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Abstract

:

Diapause-like features can be extended to naïve mouse embryonic stem cells (mESCs) to induce paused pluripotency by using INK128 (mTi), a mammalian target of rapamycin (mTOR) inhibitor. As a core integrative pathway, mTOR senses diverse stimuli and translates these cues to coordinate several processes. We have previously shown that the withdrawal of leucine and arginine from the culture medium of naïve mESCs can induce features of a paused-pluripotent state, including reduced cell proliferation, cell cycle arrest, and reductions in glycolytic and oxidative metabolism. However, surprisingly, although mTi did indeed provoke a paused-like state, this was distinct from and less pronounced than what resulted from leucine and arginine removal, and, according to our results, these features did not seem to necessarily be mTOR-driven. Therefore, this possibility should be considered in further experiments, and mTOR inhibition when using INK128 should always be confirmed and not merely assumed when INK128 is present in the culture medium.
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1. Introduction


Diapause preserves reproductive potential by delaying development if environmental conditions are not favorable until the optimal conditions are met. Although it does not occur equally in all species, it is characterized by very slow development or even developmental arrest until favorable conditions ensure proper embryo development, safeguarding offspring survival [1].



During pre-implantation development, zygotes develop into blastocysts, the stage at which development is arrested, with embryos showing decreased growth and proliferation, cell cycle arrest, and decreased rates of biosynthetic processes and displaying a hypometabolic state [2,3,4]. Experimentally, it is possible to induce diapause through ovariectomy, given that ovarian removal triggers embryonic diapause (ED) due to the lack of estrogen production, which regulates uterine receptivity [5,6]. Although the role of ovarian hormones in the regulation of ED in mice is well established, more recently, the mTOR pathway was pinpointed as a critical regulator [4]. It was reported that embryo development is arrested at the blastocyst stage by pharmacologically inhibiting mTOR kinase activity; therefore, its pathway uses INK128, and this phenomenon is reversible upon removal of the inhibitor. Moreover, the authors extended this reversible inhibition of development to cultured mouse embryonic stem cells (mESCs), thus characterizing a novel paused-pluripotent state [4].



As a central cellular sensor, the mTOR pathway is essential for regulating cellular activity in response to diverse signals [7,8]. mTOR activity, in turn, integrates these signals by regulating various cellular processes, from autophagy to metabolism, translation, and cell survival [7,8]. Among all nutrients, leucine and arginine are two amino acids that have been described as potent modulators of mTOR activity [7,8]. Our recent work showed that the withdrawal of leucine and arginine from naïve mESC culture reduced cell proliferation by causing cell cycle arrest in the G1 phase and reduced both glycolytic and oxidative metabolism without affecting the pluripotent status of the cells [9]. While the intracellular production of metabolites cannot be excluded, these results suggest that cells cultured in the absence of leucine and arginine share some similarities with paused-pluripotency cells and diapause embryos. Given that leucine and arginine are linked to mTOR activity, we aimed to determine whether these effects could be mTOR-driven.




2. Materials and Methods


2.1. Cell Culture


Mouse embryonic stem cells (mESCs strain E14TG2a: ATCC CRL-1821) were placed on culture dishes coated with 0.1% gelatin (Sigma-Aldrich, St. Louis, MO, USA) at 37 °C, 5% CO2. To culture the cells, an N2B27—based medium of DMEM–F12 (Gibco Invitrogen, Waltham, MA, USA) and Neurobasal (Gibco Invitrogen, Waltham, MA, USA) in a 1:1 ratio was used. This medium was supplemented with 0.75 mM L-glutamine (Gibco Invitrogen, Waltham, MA, USA), 100 U/mL penicillin/streptomycin (Gibco Invitrogen, Waltham, MA, USA), 01× B27 supplement (Gibco Invitrogen, Waltham, MA, USA), 0.1 mM 2-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA), 0.5× N2 supplement (Gibco Invitrogen, Waltham, MA, USA), 1 μM PD0325901 (Axon Medchem, Groningen, The Netherlands), 3 μM CHIR99021 (Axon Medchem, Groningen, The Netherlands), and 1 × 103 U/mL of leukemia inhibitory factor (LIF; Gibco Invitrogen, Waltham, MA, USA). This medium will be called 2i/LIF throughout this manuscript.



