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Abstract

:

The Ras homologous family of small guanosine triphosphate-binding enzymes (GTPases) is critical for cell migration and proliferation. The novel drug 1A-116 blocks the interaction site of the Ras-related C3 botulinum toxin substrate 1 (RAC1) GTPase with some of its guanine exchange factors (GEFs), such as T-cell lymphoma invasion and metastasis 1 (TIAM1), inhibiting cell motility and proliferation. Knowledge of circadian regulation of targets can improve chemotherapy in glioblastoma. Thus, circadian regulation in the efficacy of 1A-116 was studied in LN229 human glioblastoma cells and tumor-bearing nude mice. Methods. Wild-type LN229 and BMAL1-deficient (i.e., lacking a functional circadian clock) LN229E1 cells were assessed for rhythms in TIAM1, BMAL1, and period circadian protein homolog 1 (PER1), as well as Tiam1, Bmal1, and Rac1 mRNA levels. The effects of 1A-116 on proliferation, apoptosis, and migration were then assessed upon applying the drug at different circadian times. Finally, 1A-116 was administered to tumor-bearing mice at two different circadian times. Results. In LN229 cells, circadian oscillations were found for BMAL1, PER1, and TIAM1 (mRNA and protein), and for the effects of 1A-116 on proliferation, apoptosis, and migration, which were abolished in LN229E1 cells. Increased survival time was observed in tumor-bearing mice when treated with 1A-116 at the end of the light period (zeitgeber time 12, ZT12) compared either to animals treated at the beginning (ZT3) or with vehicle. Conclusions. These results unveil the circadian modulation in the efficacy of 1A-116, likely through RAC1 pathway rhythmicity, suggesting that a chronopharmacological approach is a feasible strategy to improve glioblastoma treatment.
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1. Introduction


The mammalian circadian system is composed of a hierarchical arrangement of oscillators, with a master pacemaker located in the hypothalamic suprachiasmatic nuclei (SCN) [1]. These nuclei control the rhythmicity of most physiological and behavioral processes, enabling their entrainment to daily environmental variables such as light-dark and temperature cycles [2]. The core molecular components of circadian oscillations are based on transcriptional-translational auto-regulatory feedback loops generated by the activity of circadian genes of which bmal1, period (1 and 2), cry (1 and 2) and clock are the main components. Because circadian oscillations are produced by an endogenous mechanism, they persist in the absence of environmental cycles and even in isolated cells and tissues in vitro. Peripheral oscillators capable of generating circadian cycles are present in most cells and tissues in the body and are coordinated by the SCN rhythmic neuroendocrine (e.g., melatonin, glucocorticoids), autonomic and behavioral outputs. These physiological oscillations lead to daily rhythms in pharmacokinetics (e.g., absorption, metabolism) and pharmacodynamics (interaction with effector targets) [3,4] of many drugs, providing the basis for chronopharmacology, which seeks for the circadian time with maximum efficacy of treatments and minimal side effects [5].



Glioblastomas (GBM) are the most common and malignant primary tumors of the central nervous system in adults and are composed of poorly differentiated astrocytic cells and their main characteristics are exhaustive proliferation, infiltration and resistance to apoptosis [6,7]. The current treatment for high-grade gliomas includes surgery, radiotherapy and chemotherapy with temozolomide (TMZ) [8] but even when treated, the average survival time is just over one year [9]. Considering that the inclusion of TMZ in the treatment of GBM patients increased their life expectancy by just a few months, neither the quality nor the survival of the patients have improved considerably in the last three decades [10]. Consequently, new therapeutic approaches are essential for GBM patients worldwide [11,12]. The 1A-116 compound was recently proposed as a novel drug for the treatment of glioblastoma and other tumors [13,14]. Both in LN229 and U-87 glioma cell lines, it specifically inhibited the activation of RAC1 [13], a monomeric GTPase involved in a variety of cellular processes required for tumor progression (proliferation, migration, and cytoskeleton reorganization) [15,16]. 1A-116 was designed to block the binding of RAC1 to guanine exchange factors (GEFs) such as Tiam1, by interacting with the Trp56 residue on its surface. As with many other drugs (including nitrates [17], benzodiazepines [18], antidepressants [19] and those to treat essential hypertension [20]), the effectiveness of 1A-116 could be further improved by finding the best time for delivery. The improved efficacy of chronopharmacological approaches for over thirty anti-cancer drugs was assessed recently in pre-clinical studies and clinical trials, which showed that controlling administration time leads to lower toxicity [21,22,23,24,25]. However, to the best of our knowledge, only one chronopharmacological work was published reporting circadian modulation of the effects of TMZ in patients [26]. To improve life expectancy and quality for GBM patients, it is critical to identify new druggable targets and to optimize treatment schedules. In this context, the aim of this work was to assess the circadian modulation of the efficacy of 1A-116 acting on human GBM LN229 cell lines in vitro and in vivo in LN229 xenografts implanted in nude mice.




2. Materials and Methods


2.1. Cell Lines


The established human glioma cell lines, LN229 (American Type Culture Collection (ATCC) CRL-2611), were derived from grade IV astrocytomas and were maintained according to ATCC recommendations. They were grown at 37 °C, under a 5% CO2 and 100% humidity atmosphere. The culture medium used in the growth contained 10% fetal bovine serum (FBS) in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, Thermo Fischer Scientific, Waltham, MA, USA) and was supplemented with glutamine (2 mM). Confluent cell cultures were then subcultured twice a week, using standard procedures.



Circadian synchronization of cell cultures was achieved by following the procedures outlined in [27]; by exposing cells to a two-hour serum shock (50% FBS in DMEM), followed by regular DMEM. After the serum shock, the elapsed time (in hours) was recorded as the hours post-synchronization (HPS) and was used to set the circadian time. Only the cells with passage numbers between 250 and 280 were used.



The genotype was confirmed with PCR and sequencing (Productos Bio-Lógicos, Buenos Aires, Argentina) and Short Tandem Repeats (STR) (Easy DNA, Buenos Aires, Argentina). During PCR and sequencing, the following oncogenes were looked at: PTEN wt, p53 mutation Pro98Leu and p14 ARF and p16 deletions (Figure S1). Deletions of p14 and p16 were confirmed by PCR and the sequences of PTEN and P53 were found as expected. The STR profile was performed according to ATCC recommendations and it reported the following results: Amelogenin: X, CSF1PO: 12, D13S317: 10,11, D16S539: 12, D5S818: 11,12, D7S820: 8,11, TH01: 9.3, TPOX: 8, vWA: 16,19; which are consistent with the LN229 STR profile displayed in Figure S1. Finally, the cell line was tested for mycoplasma contamination twice a year.




2.2. Drugs and Reagents


1A-116 (MW 307.6 g/mol, 99.3% pure) was provided by Chemo-Romikin S.A (Buenos Aires, Argentina). Unless stated otherwise, all reagents were provided by Sigma-Aldrich (St. Louis, MO, USA).




2.3. CRISPR/cas9 Knock-Down of Bmal1 Expression


Knock-down experiments were performed as previously described [28]. Briefly, LN229 cells were cultured in 12-well plates and transfected with StBL3E1 Crispr-Cas9 for bmal1 human knock-down (kindly provided by Dr. Mario Guido). Transfection was performed using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA, USA) according to manufacturer’s recommendations, in serum and antibiotics-free DMEM medium. After 6 h, the medium was replaced with fresh complete DMEM, and after 72 h, the cells were treated with 1 μg/mL puromycin for 72 h to positively select the transfected cells. The cells were subcultured and 1 μg/mL puromycin was added every ten passages to ensure the selection of transfected cells. The pool of selected LN229 cells was labeled as LN229E1. The successful bmal1 knock-down was validated for LN229E1 using the following specific primers: Fw primer: 5′-CAACGTGCCATGTGTTA-3′, Rv primer: 5′-GAAGGCCCAGGATTCCA-3′, for amplification of a ~300 pb fragment of exon 2 of bmal1, flanking the CRISPR recognition site, followed by Sanger sequencing (Macrogen, Seoul, Korea). Sequences of amplicons were aligned with bmal1 sequence using software nBLAST (version 2.11.0, NCBI, Bethesda, MD, USA), confirming the presence of edited exon 2 in LN229E1 (Figure S2). To assess if the disruption of the bmal1 gene promotes a non-circadian phenotype, the loss of circadian rhythms of BMAL1 and PER1 clock proteins in synchronized cultures was measured by in-cell western assay [29] and real-time bioluminescent recording of bmal1 gene promoter activity with pGL3-Bmal1-dLuc plasmid.




