, and SCCF3 were treated with BIBR1532 at 25, 50, and 100 μM vs DMSO and analyzed by cell counting. The inhibitory effect on cell growth of each dose of BIBR1532 was calculated and expressed as % of decrease compared with its respective DMSO control set as 100%. Mean ± standard deviations (SD) from at least four independent experiments are shown. (B) Cell viability assessed by trypan blue exclusion assay. The effect of each dose of was calculated and expressed as % of decrease compared with its respective DMSO control set as 100%; the plots represent mean ± SD from at least four independent experiments (statistically significant, *P < 0.05; **P < 0.01).


To further evaluate the possible effects of BIBR1532 on cell morphology, cells were scanned by phase contrast microscope. In agreement with growth arrest data, the number of cells observable in treated wells decreased in a dose-dependent manner, and interestingly, morphologic changes were also visible upon BIBR1532 incubation in all cell lines: unlike untreated cells, growth-arrested SCCFs became flattened, enlarged, with intercellular bridges and increased granularity, often multi-nucleated and had vacuolated cytoplasm (Supplementary Figures 1A–C).



Molecular Changes Associated With Growth Arrest and Cell Death Induced by BIBR1532

Treatment with BIBR1532 of different cancer cell lines causes cell cycle arrest and apoptosis through activation of transcriptional pathways triggered by telomeres dysfunction, such as the increase of cell cycle inhibitor p21 and the unbalancing of Bax/Bcl-2 ratio (36–38). To further characterize whether these molecular changes caused by BIBR1532 would also contribute to cellular phenomena observed above in SCCF cells, qPCR experiments for p21, Bax, and Bcl-2 were conducted upon treatment at 25, 50, and 100 μM for 48 h (Figure 3).
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FIGURE 3. Gene expression changes in p21, Bcl-2, Bax, and Survivin in FOSCC cell lines treated with BIBR1532. SCCF1, SCCF2, and SCCF3 were treated with BIBR1532 at 25, 50, and 100 μM vs DMSO and analyzed by qPCR for p21 (A), Bcl-2 (B), and Bax (C). Bax/Bcl-2 transcriptional ratio (D) and Survivin gene expression (E) were also calculated as a measure of activated apoptosis. Data were normalized for β2-microglobulin and expressed as relative quantization by the 2−ΔΔCt method. Changes in relative mRNA levels for each dose of BIBR1532 were calculated and compared with their respective DMSO control set as 1. Plots represent the mean ± standard deviations of at least three repeated, independent experiments performed in technical triplicate (statistically significant, *P < 0.05; **P < 0.01).


In SCCF1, the highest increase of p21 gene expression was yielded at 25 μM, and this was followed by a gradual decrease at 50 and 100 μM, whereas a dose-dependent effect was observed in treated SCCF2 and SCCF3 cells (Figure 3A); however, SCCF3 but not SCCF2 showed increase of p21 already at the lowest dose (25 μM), although the fold of up-regulation at increasing doses (50 and 100 μM) was higher in SCCF2 with respect to SCCF3 (Figure 3A).

When analyzing Bax and Bcl-2 expression and their molecular ratio, the following results were observed: SCCF1 showed a dose-related reduction of Bcl-2 at 25 and 50 μM but not at 100 μM (Figure 3B); however, it was not accompanied by Bax augmentation; therefore, Bax/Bcl-2 ratio was mildly and gradually increased only at 25 and 50 μM to then decrease to control conditions at 100 μM (Figures 3C,D). In SCCF2 cell line, a dose-dependent decrease of Bcl-2 along with an increase in Bax mRNA levels was yielded, leading to an unbalancing of their molecular ratio in favor of Bax and thus apoptosis, which was particularly impressive at 100 μM (Figures 3B–D). SCCF3 showed no significant trends in Bax neither in Bcl-2 levels; therefore, no change of possible biological relevance could be observed in Bax/Bcl-2 ratio (Figures 3B–D).

BIBR1532 affects cell survival in leukemia cell lines by reducing the expression of the Survivin gene; therefore, its mRNA levels were also investigated in treated SCCF cells (37, 38). In SCCF1 and SCCF2, Survivin expression decreased in a dose-dependent manner, whereas no change could be observed in treated SCCF3 at any drug concentration (Figure 3E). Despite the variable molecular responses, WB analysis for cleavage of Caspase 3 confirmed the occurrence of apoptosis at 100 μM in all of the three cell lines, in agreement with cell viability data (Supplementary Figure 2).