Passage was performed by dissociating colonies with StemPro Accutase Cell Dissociation Reagent (Merck-Millipore, Darmstadt, Germany), followed by a centrifugation step at 300× g for 5 min. In order to determine cell numbers, trypan blue (Sigma-Aldrich, St. Louis, MO, USA) was used in a Neubauer chamber, after which the cells were plated in gelatin-coated culture dishes. The experiments were performed with an initial density of 8000 cells/cm2 in 2i/LIF. After 12 h, cells were properly adhered and were washed with PBS before fresh media were added. To culture cells in the absence of leucine and arginine (xAA and xAAxLIF conditions), previous conditions were used [9] with or without adding LIF, respectively. For mTOR-inhibiting conditions (mTi), the 2i/LIF media were supplemented with 100 nM INK28 (MedChem Express, Monmouth Junction, USA) according to previous experience with several other concentrations of the drug [9].



Recovery experiments were performed 48 h after the cells’ exposure to the different culture treatments, as previously described [9].




2.2. Cell Proliferation Assay


A cell proliferation assay was performed by counting cells every 24 h. Colonies in 48-well plates were washed in PBS, and StemPro Accutase Cell Dissociation Reagent (Merck-Millipore, Darmstadt, Germany) was used to separate the cells. Then, medium was added to a defined final volume to inactivate the enzyme through dilution. Afterward, the samples were counted in a Neubauer chamber after mixing 10 μL of cell suspension with 10 μL of trypan blue (Sigma-Aldrich, St. Louis, MO, USA).




2.3. Flow Cytometry


Annexin V/PI staining (Immunostep, Salamanca, Spain) was performed as described previously [9]. After 48 h of culture in each condition, according to the experimental design, cells were detached and dissociated as noted above, and the experiment was conducted with a cell suspension sample at a final concentration of 1 × 106 live cells. Samples were then incubated with 5 μL of Annexin V-FITC and 2.5 μM PI and analyzed with flow cytometry. For the positive control, cells previously incubated with 0.25% H2O2 (Sigma-Aldrich, St. Louis, MO, USA) were used, and the negative control consisted of unstained samples of live cells.



Mitochondrial mass was assessed using Mitotracker Green (Thermo Fisher, Pierce, Rockford, IL, USA) and a flow cytometer. After detachment, cells were centrifuged, resuspended in Mitotracker Green staining solution (100 nM Mitotracker Green in cell culture medium of the respective treatment), and incubated in the dark for 30 min at 37 °C. The suspension was then centrifuged, resuspended in PBS, and analyzed in a Becton Dickinson BD FACSCalibur cytometer while using the appropriate settings. A total of 20,000 events per condition were gated, while non-stained cells were used as a control for false-positive measurements. The measurements were performed with a BD FACSCalibur cytometer and the Cell Quest Pro Acquisition Software version 5.1 (BD Biosciences).




2.4. Immunocytochemistry


For immunocytochemistry, 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA) was used as a fixing agent for 15 min at RT. Cells were then permeabilized for 10 min with ice-cold 100% Methanol (Sigma-Aldrich, St. Louis, MO, USA) at −20 °C and blocked in a solution consisting of 5% BSA and 1% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) for 1 h. To dilute and incubate the antibodies, a solution of 1% BSA but containing only 0.25% Triton X-100 in PBS was used. Primary antibodies, anti-GLUT1 (Cat. No: PA1-46152, Invitrogen, Waltham, MA, USA; 1:150; rabbit) and anti-Oct4 antibodies (Cat. No: #701756; Thermo Fisher, Pierce, Rockford, IL, USA, 1:250; rabbit), were incubated with the samples overnight at 4 °C. The secondary antibody Texas Red-X goat anti-rabbit IgG (Cat. No: #T6391, Thermo Fisher, Pierce, Rockford, IL, USA) was then added, and incubation proceeded at RT in the dark for 45 min, followed by DNA staining with Hoechst 33342 Trihydrochloride (Invitrogen, Waltham, MA, USA) in a 10-min incubation. Imaging was performed by microscopy using a phase-contrast microscope (Leica DMI3000B) with a 10× objective and a Leica DFC425C camera. Image analysis was performed using the Image J 1.52a software (Wayne Rasband National Institute of health, USA, Java 1.8.0_172).