2.4. Bioluminescent Recordings


A total of 2.5 × 105 LN229 and LN229E1 cells/well were plated in 35 mm plates (Cell Star, Greiner Bio-One, Frickenhausen, Germany). Similarly, transfection with pGL3-Bmal1-dLuc plasmid [30] was performed using Lipofectamine 3000 according to manufacturer’s recommendations, in a serum- and antibiotics-free DMEM medium. After 6 h, the medium was replaced with fresh complete DMEM, followed by serum shock synchronization. The DMEM was replaced 2 h later with a medium that was suitable for long-term bioluminescence recording: 1% FBS in DMEM without phenol red, supplemented with HEPES (Gibco, Life Technologies, Waltham, MA, USA), glutamine (2 mM), pyruvate (2 mM) and luciferin (0.1 mM). Finally, the plates were sealed with silicone grease to avoid medium evaporation.



Bioluminescence was measured with a luminometer (Kronos Dio, ATTO, Tokyo, Japan) at 37 °C for a total time of 72 h. Readings were recorded every 30 min, each with an integration time of 6 min. The data were then analyzed for circadian periodicity using the ChronoStar 2.0 software (Stephan Lorenzen, Hamburg, Germany) [31].




2.5. Cell Proliferation Assay


A total of 3 × 103 cells/well were plated in 96-well plates (Cell Star, Greiner Bio-One, Germany). To characterize the circadian modulation of the response to 1A-116, synchronized cultures were treated during 72 h with 20 μM 1A-116, or vehicle, delivered at 0, 5, 10, 15, 20, or 25 HPS (5 h intervals during 25 h). At 72 h, the cultures should form confluent monolayers at standardized culture growth conditions. Cell growth (G) was assessed by measuring the uptake of either crystal violet 0.1% (measuring absorbance at 570 nm), or Calcein AM (Life Technologies, Carlsbad, CA, USA), measuring fluorescence emission at 520 nm. Uptake in drug-treated cultures was normalized dividing it by the average uptake in vehicle-treated cultures. Inhibition of proliferation (Ip) was quantified as Ip = 1 − G. Three independent assays were performed for each experimental condition.



Using the same assay, dose-response experiments were performed to calculate the half-maximal inhibitory concentration (IC50). Experiments were performed including LN229 and LN229E1 with 1A-116 at 10, 20, 40, 50, or 100 μM at 10 and 23 HPS, which are respectively the circadian time of maximum and minimum Ip, found in the previous experiments. The collected data were processed and fitted to dose-response curves generated by non-linear fitting using the variable Hill slope Dose-Response function within OriginPro9 (OriginLab Corporation, Northampton, MA, USA).




2.6. Cell Viability Assay


To determine the acute effects on cell viability, 2.5 × 103 cells/well were plated in 96-well plates (Cell Star, Greiner Bio-One, Frickenhausen, Germany). Following synchronization, cells were treated with either 1A-116 at 5 or 10 μM, or vehicle at 10 or 23 HPS. Because Calcein AM stains only living cells, cell viability was measured as the number of fluorescent cells determined 16 h after the drug treatment. Three independent assays were performed for each experimental condition.




2.7. Cell Migration Assays


2.5 × 105 LN-229 cells were plated and synchronized by serum shock in 12-well plates having a silicon 3.5 mm elastomer (Sylgard 184) stopper previously adhered to the center of each well. Except for technical controls (t0), the silicon stoppers in all wells were removed at the time of treatment to generate a cell-free area into which the surrounding cells could migrate. Cells were treated with 1A-116 (10 μM) or vehicle at 10 HPS or 23 HPS, and cell migration was measured 16 h later (as stated in [13]) after labeling cells with Calcein AM. Because 1A-116 has effects on proliferation and apoptosis, the time allowed for the cells to migrate was enough for them to invade the cell-free area while keeping the number of cell divisions at a minimum. The stoppers in the three t0 wells were removed 1 h before quantification, the results were averaged and subtracted from the measurements of all other wells to account for the cells that could stochastically detach and fall in the cell-free area. Images of the cultures were obtained using a Cytation 5 Imaging Reader (Biotek Instruments, Winooski, VT, USA) with a 2.5x objective and GFP (488/520 nm) channels. Two regions of interest within the same area were selected and measured in each image, one in the center of the cell-free area and the other one outside, where the cell monolayer was intact (no stopper). This allowed measuring the cells in the migration area relative to the cells outside, accounting for possible effects of the number of cells available to enter the migration area. The number of labeled cells inside the migration area and the total covered migration area for each treatment were assessed using ImageJ software (version 1.53a, Wayne Rasband, Stapleton, NY, USA). The results shown correspond to the average of three independent experiments.




2.8. Early Apoptosis Assay


In total, 3 × 103 LN-229 cells/well were plated in 96-well plates. After 24 h, the cells were synchronized and treated for 6 h (as stated in [13]) with either 20 and 50 μM 1A-116, or vehicle at 10 HPS and 23 HPS. Early apoptosis was measured using fluorescent-labeled Annexin V; a phospholipid-binding protein with a high affinity for phosphatidylserine that is present in the outer surface of the cell membrane in apoptotic cells. The Alexa Fluor 488 Annexin V kit (Molecular Probes, Thermo Fisher Scientific, Waltham, MA, USA) was used according to the manufacturer’s instructions. Each measurement was performed using a Cytation 5 Imaging Reader (Biotek Instruments, Winooski, VT, USA) at 10x objective and DAPI (360/460 nm) and GFP channels.




2.9. Quantitative Real-Time RT-PCRs


The 8 × 105 LN-229 cells were plated in 6-well plates and were synchronized at 0, 4, 8, 12, 16, 20 and 24 HPS (4 h intervals during 24 h). The total RNA was extracted using the EasyPure RNA kit (Transgen Biotech, Beijing, China) according to the manufacturer’s instructions. Next, the DNA was removed from all samples using DNAsa I free Rnasa (Promega, Madison, WI, USA). Reverse transcriptase Superscript II (Thermo Fisher Scientific, USA) was used according to the manufacturer’s instructions to then synthesize cDNA. Quantitative real-time RT-PCR (qPCR) analysis was performed using the Power Sybr Green PCR (Thermo Fisher Scientific, USA) with a Step-One Real-time PCR system (Thermo Fisher Scientific, Waltham, MA, USA), using the following primers: Rac1, Fwd: 5′-GTGCAGACACTTGCTCTCCT-3′, Rv: 5′-AATGGCAACGCTTCATTCGG-3′, Tiam1: Fwd:5′-TGCCGTGTTCTGACTTACC-3′, Rv: 5′-ACATGAATCGCCACCCTCTC-3′, Bmal1:Fwd: 5′-CCACTGTTCCAGGGATTCCA-3′, Rv: 5′-GGAGGCGTACTCGTGATGTT-3′, Actin: Fwd: 5′-GGACTTCGAGCAAGAGATGG-3′, Rv: 5′-AGGAAGGAAGGCTGGAAGA-3′. All gene mRNA expression values were normalized to the expression level of the housekeeping gene (actin) and quantification of gene expression was performed using ΔCt values, defining ΔCt as the difference between the target and reference gene Ct values.




2.10. In-Cell Western Assays


3 × 103 LN-229 cells were plated in 96-well plates, synchronized, and fixed with cold methanol (−20 °C) at 0, 3, 6, 9, 12, 15, 18, 21, or 24 HPS (3 h intervals during 24 h). Cells were then washed with phosphate-buffered saline (PBS), blocked with 5% milk and treated with either TIAM1-Alexa 488 (Santa Cruz Biotechnology, Dallas, TX, USA), BMAL1 (Novus, Centennial, CO, USA), and PER1 (Santa Cruz Biotechnology, Dallas, TX, USA) monoclonal antibodies. Measurements were performed using a Cytation 5 Imaging Reader, 10x objective and DAPI and GFP channels.




2.11. Image Acquisition and Processing


Raw images were acquired with the GEN 5 software in the Cytation 5 system and were processed using the Fiji image analysis software [32]. Raw images were obtained to qualitatively confirm the staining patterns, so no intensity measurements were performed. Intensity measurements were only performed in migration experiments. For each experiment, raw images were processed to aid visualization in the following way: first, both unsharp-mask and despeckle filters were applied to separate channels simultaneously. Next, all channels were merged into a single RGB color-type image. The result of this process is a final image that resembles one of the blue-green images displayed in Figure 1E,F.



For migration experiments, images were automatically acquired and stitched by the GEN 5 software (Winooski, VT, USA) and were processed with Fiji (version 1.53a, Wayne Rasband, Stapleton, NY, USA). Then, the unsharp-mask and despeckle filters were applied, a flat-field correction was used to remove grid effects generated by the stitching process.




2.12. Animals


The animals used throughout the study were 2-month-old, male, NIH Swiss foxN1(Δ/Δ) nude mice, which were purchased from Universidad Nacional de La Plata, Argentina. Mice were housed in group cages (5 individuals) and were kept under a 12 h light:12 h dark (LD) cycles [with zeitgeber time 12 (ZT12) defined as the time of lights OFF, i.e., local time 7 p.m., and ZT0 defined as lights ON, i.e., local time 7 a.m.], with temperature set at 22 ± 2 °C. The animals also had ad libitum access to balanced rodent chow and water. Animals were kept for one week under LD cycles. All experimental procedures with animals were approved by the Institutional Animal Care and Use Committee of the Universidad Nacional de Quilmes (project #005-16, September 2016) as established by the Guide for the Care and Use of Laboratory Animals (NIH, Bethesda, MA, USA).