BIBR1532 Down-Regulates cMyc and TERT Expression

In addition to the canonical inhibitory effects on TA, treatment with BIBR1532 has been shown to down-regulate the expression of cMyc in a series of cancer cell lines, resulting in decreased TERT transcription (36–39). Consistently, when analyzing cMyc and TERT expression, we found a decrease in their relative mRNA levels in BIBR1532- (50 μM for 48 h) vs. DMSO-treated cells in SCCF1, SCCF2, and SCCF3 (Figure 4A). Down-regulation of TERT was further confirmed at protein level by WB with a specific antibody, followed by densitometric analysis (Figures 4B,C).
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FIGURE 4. BIBR1532 down-regulates cMyc and TERT in FOSCC cell lines. (A) SCCF1, SCCF2, and SCCF3 were treated with BIBR1532 at 50 μM vs DMSO and analyzed by qPCR for TERT and cMyc gene expression. Data were normalized for β2-microglobulin as housekeeping gene and expressed as relative quantization by the 2−ΔΔCt method. Changes in relative mRNA levels were calculated for SCCF1, SCCF2, and SCCF3 treated with BIBR1532 compared with their respective DMSO control set as 1. Plots represent the mean ± standard deviations (SD) of at least three repeated, independent experiments performed in technical triplicate. (B) A representative Western blotting (WB) gel for TERT protein expression in BIBR1532- vs. DMSO-treated cells. The blot was stripped and reprobed for β-actin to ensure comparable protein loading and allow normalization. For each cell line, boxes are cut from the same gel at the same exposure time and properly aligned according to molecular standards loaded onto the gel. Full scans from original gels are shown in Supplementary Figure 3. (C) Mean densitometric values normalized for β-actin expression ± SD from at least three repeated, independent WB experiments. Changes in protein levels were calculated for SCCF1, SCCF2, and SCCF3 treated with BIBR1532 compared with their respective DMSO control set as 1 (statistically significant, *P < 0.05 and **P < 0.01).




Effects of BIBR1532 on EGFR Pathway

Beyond its role as catalytic subunit of telomerase, TERT exerts several extra-telomeric functions; among these, transcriptional regulation of EGFR is of particular relevance, especially in cancer (2, 5, 6). Here, EGFR expression was readily detected at control conditions in SCCF1, in agreement with a previous study and, for the first time, in SCCF2 and SCCF3 cells (Figures 5A,B) (40). Notably, treatment with BIBR1532 at 50 μM for 48 h caused the down-regulation of EGFR mRNA and protein levels in all of the three cell lines as detected by qPCR and WB, respectively, likely due to the decreased expression of TERT (Figures 5A–C). Signal transduction pathways downstream of EGFR result in phosphorylation/activation of mitogen-activated protein kinase ERK (41). Consistently, in treated SCCFs, reduction of EGFR was associated with a marked decrease of activated ERK (pERK), as detected by WB and confirmed by measuring pERK/ERK densitometric ratio (Figures 5B,C).
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FIGURE 5. BIBR1532 down-regulates EGFR pathway in FOSCC cell lines. (A) SCCF1, SCCF2, and SCCF3 were treated with BIBR1532 50 μM vs. DMSO and analyzed by qPCR for EGFR gene expression. Data were normalized for β2-microglobulin and expressed as relative quantization by the 2−ΔΔCt method. Changes in relative mRNA levels were calculated for SCCF1, SCCF2, and SCCF3 treated with BIBR1532 compared with their respective DMSO control set as 1. Plots represent the mean ± standard deviations (SD) of at least three repeated, independent experiments performed in technical triplicate. (B) Representative WB for EGFR, ERK, and pERK in BIBR1532- vs. DMSO-treated cells. HeLa whole cell lysate run along with feline samples confirmed the identity of the bands. The blot was stripped and reprobed for β-actin to ensure comparable protein loading and allow normalization. (C) Densitometric values of EGFR normalized for β-actin and densitometric ratio pERK/ERK; data are expressed as mean ± SD from at least three repeated, independent experiments. Changes in protein levels were calculated for SCCF1, SCCF2, and SCCF3 treated with BIBR1532 compared with their respective DMSO control set as 1 (statistically significant, *P < 0.05 and **P < 0.01).