2.5. Quantitative Real-Time PCR (qRT-PCR)


Cells were collected and nucleic acids were extracted after 48 h of treatment using the TRIzol reagent (Invitrogen, Waltham, MA, USA), which was thoroughly mixed with the samples. Afterward, 200 μL of chloroform (Sigma-Aldrich, St. Louis, MO, USA) was added, and samples were thoroughly mixed again before they were centrifuged at 12,000× g for 15 min at 4 °C. The chloroform aqueous phase was collected, and RNA was precipitated by adding 2-propanol (Sigma-Aldrich, St. Louis, MO, USA) at a 1:1 ratio. RNA was preserved at −20 °C. After centrifugation, thawed samples were incubated in 600 μL of 75% ethanol and air-dried before dissolving in nuclease-free water. A DNA-free kit (Ambion, Invitrogen, Waltham, MA, USA) was used for DNA cleanup. The concentration and quality of the RNA samples were determined using a NanoDrop 2000 (Thermo Scientific, Waltham, MA, USA), and samples with a 260/280 ratio at least equal to 1.8 were kept at −80 °C until used. To convert 1 μg of RNA into cDNA, the iScript cDNA Synthesis Kit (BioRad, Hercules, CA, USA) was used in a C1000 Thermal Cycler (BioRad, Hercules, CA, USA).



RT-PCR assays involved mouse-specific primers from a primer bank database (http://pga.mgh.harvard.edu/primerbank/as (accessed on 4 July 2021)). Oct4—forward primer (FP): CGGAAGAGAAAGCGAACTAGC/reverse primer (RP): ATTGGCGATGTGAGTGATCTG; Nanog—FP: TCTTCCTGGTCCCCACAGTTT/RP: GCAAGAATAGTTCTCGGGATGAA; Essrb—FP: GCACCTGGGCTCTAGTTGC/RP: TACAGTCCTCGTAGCTCTTGC; mTOR—FP: ACCGGCACACATTTGAAGAAG/RP: CTCGTTGAGGATCAGCAAGG; S6K1—FP: TTGACTTTCCAGTTCCCAAGGT/RP: AAAAGGCGAATAGGAGGGCAG; Raptor—FP: CAGTCGCCTCTTATGGGACTC/RP: GGAGCCTTCGATTTTCTCACA; 4EBP1—FP: GGGGACTACAGCACCACTC/RP: CTCATCGCTGGTAGGGCTA. The assay was carried out as previously described [9].




2.6. Western Blotting


Proteins were extracted by lysing cells with 100 μL of RIPA buffer (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 2 mM PMSF (phenylmethylsulphonyl fluoride; Sigma Aldrich, St. Louis, MO, USA), 2× Halt phosphatase inhibitor cocktail (Thermo Fisher, Pierce, Rockford, IL, USA), and protease inhibitor cocktail CLAP (Sigma-Aldrich, St. Louis, MO, USA) for 5 min on ice after roughly mixing. Duplicates were used for quantification with the Pierce BCA (Bicinchonic Acid) Protein Assay Kit (Thermo Fisher, Pierce, Rockford, IL, USA) following the manufacturer’s protocol and a BioTek Synergy HT multi-detection microplate reader (BioTek Instruments, Winooski, VT, USA). Protein samples were prepared for electrophoresis by denaturing 30 μg of protein extract in Laemmeli sample buffer (BioRad, Hercules, CA, USA) for 10 min at 75 °C. Samples were loaded in 7.5% or 12% Acrilamide gels, and electrophoresis was carried out in a Mini Protean Tetra Cell (BioRad, Hercules, CA, USA) system. Samples were transferred to polyvinylidene difluoride (PVDF) membranes (BioRad, Hercules, CA, USA), which were blocked for 1 h at RT in 5% milk or 5% BSA in a buffer composed of 5 mM Tris, 15 mM NaCl (Sigma-Aldrich, St. Louis, MO, USA), and 0.1% Tween 20 (TBS-T; Sigma-Aldrich, St. Louis, MO, USA). Membranes were then labeled with the following primary antibodies at 4 °C overnight: rabbit anti-p-AKT (Ser473) (Cat. No: #4058, Cell Signaling, Danvers, MA, USA; 1:1000), rabbit anti-AKT (Cat. No: #4691, Cell Signaling, Danvers, MA, USA; 1:200), rabbit anti-4EBP1 (Cat. No: #9644, Cell Signaling, Danvers, MA, USA; 1:1000), rabbit anti-phospho-4EBP1 (Thr37/46) (Cat. No: #9459, Cell Signaling, Danvers, MA, USA; 1:1000), rabbit anti-p-S6K1 (Thr389) (Cat. No: #9234; Cell Signaling, Danvers, MA, USA, 1:750), rabbit anti-S6K1 (Cat. No: #2708; Cell Signaling, Danvers, MA, USA, 1:1000), goat anti-CANX (Cat. No: ab0041, SICGEN, Cantanhede, PT; 1:2500), mouse anti-TFAM (Cat. No: #SC-166965; Santa Cruz, Dallas, TX, USA; 1:1000), mouse anti-TOM20 (Cat. No: #SC-17764; Santa Cruz, Dallas, TX, USA; 1:1000), anti-ACTIN (Cat. No: A2228; Sigma-Aldrich, St. Louis, MO, USA), rabbit anti-GLUT3 (Cat. No: #OSG00013G; Invitrogen, Waltham, MA, USA, 1:1000), and rabbit anti-GLUT1 (Cat. No: PA1-46152, Invitrogen, Waltham, MA, USA; 1:1000). For the secondary antibodies, labeled antibodies were diluted in 5% BSA in TBS-T, with the exception of Calnexin, where secondary antibodies were diluted in 5% and 2.5% milk in TBS-T (BioRad, Hercules, CA, USA). A 1:1 solution of enhancer reagent and oxidizing reagent of either ImmunoStar ECL substrate (BioRad, Hercules, CA, USA) or Western Bright Sirius (Advansta, San Jose, CA, USA) was used to detect the secondary antibodies signal. Membranes were developed using a VersaDoc Imaging system (BioRad, Hercules, CA, USA), and quantification was performed with ImageJ 1.52a (US National Institutes of Health). Protein levels were normalized in relation to Calnexin.