2.13. Intracranial Surgery and Xenograft Implants


Approximately, 2 × 105 cells/μL of LN229 viable cells were implanted in each nude mouse with a 33 ga syringe (Hamilton, Franklin, MA, USA). A stereotaxic device (Stoelting and Co., Wood Dale, IL, USA) was used to aim the syringe towards the right striatum. Using the Bregma as zero point, the corresponding coordinates are: ML: −2, AP: 0, DV: −3.4. All surgeries were performed between ZT3 and ZT11, and then animals were randomly assigned to each group. Once the mouse underwent the surgery, it was allowed to recover for at least seven days, receiving 6 mg/kg sub-cutaneous ampicillin and 0.05 mg/mL ibuprofen via drinking water, before the onset of the chronopharmacological protocol.




2.14. Chronopharmacological Drug Administration


Mice received a daily intraperitoneal injection of the drug 1A-116 (20 mg/kg, 200 μL) or vehicle, at either ZT3 or ZT12. Currently, there are no available data allowing the extrapolation of LN299 circadian timing in vitro to in vivo conditions. Thus, two timepoints were selected for drug administration, one at ZT12 and the other one at ZT3. At ZT3 and ZT12, mice are expected to display differences in many important physiological variables including core body and distal temperature, liver and renal activity, hormonal blood levels, and metabolic profile [23]. Thus, these two timepoints serve as a good starting point to observe differences in the response to a drug. The animal’s survival time was measured twice a week. Finally, to confirm the presence of the tumor, a necropsy was performed. In this procedure, brains were dissected and fixed in a paraformaldehyde solution, thereafter, histological sections were obtained to perform cresyl violet staining.




2.15. Statistical Analysis


Normal distributions were tested with the Shapiro-Wilkinson Normality Test and then parametric analyses were performed (two-way and three-way ANOVA as indicated in the text) and post hoc tests (Multiple comparisons Tukey’s and Sidak tests) were applied when indicated. Results are presented as Mean ± SEM of experimental datasets.



Circular statistics analyze the time series for period detection better than linear statistics. Thus, cosine models were used to test whether variables were rhythmic or not. For data derived from in-cell western experiments and daily variation of proliferation inhibition effects of 1A-116, circadian rhythms were assessed using COSINOR fitting data with a cosine function with set parameters: a 24 h period, testing amplitude = 0 as the null hypothesis, Lomb–Scargle (LS) periodogram and JTK_CYCLE (JTK). Data were considered rhythmic when at least two independent methods found significant rhythms and their period was measured, fitting to a fixed period of 24 h. COSINOR analysis was performed using the El Temps package [33] and the Meta2d function (to run LS and JTK) was run with the Metacycle R package [34].



Bioluminescence recordings were processed and analyzed with the Chronostar 1.0 software. First, they were filtered with a 3-h moving average to remove high-frequency variations. Next, a 4th order polynomial fit was performed on the data and then subtracted from the data (detrending filter) to remove low-frequency variation. Then, a cosine model was fitted to the data to determine the period and goodness of fit (CC). Data series were considered circadian if they had a measured period within the 20 to 28 h range and a CC of over 0.85.



Survival times of tumor-bearing mice under chronopharmacological protocol were analyzed using Kaplan-Meier survival curves, which were then compared using a log-rank test. Statistical analyses were performed with GraphPad Prism 7 (GraphPad Software, La Jolla, CA, USA) and OriginPro9 software programs. Results with p-values lower than 0.05 were considered statistically significant.





3. Results


3.1. LN229 Cells Exhibit a Functional Circadian Clock That Modulates TIAM1 Expression


Most mammalian cells display circadian rhythms even when cultured in vitro. When properly synchronized, those rhythms are evident at the population level. However, rhythmicity can be severely affected or completely lost in tumoral cells due to their high mutation rates. Thus, the first step in this analysis was to assess the presence of circadian rhythms in LN229 cultures, focusing specifically on the canonical clock genes. LN229 cells showed a circadian rhythm in Bmal1 mRNA levels (Figure 1A), which showed a dampened, low amplitude cycle in LN229E1 cells (Figure 1B) (Bmal1 LN229: JTK: p < 0.05, LS: ns, Meta2d: p < 0.05, Amp: 13.35. Bmal1 LN229E1: JTK: p < 0.05, LS: ns, Meta2d: p < 0.05, Amp: 1.5) In addition, rhythmic expression of the BMAL1 promoter activity in LN229 cells was found for over 72 h in cells carrying a pGL3-Bmal1-dLuc reporter plasmid, while no circadian variations were observed in the LN299E1 line carrying the same reporter (Figure S3). Then, clock proteins BMAL1 and PER1 were studied using in-cell westerns (Figure 1C-F). Statistical analyses were performed to identify the presence of circadian rhythms in BMAL1 and PER1 expression, indicating that synchronized LN229 cultures displayed circadian rhythms (BMAL1: JTK: p < 0.0001, LS: p < 0.01, Meta2d: p < 0.001, PER1: JTK: p < 0.05, LS: ns, Meta2d: p < 0.05) (Figure 1C). Minimum expression levels of BMAL1 were observed at 9 HPS, with peak expression observed at 21 HPS. Rhythmic PER1 expression levels varied in antiphase with those of BMAL1, with maximum expression at 6 HPS and minimum levels at 18 HPS. These rhythms were lost in LN229E1 cell lines (BMAL1: JTK: ns, LS: ns, Meta2d: ns; PER1: JTK: ns, LS: ns, Meta2d: ns) (Figure 1D).



The rhythmic variation under constant culture conditions in mRNA and protein level of BMAL1, in addition with PER1 rhythmic expression, combined with the lack of such rhythmicity in PER1 and BMAL1 clock proteins and the dampened rhythms in Bmal1 mRNA in LN229E1 cultures, suggest that LN229 cells exhibit a functional circadian molecular clock.



Circadian modulation of TIAM1 expression could lead to time-dependent variations of the effects of drugs targeting pathways where this protein plays a role. The drug 1A-116 was previously shown to inhibit RAC1 activation in a TIAM1-dependent manner, with larger effects of the drug observed with higher TIAM1 expression levels [13,35]. Thus, the circadian modulation of Rac1 and Tiam1 mRNA levels was studied in synchronized LN229 cultures. Tiam1 showed a significant circadian rhythm, whereas no rhythm was observed for Rac1 levels (Figure 1A) (Tiam1: JTK: 24 h period, p < 0.05, LS: ns, Meta2d: p < 0.05. Rac1: JTK: ns, LS: ns, Meta2d: ns). No circadian rhythms were found in LN229E1 cells for both Tiam1 and Rac1 (Figure 1B).



In-cell Western assays also showed a significant circadian variation of TIAM1 protein expression (Figure 1C) (JTK: p < 0.0001, LS: p < 0.01, Meta2d: p < 0.0001), with maximum expression levels observed at 8 HPS, and minimum levels at 20 HPS, in antiphase with BMAL1 expression. No circadian rhythms were observed in LN229E1 cells with a disrupted circadian clock (JTK: ns, LS: ns, Meta2d: ns) (Figure 1D).



The results obtained for both mRNA and protein levels indicate that TIAM1 is modulated by a functional circadian clock in LN229 glioma cells, while Rac1 showed a non-circadian expression at the mRNA level.




3.2. 1A-116 Inhibits GBM Cell Proliferation in a Circadian Manner


The main goal of any chronopharmacological approach is to find the circadian time of maximum effectiveness of the drug under study and if possible, the time when the ratio between desired and unwanted effects is largest. Since circadian modulation of the expression of TIAM1 was observed and it was previously reported that 1A-116 inhibits the Rac1 pathway in Tiam1 overexpressing cells [13,35], we hypothesized that 1A-116 effects should display circadian rhythms related to those of circadian TIAM1 levels. To test this hypothesis, LN229 cells (Figure 2A) were treated with either vehicle or 20 μM 1A-116 at 5 h intervals over 25 h (each culture was treated only once).



At the time of measurement, vehicle-treated cultures were close to becoming confluent monolayers, unlike the ones treated with 1A-116. Proliferation was inhibited by 20 μM 1A-116 in a circadian-dependent manner, with maximum inhibitory effects observed at 10 HPS, minimum at 23 HPS, and significant circadian periodicity (JTK: p < 0.01, LS: p < 0.05, Meta2d: p < 0.01) with a maximum phase approximate to the one observed for maximal TIAM1 expression (see Figure 1C).