BIBR1532 Down-Regulates MMP-1, MMP-2, and MMP-9

Treatment with BIBR1532 decreases the protein expression of several MMPs in different types of cancer cells, through down-regulation of TERT (8, 9). To address whether this might occur also in SCCF1, SCCF2, and SCCF3, WB experiments for MMP-1, MMP-2, and MMP-9 and densitometric analysis were performed upon treatment at 50 μM for 48 h (Figures 6A,B). The results demonstrated that incubation with the drug yielded a decrease in MMP-1, MMP-2, and MMP-9 protein levels compared with control conditions, in all of the three cell lines (Figure 6).


[image: Figure 6]
FIGURE 6. BIBR1532 down-regulates MMP-1/-2/-9 in FOSCC cell lines. (A) SCCF1, SCCF2, and SCCF3 were treated with BIBR1532 50 μM vs. DMSO and analyzed by Western blotting (WB) for MMP-1/-2/-9. Representative WB experiments showing lower MMP-1/-2/-9 expression at protein level in BIBR1532- vs. DMSO-treated cells are shown. Blots were stripped and reprobed for β-actin to ensure comparable protein loading and allow normalization. For each cell line, boxes are cut from the same gel at the same exposure time and properly aligned according to molecular standards loaded onto the gel. Full scans from original gels are shown in Supplementary Figure 4. (B) Mean densitometric values normalized for β-actin expression ± SD from at least two repeated, independent experiments. Changes in MMPs protein levels were calculated for SCCF1, SCCF2, and SCCF3 treated with BIBR1532 compared with their respective DMSO control set as 1 (statistically significant, *P < 0.05 and **P < 0.01).





DISCUSSION

With the present study, we aimed at expanding our ongoing investigation on the role of TERT and TA in FOSCC by treating tumor cell lines with the specific inhibitor BIBR1532 and evaluating its potential anti-cancer activities (26). In SCCF1, SCCF2, and SCCF3, treatment with BIBR1532 caused the stoppage of cell growth in a dose-dependent manner, with a trend closely and specifically correlated to the degree of enzymatic inhibition, suggesting that FOSCC cells are telomerase-addicted in their proliferative abilities. Instead, despite with a general dose-dependent trend, cell viability was affected at different degrees unrelated to the levels of telomerase inhibition, particularly in SCCF3; a similar variable response has been reported in SCCFs treated with other chemotherapeutics, suggesting that this parameter may be specifically influenced by the molecular/metabolic background of each cell line (42): in agreement with this hypothesis, previous studies on breast cancer showed that different cell lines, even when derived from the same type of tumor, may exhibit distinct survival responses when treated with BIBR1532 (43). Additionally, morphological changes observed in treated SCCFs suggested the activation of replicative senescence: indeed, they are all distinctive features associated with age-related senescence and have been previously described in human cancer cells treated with BIBR1532 (29, 44).

Replicative senescence is triggered by telomeres attrition through up-regulation of the cell cycle inhibitor p21, and optionally, it may shift to apoptosis through unbalancing of Bax/Bcl-2 ratio (1). In SCCF1, molecular, biochemical, and cellular data indicated that, as the BIBR1532 dose increased, cells shifted from a p21-dependent cell cycle arrest to apoptosis. Studies on kinetics of apoptosis suggest that the apparent inconsistency of molecular results at 100 μM might be due to the fact that gene expression changes and effective cell death may be uncoupled, with the peak of Bax/Bcl-2 ratio possibly occurring prior to activation of Caspase 3 and apoptosis (45). Instead, in SCCF2, full consistency among all the experimental data revealed induction of cell cycle arrest and apoptosis with a dose-dependent trend. Regulation of p21, Bax, and Bcl-2 in response to telomerase inhibition requires an intact p53 pathway (1, 46); previously, SCCF3 cells were shown to harbor lower p53 levels than SCCF2, due to proteasomal degradation induced by Felis catus Papillomavirus type-2 E6, thus providing a likely explanation to the different degrees of activation of downstream genes between the two cell lines (47). However, in our recent work, SCCF3 cells were described to harbor lower basal TA, and this may justify the finding that the lowest BIBR1532 concentration was already sufficient to significantly inhibit the enzyme and result in earlier response of p21 (26). Nevertheless, the milder increase yielded by p21 in SCCF3 was coupled with a more impressive cell growth inhibition at each dose, suggesting that these cells were strictly p21-addicted for cell cycle arrest. BIBR1532 impacts on cell survival also through the down-regulation of Survivin in leukemia cells, although through unknown mechanisms (37, 38); our results suggest that Survivin cooperated in inducing apoptosis in SCCF1 and SCCF2 but not in SCCF3, where Caspase 3 cleavage and subsequent apoptosis at 100 μM might instead be due to the activation of alternative cell death mechanisms triggered by telomerase deprivation, such as the extrinsic pathway (48).