2.7. Statistical Analysis


SPSS 21.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. Normality and homoscedasticity were determined by the Shapiro–Wilk and Levene tests, respectively. A one-way ANOVA or independent t-Student Test was performed whenever data had a normal distribution, followed by Bonferroni or Dunnett T3 post hoc tests (after one-way ANOVA test), to determine statistical significance. If the data were non-normal, the Kruskal–Wallis non-parametric test was performed, followed by the Mann–Whitney test. The threshold for statistical significance was p ≤ 0.05. Data are expressed as means ± standard error of the mean (SEM). Statistical significance is displayed as * p < 0.05, ** p < 0.01, and *** p < 0.001.





3. Results


3.1. Leucine and Arginine Withdrawal Is More Efficient in Downregulating Pluripotent Stem Cell Proliferation Than mTi (INK128)


The mTOR pathway is sensitive to growth factors such as LIF, acting through the PI3K pathway [10]. Furthermore, it is also sensitive to amino acids, especially leucine (Leu) and arginine (Arg), as the absence of these specific amino acids reduces mTOR activity by 70–90%, an effect that is modulated by mTORC1 [11]. Thus, we sought to understand whether leucine and arginine withdrawal from mESCs cultured in a 2i-containing medium affected the mTOR pathway and whether the effect was modulated via mTORC1 targets. For this purpose, cells were cultured in a 2i/LIF medium, xLIF medium, xAA medium, xAAxLIF medium, and, as a positive control, 2i/LIF medium with the mTOR inhibitor INK128, which was labeled as the mTi condition. We performed a growth curve assay, and cells cultured in the presence of INK128 (the mTi condition) proliferated significantly less when compared to the 2i/LIF and xLIF conditions (Figure 1a). Moreover, as previously shown [9], cells cultured in the xAA and xAAxLIF conditions proliferated less than cells in the 2i/LIF and xLIF conditions. Interestingly, leucine and arginine removal caused a greater effect on proliferation than mTi (Figure 1a). Next, the Annexin V/PI apoptosis assay was carried out to rule out cell death as the cause of the decreased number of cells, and no differences were found (Figure 1b). We then focused on determining whether our experimental conditions affected the cell cycle. In accordance with previous data [9], after 24 h and 48 h, the percentage of cells in the G1 phase was higher in the xAA and xAAxLIF conditions than in all other conditions (Figure 1c), concomitant with a decrease in the number of cells in the S and G2/M phases (Figure 1c). In addition, although 24 h of mTi treatment promoted a higher percentage of cells in the G2 phase, this was only significant after 48 h, while the xLIF and 2i/LIF conditions share similarities not only in terms of proliferation but also in terms of cell cycle distribution at both time points (Figure 1c). Thus, a lack of leucine and arginine affects progression from the G1 phase, while mTi seems to interfere with progression from the S phase to the G2/mitotic phase. During recovery, we found that cells in the S and G2/M phases had increased at both 72 h and 96 h (Figure 1d), showing that the cell cycle indeed recovers following leucine and arginine replenishment. To evaluate whether cells in each condition still expressed the pluripotency marker OCT4, we performed immunostaining and observed a nuclear staining pattern typical of pluripotent mESCs (Figure 1e). Additionally, the mRNA expression of the core pluripotency markers OCT4 and NANOG, as well as the naïve pluripotency marker ESRRB, remained unaltered in all conditions, suggesting that none of our experimental conditions affect pluripotency (Figure 1f). In summary, leucine and arginine withdrawal induces an arrest in cell proliferation at the G1 phase, which seems more intense than the effects promoted by mTi. On the other hand, LIF removal seemingly has no effect on this parameter.