To further study the circadian response to 1A-116, dose-response curves were performed for LN229 and LN229E1 cells at 10 HPS and 23 HPS (Figure 2B), the times of maximum and minimum 1A-116 inhibition of proliferation, respectively (see Figure 2A). In LN229 cells, a significant time dependency was observed for both 10 and 20 μM 1A-116, with larger effects observed in cultures treated at 10 HPS. In LN229E1 cells, intermediate IC50 values compared to those observed for LN229 at both 10 and 23 HPS were found, but with no significant circadian-dependency at both 10 and 20 μM. The inhibitory effects of 1A-116 on proliferation reached saturation at doses higher than 20 μM in all groups. In LN229 cells the IC50 evidenced significantly higher drug efficacy at 10 HPS, when compared to 23 HPS, while this difference was not observed in LN229E1 cells. IC50 values ranged from 10.93 ± 0.9 μM for LN229 cultures treated at 10 HPS, to 30.85 ± 1.78 μM for LN229 cultures treated at 23 HPS (Figure 2C).




3.3. Pro-Apoptotic Effects of 1A-116 Are Circadian-Dependent


Slowing down the proliferation of tumoral cells is important for cancer treatments, but inducing cell death is critical. Apoptosis is a regulated process of cell death that can be distinguished by several morphological and biochemical changes, including fragmentation of nuclear chromatin and loss of membrane asymmetry [36]. One of such changes is the translocation of phosphatidylserine from the cytoplasmic to the external surface of the cell membrane. Thus, detecting phosphatidylserine on the cell surface with fluorophore-labeled Annexin V (a protein with a high affinity for phosphatidylserine) [37] is a widely used method to measure apoptosis, reporting fluorescence intensity [38].



It was previously reported that 1A-116 can induce apoptosis [13], so the dependence on the time of treatment of this effect was tested in GBM cells under 6 h treatment with 20 or 50 μM 1A-116 (Figure 3). When applying 20 μM 1A-116 at 10 HPS or 23 HPS, a significant difference in the Annexin V fluorescence signal was observed, with higher levels detected at 10 HPS indicating more cells were undergoing apoptosis in the cultures treated at 10 HPS than in those treated at 23 HPS. At 50 μM, 1A-116 apoptosis induction showed no statistical differences when comparing cultures treated at 10 HPS with those treated at 23 HPS. Similar to the results obtained for proliferation assays, the pro-apoptotic activity of 1A-116 20 μM was more effective when applied at 10 HPS, than when applied at 23 HPS (Figure 3A,B).




3.4. 1A-116 Inhibits LN229 Cell Migration Only at 10 HPS


GBM tumors are highly invasive, making complete surgical removal and radiotherapy extremely difficult and leading to recurrence of the disease due to the survival of GBM cells outside of the treated area. Thus, beyond killing and preventing the proliferation of tumoral cells, inhibition of migration is another desirable characteristic for GBM treatments. To assess the time dependence of the effects of 1A-116 on cell migration, the invasion of a cell-free area in cultures treated with 1A-116 or vehicle was measured at 10 HPS and 23 HPS (Figure 4).



The addition of 10 μM 1A-116 at 10 HPS significantly reduced cell migration when compared to cultures treated with the same concentration of 1A-116 at 23 HPS or with vehicle-treated cultures at either 10 HPS or 23 HPS. Addition of 1A-116 at 23 HPS did not affect cell migration when compared to vehicle-treated cultures, unmasking a temporal dependence of the effects of 1A-116 on cell migration. The selected 1A-116 concentration (10 μM) showed no effects on cell viability (Figure S4). Additionally, no significant differences were found in the number of cells outside of the cell-free area, but since this variable can affect the total number of migrating cells, they were quantified to normalize the migration data (Figure S5) to take into account possible differences in the number of cells available to migrate into the cell-free area.




3.5. Daytime Dependent Effects of 1A-116 Treatment in Survival of GBM Nude Mice Model


The results obtained in vitro demonstrate that the effectivity of 1A-116 is modulated by a circadian oscillator present in LN229 cells and support testing in vivo the daytime-dependent effect of 1A-116 drug delivery in a murine GBM model. To this end, LN229 cells xenografts were implanted in the brain of nude mice to generate gliomas.



1A-116 was administered at two different circadian times corresponding to ZT3 and ZT12 (i.e., 3 h after lights on and at the time of lights off, respectively). When comparing the effects of injecting 1A-116 or vehicle at ZT3 vs. ZT12, a significant increase in survival time was observed when 1A-116 was administered at ZT12 compared both to the same treatment at ZT3 and to vehicle groups. The median survival times obtained were 73 days for 1A-116 at ZT12, 68 days for ZT3, 64.5 days for the vehicle at ZT12 and 63.5 days for the vehicle at ZT3 (Mantel–Cox log-rank test, p < 0.05) (Figure 5), demonstrating that the effectivity of the 1A-116 can be improved only by varying the time of administration. These results suggest that a chronopharmacological delivery with 1A-116 is a feasible strategy to improve survival for GBM.





4. Discussion


In this work, we report a circadian modulation for the effects of 1A-116 on GBM cells in vitro and on tumor-bearing nude mice in vivo. We found that LN229 cells express a functional circadian clock, displaying circadian oscillations of BMAL1, both at mRNA and protein levels, and of PER1 protein. In addition, while Rac1 mRNA showed no circadian oscillations, the GEF activator TIAM1 presented circadian rhythms both in mRNA and protein expression. Oscillations of BMAL1, PER1 and TIAM1 protein expression, as well as Tiam1 mRNA, were abolished by knocking down the bmal1 clock-gene, while mRNA oscillations of Bmal1 were seriously impaired, indicating that the observed circadian oscillations were generated by this canonical component of the molecular circadian clock in LN229 cells. Our results show that the effects of 1A-116, a drug designed to specifically inhibit the Rac1 signaling pathway by preventing its interaction with TIAM1, were also modulated by the circadian clock in LN229 cells in vitro and showed a time-of-day dependence in a glioma tumor model in vivo. Interestingly, all the antitumoral effects studied of the drug, including proliferation inhibition, apoptosis induction and migration inhibition, were in phase with TIAM1 high levels of expression.



1A-116 was obtained by rational design from an analog selected through a docking-based virtual screening approach. It specifically blocks the interaction site of RAC1 with its GEFs, particularly RAC1-TIAM1 and RAC1-DOCK180, and it was reported to induce apoptosis and inhibit proliferation and migration in LN229 and U-87 glioma cell lines [13]. Considering that this drug was proposed as a good candidate to treat GBMs and other cancers, we decided to study the circadian modulation of the effects of 1A-116 on critical cellular processes for cancer progression. Cell proliferation inhibition, apoptosis induction and cell migration were studied after the addition of 1A-116 at different times after circadian synchronization. All of these responses were dependent on the time of administration, with larger effects at the time when TIAM1 and PER1 levels are high, and BMAL1 levels are low. When exposing cells to 10 and 20 μM of 1A-116, proliferation was inhibited when the drug was applied at 10 HPS, but not at 23 HPS, while no circadian dependency was observed at higher, saturating concentrations. Accordingly, an IC50 reduction on cell proliferation by 1A-116 was observed when cultures were treated at 10 HPS when compared to 23 HPS. This difference was absent in LN229E1 cells lacking circadian rhythms of BMAL1, TIAM1 and PER1 expression, suggesting that the efficacy of the drug is regulated by the circadian molecular clock. When applied close to the time of TIAM1 peak of expression, low concentrations of 1A-116 (20 μM) elicited similar effects in LN229 cells, to those obtained at other time points with saturating concentrations. Similar to the results observed for proliferation inhibition, apoptosis was induced at 20 μM by 1A-116 when it was applied at 10 HPS, but not when added at 23 HPS. In addition, no effect on cell viability was evident at lower concentrations, 5 and 10 μM, of 1A-116 at both 10 and 23 HPS. This low-ranged 10 μM dose was efficient to inhibit cell migration when applied at 10 HPS, but not when applied at 23 HPS, confirming the circadian dependency of the effects of 1A-116 also in this process.



When 1A-116 was applied on tumor-bearing mice, it was more effective at extending survival time when delivered at ZT12 than at ZT3. Many anti-cancer drugs have already been shown to decrease tumor growth and extend survival when applied at different circadian times both in mice and humans [22,23,26]. Chronotherapy presents an interesting treatment option, allowing us to improve the effectiveness of the therapies just by picking the optimal time of application, as shown by treatment with 1A-116 in our glioma model. The current therapy of choice for GBM is TMZ, which prolongs patient survival by just a few months on average [39] and its effects were also recently shown to be dependent on the time of day at which it is administered [26]. It is necessary to continue studying new drugs and treatment schedules that may extend life expectancy and overall survival for patients, ideally with fewer and milder effects. In this regard, our results indicate that 1A-116 shows potential as a new drug for chronopharmacological GBM treatment and supports further studies in combination with TMZ.