Taken together, these data suggest that inhibition of TA by BIBR1532 in SCCF cells switches off cell proliferation and, despite with variable degrees and molecular responses, promotes cell death mostly by engaging p53-dependent pathways triggered by telomeres shortening, in agreement with literature data (12, 49–51). However, several authors found that acute treatment with BIBR1532 is not sufficient to obtain a substantial telomeres attrition; instead, it induces direct random DNA damage, likely due to the inhibition of extra-telomeric functions of TERT in DNA repair processes rather than to disable its canonical activity at telomeres (12). Moreover, in FOSCC samples, lower TA does not correspond to shorter telomeres, possibly due to the activation of mechanisms of alternative lengthening of telomeres (ALT) (20). In this study, we did not measure telomeres length upon treatment and cannot exclude the occurrence of ALT in SCCF cells; however, our data demonstrate that, whatever the cellular and molecular mechanisms involved, BIBR1532 exerts potent tumor growth suppressive activities in FOSCC (see Supplementary Figure 5).

TERT gene is under transcriptional regulation by cMyc, a well-known oncogene over-expressed in FOSCC and previously detected in SCCF cells (3, 26, 52). BIBR1532 down-regulates cMyc expression in tumor cell lines through the perturbation of regulatory cancer-related microRNAs (miRNA), resulting in the repression of TERT expression and subsequent inhibition of its extra-telomeric functions (36–39). In this work, SCCF cells treated with BIBR1532 showed concomitant down-regulation of cMyc and TERT, suggesting the occurrence of this transcriptional axis in FOSCC. Whether this is due to the dysregulation of miRNA induced by BIBR1532 also in FOSCC, needs to be explored in future studies.

Regulation of EGFR is among the non-canonical functions of TERT (2), and interestingly, previous studies report a significant correlation between EGFR expression and levels of TA in FOSCC samples (20). Consistently, here, BIBR1532 induced down-regulation of EGFR and its downstream effector pERK in all cell lines, confirming its functional correlation with TERT in FOSCC also in vitro. Considering the main role of EGFR in the proliferation of FOSCC-derived cells (40), it is likely that the inhibition of EGFR in treated SCCF cells contributed to the reduction of their growth; therefore, our data pave the way to a possible dual-target therapeutic approach blocking two key pathways in the development of FOSCC by the use of a single drug, the BIBR1532.

FOSCC is characterized by highly invasive phenotype and metastatic potential, possibly due to the expression of MMP-1/-2 and−9 as in the human counterpart (26). It has been demonstrated that modulation of MMPs expression is an additional extra-telomeric function of TERT, so that its specific inhibition causes a down-regulation of MMPs accompanied by a decrease in invasion capacity of cell lines derived from different tumors, including hOSCC (8, 9, 17). In agreement with these data, inhibition of TERT by BIBR1532 in SCCFs induced a reduction of MMP-1/-2/-9 expression, suggesting that treatment with this drug may affect also the invasive potential of tumor cells in FOSCC.

In conclusion, this work demonstrates that BIBR1532 exerts a series of anti-cancer activities linked to the inhibition of canonical telomerase pathway and TERT extra-telomeric functions in FOSCC cell lines (see Supplementary Figure 5), paving the way for future translational studies aimed at evaluating its possible employment in the treatment of this tumor. There is evidence showing that BIBR1532 works synergistically with chemotherapeutic agents and ionizing radiation, sensitizing drug-resistant cells and enhancing radio-sensitivity in many in vitro models of cancer (14, 38, 49, 53). Considering that chemo- and radiotherapy are not resolutive in FOSCC patients, we may speculate that BIBR1532 may find potential application as an adjunctive agent contributing to improve the response to treatments, leading to a more favorable prognosis for naturally occurring FOSCC.
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