3.2. Leucine and Arginine Removal and mTi Induce a Paused-Pluripotency-Like State Independently of Canonical mTOR Signaling


To determine whether and how the mTOR pathway was modulated in the absence of leucine and arginine, we assessed the mRNA and protein expression of mTORC1 and its downstream targets 4EBP1 and S6K1. Interestingly, the mRNA levels of RAPTOR (an indispensable protein for the assembly of mTORC1), mTOR, 4EBP1, and S6K1 were not affected in any of our experimental conditions (Figure 2a). Moreover, the protein levels of the total S6K1 form were similar in all cases (Figure 2b,c), although the phosphorylated form was undetected, even in the 2i/LIF condition (Figure 2d). Remarkably, in our hands, neither the phosphorylated nor the total levels of 4EBP1 were affected (Figure 2f,g). Furthermore, the protein level of AKT, an mTORC2 downstream target, was also unaffected (Figure 2b,c,e). These results suggest that overall translation in naïve ESCs is affected independently of S6K1 and 4EBP1 signaling. Moreover, our results suggest that the phosphorylated forms of AKT and S6K1 at mTOR-specific sites may not be fundamental for naïve pluripotent stem cells, and that effects beyond the mTOR pathway may be involved in the behavior of mESCs following leucine and arginine removal.




3.3. Leucine and Arginine Removal and INK128 Do Not Affect GLUT1 and GLUT3 Expression or Mitochondrial Mass but Affect GLUT1 Cellular Distribution


Metabolism is one of the key cellular processes regulated by the mTOR pathway [7,8]. In our previous work [9], we showed that the absence of arginine and leucine decreased metabolic activity in terms of both glycolysis and oxidative respiration [12]. In order to compare the 2i/LIF, xLIF, xAAxLIF, and mTi conditions used in this work, we used a Seahorse XF assay to measure the extracellular acidification rate (ECAR) and the cell respiration oxidative assay to measure the oxygen consumption rate (OCR). As expected, the overall glycolysis profiles of xAA and xAAxLIF cells were clearly decreased in comparison with cells in 2i/LIF and xLIF, while the glycolytic profile of mTi cells was similar to cells cultured in the 2i/LIF and xLIF conditions (Figure 3a). Furthermore, the global OXPHOS of cells cultured in the absence of arginine and leucine was decreased, and a similar trend was observed in cells incubated with INK128 (Figure 3b), consistent with published data [9,12]. In fact, leucine- and arginine-starved cells displayed low pyruvate uptake, accompanied by low lactate production [9], which was also observed in the mTi condition, including a low glucose uptake by naïve mESCs when incubated with mTi [12]. Given that the glucose transporter (GLUT) content and turnover in the cell plasma membrane can be dependent on mTOR activity according to leucine availability [13,14], as well as mitochondrial turnover [14], we assessed whether our experimental conditions caused an imbalance in the protein expression of GLUT1 and GLUT3, the predominant isoforms of GLUTs in mESCs [15,16], and whether mitochondrial mass was affected. To determine the mitochondrial mass, we evaluated the protein expression of TOM20 and TFAM and found it to be similar in all conditions (Figure 3c,d), although there was a decreased signal in the fluorescence-based Mitotracker Green assay for the mTi and xAA conditions (Figure 3e). The protein expression of GLUT1 and GLUT3 did not change (Figure 3c,d); however, a dotted staining pattern for GLUT1 was observed surrounding the nuclei of cells cultured under the xAA and mTi conditions, suggesting transporter internalization, while the staining in 2i/LIF suggests a plasma membrane location (Figure 3f). Altogether, our data suggest that the metabolic effects caused by the absence of leucine and arginine may be due to changes in glucose transporter location rather than their expression. Furthermore, these culture conditions did not significantly alter mitochondrial mass.