Much evidence links the circadian system to cancer risk and progression [40]. Disrupted circadian rhythms were reported in different cancer models [41] and several lines of evidence link glioma progression to the circadian clock [42,43]. Two genes that play important roles in circadian clock regulation, casein kinase-1 epsilon (CK-1ε) and the nuclear receptor NR1D2, were found to regulate GBM cell survival and were proposed as targets for glioma treatment [44]. Additionally, the P38 MAPK pathway, linked to circadian entrainment [45] was proposed as a good target to treat different cancers including GBM, and found to be under circadian control in normal astrocytes, but deregulated in GBM cells [46]. In the context of this work, what makes the RAC1 pathway an interesting target from a chronopharmacological perspective, is that it is related to most of the pathways linking GBM to the circadian clock: (a) an NR1D2 knock-down was found to impair p-Rac1, (b) the p38 MAPK pathway is known to be activated by RAC1 and (c) CK-1e mutants were shown in breast cancer to activate the non-canonical Wnt/Rac-1/JNK pathway contributing to cancer development [47].



Taking a chronopharmacological approach in a given treatment focuses on finding the optimal time for drug application. Defining an optimal time is non-trivial since it depends on a large number of processes that need to be taken into consideration, including desired and side effects, costs, the feasibility of proposed schedules, tolerance, pharmacodynamics and pharmacokinetics [23]. However, in most cases, the optimal time for treatment will be the one generating the maximum therapeutic index, the largest ratio between desired and side effects [48]. The chronotherapeutics of anti-tumor drugs were tested on a wide variety of cancers, finding that the time of administration can generate significant differences in survival and tumor growth [49]. Levi et al. showed that the administration of oxaliplatin with a chronopharmacological scheme in patients with colorectal cancer could reduce its toxicity on normal cells [22]. For GBM, temozolomide and VX-745 (a p38 MAPK inhibitor) effects were reported to depend on the time of administration in vitro [46,50]. In our model, higher efficacy of 1A-116 was observed at circadian times of low BMAL1 expression in GBM cells and a differential overall survival was found when applying 1A-116 at ZT12 to glioma-bearing nude mice. These results suggest that a chronopharmacological application of 1A-116 is a feasible strategy to improve survival. Further studies need to be performed to identify the pharmacological mechanisms underlying the in vivo time dependency of 1A-116 treatment as well as to find the optimal treatment time, assessing administration with 1A-116 in more Zeitgeber times. In addition, future research should focus on characterizing the circadian clock of GBMs in vivo, in order to determine the regulation of the circadian clock on 1A-116 effectivity. Taking into account that the circadian clock of tumors in vivo may be disrupted, the use of a chronobiotic, (such as melatonin) [51], could be an interesting strategy to reset the circadian staging of targets of the drug. Characterizing the rhythmicity of GBM tumors in vivo will require complex experimental approaches, probably using advanced bioluminescence and fluorescence imaging techniques, and translating those results to humans is likely to pose even more difficult challenges, but considering the urgent need to improve GBM therapies, these are efforts worth undertaking.



The chronotherapy of cancer medications thus far has been based on animal model studies, and potentially represents the combined effects both of chronopharmacokinetic and chronopharmacodynamic phenomena. The findings of this work are representative of the chronopharmacokinetics and chronopharmacodynamics of 1A-116 in combination and can be the basis for human trials to improve outcomes of this very aggressive and difficult-to-survive cancer. Thus, our results provide a good starting point once the circadian phase relationship between tumors and host clocks is defined.



Since circadian expression of TIAM1 had not been reported before and Rac1 mRNA levels were found not to be under circadian control in this work and in [52], circadian modulation of the RAC1 pathway could have easily been overlooked. Further research should look into the mechanisms and implications linking the circadian molecular clock and the entire Rac1 pathway. In addition to our results, previous data on rhythmic expression of TIAM1 can be found only in the CircaDB database for lung samples [53], indicating that further work should determine whether this modulation occurs in other tumoral and normal cells and tissues, the mechanisms underlying its circadian control, and if it is relevant for treatment.



Circadian oscillations of 1A-116 effectivity may be the consequence of a variety of factors, including circadian modulation in the expression of its molecular target, modulation of upstream and downstream components of the affected pathways, circadian control of the transport of 1A-116 into the cells, metabolization, and even cellular processes making the cells more prone to enter apoptosis or slow down cell proliferation. Importantly, a reciprocal interaction between components of the circadian clock and the cell cycle has also been demonstrated. The circadian gene bmal1 induces the expression of the cell cycle genes wee [54], cyclins B and D [55] and p21 [56] and some clock genes are expressed at specific phases of the cell cycle [57], demonstrating this molecular cross-talk [58]. Recent studies reported that either decreasing or enhancing circadian clock function can inhibit tumor cell proliferation [59,60]. Further studies are necessary to determine if the circadian modulation of the effects of 1A-116 is in any way related to the cell cycle phase. It was previously shown that the circadian rhythms of pharmacokinetic processes play an important role in the temporal variations in the effectivity of several drugs [61,62]. Therefore, future studies involving 1A-116 should consider a chronopharmacological approach, addressing both chronopharmacodynamics (i.e., circadian interaction with RAC1) and chronopharmacokinetics, to fully unveil the mechanisms underlying the modulation of its activity. Interestingly, in the last decades, targeted therapies have provided a novel approach to treat cancer. Our results show that further refinement can be achieved considering circadian oscillations in the expression of drug targets and associated pathway components. The correct timing of drug dose has been a largely underappreciated factor in established therapeutic schemes for most diseases [63], improving therapeutic outcomes as in hypertension [64]. This becomes particularly important in cancer treatment, where the therapeutic window of most drugs is generally narrow and there is a need to optimize therapeutic outcomes minimizing the associated side effects [65]. This work highlights the opportunity to exploit a chronotherapeutic approach with an agent that blocks Rac1 interaction with its GEFs, providing promising results to tackle glioblastoma, an aggressive cancer with extremely limited therapeutic options.




5. Conclusions


In LN229 cells with a functional circadian clock, we observed the circadian expression of the protein TIAM1, together with the circadian-dependent response to the novel chemotherapeutic agent 1A-116. The circadian dependency was lost in LN229E1 cells in which the bmal1 clock gene was knocked down, supporting the hypothesis of the circadian control of the response to 1A-116. In our glioma-bearing mice, 1A-116 administered at ZT12 increased the survival time when compared both to animals treated with 1A-116 at ZT3 and those treated with vehicle.



These data unveil the circadian modulation of TIAM1, one of the main GEF activators of RAC1 and the chronomodulation of 1A-116. Our results should be taken into consideration in future preclinical studies for glioblastoma treatment, as well as in all studies related to GEFs and the RAC1 signaling pathway.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/pharmaceutics13071091/s1, Figure S1: LN229 cell line authentication, Figure S2: Confirmation of genomic edition of Exon2 of bmal1 by Crispr/Casp9, Figure S3: Circadian expression of Bmal1 is maintained for over 72 h. Figure S4: Cell viability. Figure S5: Number of cells outside of the migration area.





Author Contributions


L.L.T. performed all experiments and wrote the manuscript. L.M. and J.J.C. were both major and equal contributors in writing the manuscript, directing the study, designing experiments, and processing and interpreting data. G.A.C. served as technical advisor and wrote the manuscript. P.L.M. and D.A.G. served as experimental advisors and wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grants from Universidad Nacional de Quilmes (PUNQ 1397/16) and by Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET, PICT 2099-2014) from Argentina. Study design, sample collection, data analysis and interpretation, and writing of the manuscript were performed by the authors with no participation of the funding agencies.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Institutional Review Board of the National University of Quilmes.




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.




Acknowledgments


Special thanks to Mario E. Guido (CIQUIBIC, Universidad Nacional de Córdoba, Córdoba, Argentina) for kindly providing Crispr/Cas9 Bmal Knock Down plasmid.




Conflicts of Interest


G.A.C. and P.L.M. served in a consultant/advisory role for Chemo-Romikin S.A. G.A.C. served as technical advisor and wrote the manuscript. P.L.M. served as experimental advisors and wrote the manuscript. The other authors report no conflicts of interest in this work. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Golombek, D.A.; Rosenstein, R.E. Physiology of Circadian Entrainment. Physiol. Rev. 2010, 90, 1063–1102. [Google Scholar] [CrossRef]

	



Gillette, M.U.; Medanic, M.; McArthur, A.J.; Liu, C.; Ding, J.M.; Faiman, L.E.; Weber, E.T.; Tcheng, T.K.; Gallman, E.A. Intrinsic Neuronal Rhythms in the Suprachiasmatic Nuclei and their Adjustment. Novartis Found. Symp. 2007, 183, 134–153. [Google Scholar] [CrossRef]

	



Bjarnason, G.A. Chronobiology Implications for cancer chemotherapy. Acta Oncol. 1995, 34, 615–624. [Google Scholar] [CrossRef] [PubMed]

	



Tahara, Y.; Shibata, S. Chronobiology and nutrition. Neuroscience 2013, 253, 78–88. [Google Scholar] [CrossRef] [PubMed]

	



Fu, L.; Lee, C.C. The circadian clock: Pacemaker and tumour suppressor. Nat. Rev. Cancer 2003, 3, 350–361. [Google Scholar] [CrossRef] [PubMed]

	



Omuro, A.; De Angelis, L.M. Glioblastoma and Other Malignant Gliomas: A Clinical Review. JAMA 2013, 310, 1842–1850. [Google Scholar] [CrossRef] [PubMed]

	



Phillips, H.S.; Kharbanda, S.; Chen, R.; Forrest, W.F.; Soriano, R.H.; Wu, T.D.; Misra, A.; Nigro, J.M.; Colman, H.; Soroceanu, L.; et al. Molecular subclasses of high-grade glioma predict prognosis, delineate a pattern of disease progression, and resemble stages in neurogenesis. Cancer Cell 2006, 9, 157–173. [Google Scholar] [CrossRef] [PubMed]

	



Stupp, R.; Mason, W.P.; van den Bent, M.J.; Weller, M.; Fisher, B.; Taphoorn, M.J.; Belanger, K.; Brandes, A.A.; Marosi, C.; Bogdahn, U.; et al. Radiotherapy plus Concomitant and Adjuvant Temozolomide for Glioblastoma. N. Engl. J. Med. 2005, 352, 987–996. [Google Scholar] [CrossRef] [PubMed]

	



Watkins, S.; Sontheimer, H. Unique biology of gliomas: Challenges and opportunities. Trends Neurosci. 2012, 35, 546–556. [Google Scholar] [CrossRef] [PubMed]

	



Cohen, A.L.; Colman, H. Glioma Biology and Molecular Markers. Cancer Treat. Res. 2015, 163, 15–30. [Google Scholar] [CrossRef]

	



Davis, F.G.; McCarthy, B.J. Current epidemiological trends and surveillance issues in brain tumors. Expert Rev. Anticancer Ther. 2001, 1, 395–401. [Google Scholar] [CrossRef]

	



Westphal, M.; Lamszus, K. The neurobiology of gliomas: From cell biology to the development of therapeutic approaches. Nat. Rev. Neurosci. 2011, 12, 495–508. [Google Scholar] [CrossRef] [PubMed]

	



Gomez, D.; Cardama, G.; Gonzalez, N.; Ciarlantini, M.; Comin, M.J.; Alonso, D.; Menna, P.L.; Donadio, L.G. Proapoptotic and antiinvasive activity of Rac1 small molecule inhibitors on malignant glioma cells. OncoTargets Ther. 2014, 7, 2021–2033. [Google Scholar] [CrossRef] [PubMed]

	



Cabrera, M.; Echeverria, E.; Lenicov, F.R.; Cardama, G.; Gonzalez, N.; Davio, C.; Fernández, N.; Menna, P.L. Pharmacological Rac1 inhibitors with selective apoptotic activity in human acute leukemic cell lines. Oncotarget 2017, 8, 98509–98523. [Google Scholar] [CrossRef] [PubMed]

	



Parri, M.; Chiarugi, P. Rac and Rho GTPases in cancer cell motility control. Cell Commun. Signal. 2010, 8, 23. [Google Scholar] [CrossRef] [PubMed]

	



Ridley, A.J. Rho GTPase signalling in cell migration. Curr. Opin. Cell Biol. 2015, 36, 103–112. [Google Scholar] [CrossRef]

	



Scheidel, B.; Lemmer, B. Chronopharmacology of Oral Nitrates in Healthy Subjects. Chrono Int. 1991, 8, 409–419. [Google Scholar] [CrossRef] [PubMed]

	



Müller, F.O.; Van Dyk, M.; Hundt, H.K.L.; Joubert, A.L.; Luus, H.G.; Groenewoud, G.; Dunbar, G.C. Pharmacokinetics of temazepam after day-time and night-time oral administration. Eur. J. Clin. Pharmacol. 1987, 33, 211–214. [Google Scholar] [CrossRef] [PubMed]

	



Nakano, S.; Hollister, L.E. Chronopharmacology of amitriptyline. Clin. Pharmacol. Ther. 1983, 33, 453–459. [Google Scholar] [CrossRef] [PubMed]

	



Hermida, R.C.; Crespo, J.J.; Domínguez-Sardiña, M.; Otero, A.; Moyá, A.; Ríos, M.T.; Sineiro, E.; Castiñeira, M.C.; Callejas, P.A.; Pousa, L.; et al. Bedtime hypertension treatment improves cardiovascular risk reduction: The Hygia Chronotherapy Trial. Eur. Hear. J. 2020, 41, 4565–4576. [Google Scholar] [CrossRef]

	



Shuboni-Mulligan, D.D.; Breton, G.; Smart, D.; Gilbert, M.; Armstrong, T.S. Radiation chronotherapy—clinical impact of treatment time-of-day: A systematic review. J. Neuro-Oncol. 2019, 145, 415–427. [Google Scholar] [CrossRef] [PubMed]

	



Lévi, F.; Karaboue, A.; Ettiene-Grimaldi, M.C.; Pantaud, G.; Focan, C.; Innominato, P.; Bouchahda, M.; Milano, G.; Chatelut, E. Pharmacokinetics of Irinotecan, Oxaliplatin and 5-fluorouracil during hepatic artery chronomodulated infusion: A translational European OPTILIV study. Clin. Pharmacok. 2017. [Google Scholar] [CrossRef] [PubMed]

	



Dallmann, R.; Brown, S.A.; Gachon, F. Chronopharmacology: New Insights and Therapeutic Implications. Annu. Rev. Pharmacol. Toxicol. 2013. [Google Scholar] [CrossRef] [PubMed]

	



Ballesta, A.; Innominato, P.F.; Dallmann, R.; Rand, D.A.; Lévi, F.A. Systems Chronotherapeutics. Pharmacol. Rev. 2017, 69, 161–199. [Google Scholar] [CrossRef] [PubMed]

	



Lévi, F.; Zidani, R.; Misset, J.-L. Randomised multicentre trial of chronotherapy with oxaliplatin, fluorouracil, and folinic acid in metastatic colorectal cancer. Lancet 1997, 350, 681–686. [Google Scholar] [CrossRef]

	



Damato, A.R.; Luo, J.; Katumba, R.G.N.; Talcott, G.R.; Rubin, J.B.; Herzog, E.D.; Campian, J.L. Temozolomide chronotherapy in patients with glioblastoma: A retrospective single-institute study. Neuro-Oncol. Adv. 2021, 3, vdab041. [Google Scholar] [CrossRef] [PubMed]

	



Balsalobre, A.; Damiola, F.; Schibler, U. A Serum Shock Induces Circadian Gene Expression in Mammalian Tissue Culture Cells. Cell 1998, 93, 929–937. [Google Scholar] [CrossRef]

	



Wagner, P.M.; Alderete, L.G.S.; Gorné, L.D.; Gaveglio, V.; Salvador, G.; Pasquaré, S.; Guido, M.E. Proliferative Glioblastoma Cancer Cells Exhibit Persisting Temporal Control of Metabolism and Display Differential Temporal Drug Susceptibility in Chemotherapy. Mol. Neurobiol. 2019, 56, 1276–1292. [Google Scholar] [CrossRef]

	



McInerney, M.P.; Pan, Y.; Short, J.L.; Nicolazzo, J.A. Development and Validation of an In-Cell Western for Quantifying P-Glycoprotein Expression in Human Brain Microvascular Endothelial (hCMEC/D3) Cells. J. Pharm. Sci. 2017, 106, 2614–2624. [Google Scholar] [CrossRef] [PubMed]

	



Liu, A.C.; Tran, H.G.; Zhang, E.; Priest, A.A.; Welsh, D.K.; Kay, S.A. Redundant Function of REV-ERBα and β and Non-Essential Role for Bmal1 Cycling in Transcriptional Regulation of Intracellular Circadian Rhythms. PLoS Genet. 2008, 4, e1000023. [Google Scholar] [CrossRef]

	



Maier, B.; Lorenzen, S.; Finger, A.; Herzel, H.; Kramer, A. Searching novel clock genes using RNAi-based screening. In Circadian Clocks, Methods and Protocols; Brown, S.A., Ed.; Humana: New York, NY, USA, 2021. [Google Scholar] [CrossRef]

	



Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Meth. 2012, 9, 671–675. [Google Scholar] [CrossRef] [PubMed]

	



Díez-Noguera, A. Methods for serial analysis of long time series in the study of biological rhythms. J. Circadian Rhythm. 2013, 11, 7. [Google Scholar] [CrossRef]

	