4. Discussion


Inhibition of the mTOR pathway with INK128 was previously shown to mimic embryonic diapause induction in both mouse embryos and mESCs, triggering a paused-pluripotency-like state in mESC in vitro [4]. Diapause is a naturally reversible process, and exiting from this state occurs when proper conditions for further embryo development are present [17], which is also a characteristic of paused-pluripotent stem cells upon the removal of the mTOR inhibitor [4]. Moreover, leucine and arginine availability has been linked to the regulation of diapause, given that the withdrawal of these amino acids from embryo culture media arrests embryo development in vitro in an mTOR-dependent fashion. However, these studies focused on trophoblast outgrowth [18,19,20,21], not pluripotent stem cells. In fact, data from our previous work showed that leucine and arginine withdrawal from the naïve mESC culture medium does not affect pluripotency, although it is able to induce some of the features observed in paused pluripotency [9]. The question remaining from this previous study concerned the involvement of the mTOR pathway, as inhibited by INK128, and this issue was the goal of the present work.



INK128 (mTi) directly inhibits mTOR by competing for its ATP-binding site [22] and, as noted above, has been suggested to induce the paused-pluripotent state [4,23]. Its impact on cell proliferation and the cell cycle was noticeable, mainly resulting in fewer cells in the G2/M phase, as previously reported [4]. When directly comparing the effect of the mTOR inhibitor and the absence of leucine and arginine, the latter condition was clearly more effective in inducing quiescence. Recently, amino-acid-starved mESCs showed paused pluripotency through mTOR modulation via the LKB1/AMP/AMPK axis [23]. In this work, cells cultured with the INK128 inhibitor displayed similar patterns to cells grown in a regular medium or without LIF in terms of glycolytic function, in accordance with what has been previously reported [16]. Moreover, the glucose transporter content and turnover in the cell plasma membrane can be dependent on mTOR activity [13,14]. Although the protein content of the predominant isoforms of GLUTs, GLUT1 and GLUT3, was not affected in mESCs [15,16], the dotted pattern of GLUT1 staining suggested that its location within the cell is cytoplasmic, stressing the notion that metabolism is a central part in the effects of mTi and leucine and arginine removal in mESCs, as previously suggested [9].



LIF has been shown to downregulate the mTOR pathway in pluripotent stem cells [24]. However, naïve mESCs are optimally cultured in a medium containing 2i/LIF, and LIF is critical for embryo implantation, as well as for restarting development after diapause [25,26]. Therefore, we intended to determine whether LIF has a role in either the entry into a paused-pluripotent state or in its exit. In our culture system, LIF does not seem to be essential for cell proliferation or viability, consistent with the previous literature [6,27,28]. Interestingly, it also does not seem to play any relevant role in the effects induced by leucine and arginine withdrawal.