Wu, G.; Anafi, R.C.; Hughes, M.E.; Kornacker, K.; HogenEsch, J.B. MetaCycle: An integrated R package to evaluate periodicity in large scale data. Bioinformatics 2016, 32, 3351–3353. [Google Scholar] [CrossRef] [PubMed]

	



Robbe-Sermesant, K.; Otto-Bruc, A.; Chardin, P.; Antonny, B.; Lee, E.B.; Skovronsky, D.M.; Abtahian, F.; Doms, R.W.; Lee, V.M.-Y. Dissociation of GDP Dissociation Inhibitor and Membrane Translocation Are Required for Efficient Activation of Rac by the Dbl Homology-Pleckstrin Homology Region of Tiam. J. Biol. Chem. 2003, 278, 4756–4762. [Google Scholar] [CrossRef] [PubMed]

	



Cotter, T.; Lennon, S.V.; Glynn, J.G.; Martin, S. Cell death via apoptosis and its relationship to growth, development and differentiation of both tumour and normal cells. Anticancer. Res. 1990, 10, 1153–1159. [Google Scholar]

	



Andree, H.A.M.; Reutelingsperger, C.P.M.; Hauptmann, R.; Hemker, H.C.; Hermens, W.T.; Willems, G.M. Binding of vascular anticoagulant α (VACα) to planar phospholipid bilayers. J. Biol Chem. 1990, 265, 4923–4928. [Google Scholar] [CrossRef]

	



Koopman, G.; Reutelingsperger, C.P.M.; Kuijten, G.A.M.; Keehnen, R.M.J.; Pals, S.T.; Van Oers, M.H.J. Annexin V for flow cytometric detection of phosphatidylserine expression on B cells undergoing apoptosis. Blood 1994, 84, 1415–1420. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, D.R.; Omuro, A.M.P.; Ravelo, A.; Sommer, N.; Guerin, A.; Ionescu-Ittu, R.; Shi, S.; Macalalad, A.; Uhm, J.H. Overall survival in patients with glioblastoma before and after bevacizumab approval. Curr. Med. Res. Opin. 2017, 34, 813–820. [Google Scholar] [CrossRef]

	



Benna, C.; Helfrich-Förster, C.; Rajendran, S.; Monticelli, H.; Pilati, P.; Nitti, D.; Mocellin, S. Genetic variation of clock genes and cancer risk: A field synopsis and meta-analysis. Oncotarget 2017, 8, 23978–23995. [Google Scholar] [CrossRef] [PubMed]

	



Relógio, A.; Thomas, P.; Medina-Pérez, P.; Reischl, S.; Bervoets, S.; Gloc, E.; Riemer, P.; Mang-Fatehi, S.; Maier, B.; Schäfer, R.; et al. Ras-Mediated Deregulation of the Circadian Clock in Cancer. PLoS Genet. 2014, 10, e1004338. [Google Scholar] [CrossRef] [PubMed]

	



Madden, M.H.; Anic, G.M.; Thompson, R.C.; Nabors, L.B.; Olson, J.J.; Browning, J.E.; Monteiro, A.N.; Egan, K.M. Circadian pathway genes in relation to glioma risk and outcome. Cancer Causes Control 2013, 25, 25–32. [Google Scholar] [CrossRef] [PubMed]

	



Khan, S.; Liu, Y.; Siddique, R.; Nabi, G.; Xue, M.; Hou, H. Impact of chronically alternating light-dark cycles on circadian clock mediated expression of cancer (glioma)-related genes in the brain. Int. J. Biol. Sci. 2019, 15, 1816–1834. [Google Scholar] [CrossRef] [PubMed]

	



Varghese, R.T.; Young, S.; Pham, L.; Liang, Y.; Pridham, K.; Guo, S.; Murphy, S.; Kelly, D.F.; Sheng, Z. Casein Kinase 1 Epsilon Regulates Glioblastoma Cell Survival. Sci. Rep. 2018, 8, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Hainich, E.C.; Pizzio, G.A.; Golombek, D.A. Constitutive activation of the ERK-MAPK pathway in the suprachiasmatic nuclei inhibits circadian resetting. FEBS Lett. 2006, 580, 6665–6668. [Google Scholar] [CrossRef] [PubMed]

	



Goldsmith, C.S.; Kim, S.M.; Karunarathna, N.; Neuendorff, N.; Toussaint, L.G.; Earnest, D.J.; Bell-Pedersen, D. Inhibition of p38 MAPK activity leads to cell type-specific effects on the molecular circadian clock and time-dependent reduction of glioma cell invasiveness. BMC Cancer 2018, 18, 43. [Google Scholar] [CrossRef]

	



Foldynova-Trantirkova, S.; Sekyrová, P.; Tmejová, K.; Brumovská, E.; Bernatík, O.; Blankenfeldt, W.; Krejčí, P.; Kozubík, A.; Doležal, T.; Trantírek, L.; et al. Breast cancer-specific mutations in CK1ε inhibit Wnt/β-catenin and activate the Wnt/Rac1/JNK and NFAT pathways to decrease cell adhesion and promote cell migration. Breast Cancer Res. 2010, 12, R30. [Google Scholar] [CrossRef] [PubMed]

	



Ruben, M.D.; Smith, D.F.; FitzGerald, G.A.; Hogenesch, J.B. Dosing time matters. Science 2019, 365, 547–549. [Google Scholar] [CrossRef]

	



Focan, C. Chronobiology and biochemical markers of human cancer. Pathol. Biol. 1987, 35, 951–959. [Google Scholar] [PubMed]

	



Slat, E.A.; Sponagel, J.; Marpegan, L.; Simon, T.; Kfoury, N.; Kim, A.; Binz, A.; Herzog, E.D.; Rubin, J.B. Cell-intrinsic, Bmal1-dependent Circadian Regulation of Temozolomide Sensitivity in Glioblastoma. J. Biol. Rhythm. 2017, 32, 121–129. [Google Scholar] [CrossRef] [PubMed]

	



Pevet, P.; Challet, E.; Felder-Schmittbuhl, M.-P. Melatonin and the circadian system: Keys for health with a focus on sleep. Handb. Clin. Neurol. 2021, 179, 331–343. [Google Scholar] [CrossRef] [PubMed]

	



Lee, Y.; Fong, S.Y.; Shon, J.; Zhang, S.L.; Brooks, R.; Lahens, N.F.; Chen, D.; Van Dang, C.; Field, J.M.; Sehgal, A. Time-of-day specificity of anticancer drugs may be mediated by circadian regulation of the cell cycle. Sci. Adv. 2021, 7, eabd2645. [Google Scholar] [CrossRef] [PubMed]

	



Pizarro, A.; Hayer, K.; Lahens, N.F.; HogenEsch, J.B. CircaDB: A database of mammalian circadian gene expression profiles. Nucleic Acids Res. 2012, 41, D1009–D1013. [Google Scholar] [CrossRef]

	



Matsuo, T.; Yamaguchi, S.; Mitsui, S.; Emi, A.; Shimoda, F.; Okamura, H. Control mechanism of the circadian clock for timing of cell division in vivo. Science 2003, 302, 255–259. [Google Scholar] [CrossRef] [PubMed]

	



Farshadi, E.; Yan, J.; Leclere, P.; Goldbeter, A.; Chaves, I.; Van Der Horst, G.T.J. The positive circadian regulators CLOCK and BMAL1 control G2/M cell cycle transition through Cyclin B1. Cell Cycle 2019, 18, 16–33. [Google Scholar] [CrossRef] [PubMed]

	



Gréchez-Cassiau, A.; Rayet, B.; Guillaumond, F.; Teboul, M.; Delaunay, F. The circadian clock component BMAL1 is a critical regulator of p21WAF1/CIP1 expression and hepatocyte proliferation. J. Biol. Chem. 2008, 283, 4535–4542. [Google Scholar] [CrossRef] [PubMed]

	



Bjarnason, G.A.; Jordan, R.C.; Wood, P.A.; Li, Q.; Lincoln, D.W.; Sothern, R.B.; Hrushesky, W.J.; Ben-David, Y. Circadian Expression of Clock Genes in Human Oral Mucosa and Skin: Association with Specific Cell-Cycle Phases. Am. J. Pathol. 2001, 158, 1793–1801. [Google Scholar] [CrossRef]

	



Farshadi, E.; van der Horst, G.; Chaves, I. Molecular Links between the Circadian Clock and the Cell Cycle. J. Mol. Biol. 2020, 432, 3515–3524. [Google Scholar] [CrossRef]

	



Kiessling, S.; Beaulieu-Laroche, L.; Blum, I.D.; Landgraf, D.; Welsh, D.K.; Storch, K.-F.; Labrecque, N.; Cermakian, N. Enhancing circadian clock function in cancer cells inhibits tumor growth. BMC Biol. 2017, 15, 1–18. [Google Scholar] [CrossRef] [PubMed]

	



Korkmaz, T.; Aygenli, F.; Emisoglu, H.; Ozcelik, G.; Canturk, A.; Yilmaz, S.; Ozturk, N. Opposite Carcinogenic Effects of Circadian Clock Gene BMAL1. Sci. Rep. 2018, 8, 1–11. [Google Scholar] [CrossRef]

	



Kobuchi, S.; Yazaki, Y.; Ito, Y.; Sakaeda, T. Circadian variations in the pharmacokinetics of capecitabine and its metabolites in rats. Eur. J. Pharm. Sci. 2018, 112, 152–158. [Google Scholar] [CrossRef] [PubMed]

	



Sallam, H.; El-Serafi, A.T.; Filipski, E.; Terelius, Y.; Levi, F.; Hassan, M. The effect of circadian rhythm on pharmacokinetics and metabolism of the Cdk inhibitor, roscovitine, in tumor mice model. Chrono Int. 2015, 32, 608–614. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, R.; Lahens, N.F.; Ballance, H.I.; Hughes, M.E.; HogenEsch, J.B. A circadian gene expression atlas in mammals: Implications for biology and medicine. Proc. Natl. Acad. Sci. USA 2014, 111, 16219–16224. [Google Scholar] [CrossRef] [PubMed]

	



Hermida, R.C.; Mojón, A.; Hermida-Ayala, R.G.; Smolensky, M.H.; Fernández, J.R. Extent of asleep blood pressure reduction by hypertension medications is ingestion-time dependent: Systematic review and meta-analysis of published human trials. Sleep Med. Rev. 2021, 59, 101454. [Google Scholar] [CrossRef] [PubMed]

	



Muller, P.Y.; Milton, M.N. The determination and interpretation of the therapeutic index in drug development. Nat. Rev. Drug Discov. 2012, 11, 751–761. [Google Scholar] [CrossRef] [PubMed]








[image: Pharmaceutics 13 01091 g001 550] 





Figure 1. Circadian mRNA levels and protein expression of Bmal1, Per1, Rac1 and Tiam1 in LN229 and LN229E1 cells. (A,B) After synchronization with FBS, cells were fixed at 4-h intervals, and their mRNA was extracted. qPCR was done with Tiam1, Rac1 or Bmal1 primers, to determine the amount of Tiam1, Rac1 or Bmal1 levels relative to housekeeping (actin) mRNA levels. (A) In LN229 cells, Bmal1 and Tiam1 mRNA levels show circadian rhythms in antiphase. When fitting to a fix 24 h period, their p-values were: Tiam1: p < 0.05, Bmal1: p < 0.05, Rac1: ns. (B) Contrary to the previous sample, no circadian rhythms were found in the LN229E1 sample for Rac1 and Tiam1, which had measured p-values of p > 0.05. Circadian rhythms were still found for Bmal1, but with a decreased amplitude. (C,D) After synchronization with FBS, cells were fixed at 3-h intervals, processed for Tiam1, Per1, or Bmal1 immunocytochemistry (green channel), and nuclei counterstained with DAPI (blue channel) (C) BMAL1, PER1, and TIAM1 normalized immunoreactivity was circadian and in antiphase in LN229. When fitting to a fixed 24-h period, their p-values were: TIAM1: p < 0.0001, BMAL1: p < 0.0001, PER1: p < 0.05. (D) No circadian rhythms were observed in LN229E1, which had a p-value of p > 0.05. (E,F) Representative images obtained with the Cytation 5 fluorometer system, which was used to qualitatively confirm the staining results in LN229 and LN229 E1 cells. The scalebars represent 20 μm. 
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Figure 2. Circadian variation in the effect of 1A-116 on proliferation in the LN229 glioblastoma cell line. (A) Proliferation inhibition relative to vehicle-treated cells. The assessment was conducted with crystal violet 0.1% staining, 72 h after applying the treatment of 20 μm of 1A-116 or vehicle at different HPS. Circadian modulation of 1A-116 effects on proliferation was observed with significant values when fitting to a fix 24 h period: Meta2d: p < 0.01, two-way ANOVA, ns. (B) Dose–response curves for proliferation inhibition relative to vehicle-treated cells in LN229 and LN229E1 cultures, which were treated at 10 HPS or 23 HPS (mean ± SEM). A larger response was observed when LN229 was treated at 10 HPS; Three-way ANOVA: HPS, p < 0.0001; 1A-116 Concentration, p < 0.0001; 1A-116 Concentration × HPS, p < 0.0002; HPS × Cell type, p < 0.0041; 1A-116 Concentration × HPS × cell type, p < 0.05, N = 3. Only main comparisons are stated for results obtained with Tukey´s multiple comparisons test: LN229 WT 10 HPS 10 μM vs. LN229 WT 23 HPS 10 μM, p < 0.0001, LN229 WT 10 HPS 20 μM vs. LN229 WT 23 HPS 20 μM, p < 0.0003; LN229 WT 10 HPS 20 μM vs. LN229E1 23 HPS 20 μM, p < 0.013, LN229 WT 10 HPS 0 μM vs. LN229 WT 10 HPS 20 μM, p < 0.0001, LN229E1 10 HPS 0 μM vs. LN229E1 10 HPS 20 μM, p < 0.026). The dose-response curves were obtained by fitting the median data values, which were calculated from three separate experiments. (C) IC50 values were obtained for independent experiments. It shows significantly lower IC50 values for LN229 cultures treated at 10 HPS. No time dependency was found for LN229E1. The following values were obtained: Two-way ANOVA, for factor HPS, p < 0.001, HPS x cell line, p < 0.05. Tukey’s multiple comparisons test reported: 10 HPS LN229 vs. 23 HPS LN229 ** p < 0.01,10 HPS LN229 vs. 23 HPS LN229E1, * p < 0.05. All plotted data represent mean ± SEM. 
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Figure 3. Apoptosis induction by 1A-116 is higher at 10 HPS in LN229 cells. Annexin V staining was used to measure early apoptosis in LN229 cultures 6 h after the addition of vehicle, 20 μM, or 50 μM of 1A-116. Fluorescence intensity was measured in a Cytation 5 system and DAPI staining was used to relativize the number of cells in each well. (A) Relative early apoptosis values were obtained for three independent experiments (N = 3) and were compared between treatments at 10 HPS and 23 HPS. Significantly larger values were observed when the treatment was applied at 10 HPS (two-way ANOVA, for factor HPS p < 0.01, factor Concentration p < 0.001, interaction p < 0.05. Multiple comparisons Tukey´s tests: 0 μM 23 HPS vs. 20 μM 10 HPS: ** p < 0.01, 0 μM 10 HPS vs. 20 μM 10 HPS: ** p < 0.01, 0 μM 23 HPS vs. 50 μM 23 HPS: ** p< 0.01, 0 μM 10 HPS vs. 50 μM 10 HPS: **** p < 0.0001, 0 μM 23 HPS vs. 50 μM 10 HPS: **** p < 0.0001, 20 μM 23 HPS vs. 20 μM 10 HPS: ** p < 0.01, 20 μM 23 HPS vs. 50 μM 23 HPS: ** p < 0.01).Column values represent mean ± SEM. (B) Representative images that were obtained to qualitatively confirm the staining results in LN229 cells at 10 HPS and 23 HPS, 6 h after treatment with 1A-116. White scale bars represent 20 μm. 
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Figure 4. Cell migration inhibition due to 1A-116 at 10 HPS. Cell migration into a cell-free area was measured in cultures treated with 1A-116 (10 μM) or vehicle at either 10 HPS or 23 HPS. At 16h after treatment, live cells were stained with Calcein-AM. The area covered by cells in the previously cell-free area was measured with ImageJ software. The total covered area by the cells was normalized to the covered area of the vehicle (control), after the area outside the cell-free area and technical controls (t0) were subtracted out from the data. (A) The covered area for 10 μM treated cells was significantly reduced at 10 HPS than at 23 HPS (Two-way ANOVA, for factor HPS, * p < 0.05, for factor concentration, * p < 0.05. Sidak’s multiple comparisons test: 1A-116 10 HPS vs. 23 HPS: * p < 0.05; 10 HPS Veh vs. 1A-116: * p < 0.05, 10 HPS 1A-116 vs. 23 HPS Veh: p < 0.05, N = 4). Column plots represent the mean ± SEM. (B) Representative images of the migration area at 16 h after treatment. The white scale bar represents 1 mm, and the white circles represent the originally cell-free area where cell migration was quantified. 
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Figure 5. GBM bearing nude mice treated with 1A-116 at ZT12 exhibited increased survival rates than mice treated with 1A-116 at ZT3. Survival curves of nude mice treated with vehicle or 1A-116 in ZT3 and ZT12 were significantly different (n = 11, Mantel–Cox log rank Test, * p < 0.05). Median survival increased in ZT12. The median survival times obtained from fitting the data are listed: ZT12 Veh: 64.5 days, ZT3 Veh: 63.5, ZT12 1A-116: 73 days, ZT3 1A-116: 68 days. 
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