Finally, we were interested in evaluating the status of the mTOR pathway in response to the absence of leucine and arginine. For this purpose, the direct downstream targets of mTORC, 4EBP1, and S6K1, as well as the direct downstream target of mTORC2, AKT, were analyzed, as were their phosphorylated forms [29]. Interestingly, in our hands, the mRNA expression of mTOR, 4EBP1, S6K1, and Raptor did not change in the absence of leucine and arginine. The same was true for the protein content of 4EBP1 and its phosphorylated form, even in the presence of INK128. These results suggest that the paused-pluripotency features observed in the absence of leucine and arginine are independent of canonical INK128-driven mTOR signaling. Therefore, this possibility should be considered in further experiments, and mTOR inhibition when using INK128 should always be confirmed and not merely assumed when INK128 is present in the culture medium. In our previous work, the inhibitor was tested in a different pluripotency culture system, and the concentration used was also twice as high as the one used in this study [4,23]; thus, the effect of INK128 on mTOR inhibition may be dose-independent [12]. Interestingly, the protein levels of S6K1 and AKT were also similar in both conditions. However, the phosphorylated forms of these targets were not detected in our protein extracts. Given that the positive controls used were indeed positive for each target, this seems to suggest that this signaling mechanism may not be essential for naïve ESCs’ paused pluripotency. In fact, in naïve human ESCs, S6K1 levels are reduced, and they increase during differentiation [30,31], possibly as a mechanism to decrease translation, preventing the loss of cell identity. These are interesting, if unexpected, results that should be further explored in future work. Moreover, the potential role of additional amino acids besides leucine and arginine in inducing and regulating paused pluripotency could be studied, as this process still remains, to some extent, a biochemical black box. We believe that this constitutes a promising approach for unveiling the powerful potential of nutrients as molecular modulators of cell status.
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Figure 1. mTi and leucine and arginine absence do not interfere with pluripotency while affecting naïve mESC proliferation. (a) Growth of mESCs cultured in 2i/LIF, xLIF, xAA, xAAxLIF, and mTi (INK128). Cell counting was performed every 24 h. Recovery started after 48 h time point when medium was replaced (2i/LIF: n = 10); (xLIF: n = 8); (xAAxLIF: n = 8). (b) Viability/cell death was assessed for 2i/LIF and mTi after 48 h of culture using Annexin V and PI and analyzed by flow cytometry. Data displaying a representative dot plot from Annexin V/PI data obtained by flow cytometry and the graph of the mean percentage of cells gated (n = 3/group). (c) Cell cycle analysis with PI of naïve mouse embryonic stem cells after 24 and 48 h of culture in each treatment (2i/LIF 24 h: n = 6/phase; 2i/LIF 48 h: n = 9/phase); (xLIF: n = 8/phase); (xAA: n = 9/phase); (xAAxLIF 24 h: n = 8/phase; xAAxLIF 48 h: n = 9/phase); (mTi 24 h: n = 8/phase; mTi 48 h: n = 9/phase). (d) Cell cycle analysis of naïve mouse embryonic stem cells during recovery at 72 h and 96 h, when the regular culture conditions were reestablished (see Materials and Methods) (2i/LIF 72 h: n = 9/phase; 2i/LIF 96 h: n = 8/phase); (xLIF 72 h: n = 9/phase; xLIF 96 h: n = 8/phase); (xAA 72 h: n = 9/phase; xAA 96 h: n = 8/phase); (xAAxLIF 72 h: n = 9/phase; xAAxLIF 96 h: n = 8/phase); (mTi 72 h: n = 9/phase; mTi 96 h: n = 8/phase). (e) Panel of fluorescence microscopy for OCT4-stained colonies after 48 h culture in each experimental condition (magnification 630×). (f) RT-PC evaluation of markers of mESC pluripotency, such as Esrrb, Nanog, Oct4, and Rex1 (2i/LIF, xLIF, xAA, xAAxLIF, and mTi). Gene expression levels were normalized to beta-Actin (Rex1: n = 3/group; Esrrb, Nanog, Oct4: n = 4/gene/group). Results are presented as mean ± SEM. Data were considered statistically significant when * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 2. Effects of leucine and arginine withdrawal are independent of mTORC1 signaling. (a) RT-PCR evaluation of mRNA levels of mTORC1-related gene expression of Raptor, 4EBP1, MTOR, and S6K1 during the recovery period. Gene expression was normalized to the respective beta-Actin level. (Raptor: n = 4/group; 4EBP1, MTOR, and S6K1: n = 3/group). (b) Quantification of protein expression of AKT and S6K1 after 48 h treatments. Results are normalized to CALNEXIN levels (AKT: n = 4/group; S6K1: n = 6/group). (c) A representative immunoblot membrane for AKT, S6K1, and CALNEXIN expression is shown. (d) Western blot analysis of extracts from Jurkat cells + Calcyculin A (+Ctr) and Jurkat cells + LY29400 (-Ctr) and naïve mouse ESCs cultured in regular medium using the rabbit anti-p-S6K1 antibody (Thr389) (Cat. No: #9234; Cell Signaling, 1:750), as indicated. (e) Western blot analysis of extracts from Jurkat cells + Calcyculin A (+Ctr) and Jurkat cells + LY29400 (-Ctr) and naïve mouse ESCs cultured in regular medium using the rabbit anti-p-AKT antibody (Ser473) (Cat. No: #4058, Cell Signaling; 1:1000), as indicated. (f) Quantification of protein expression of 4EBP1 and phosphorylated 4EBP1 (pThr37/46) after 48 h treatments. Results are normalized to CALNEXIN levels, and the p4EBP1/4EBP1 ratio was calculated after normalization of both targets to the loading control (n = 4/protein/group). (g) Representative membrane images for 4EBP1, p4EBP1, and CALNEXIN. Results are presented as mean ± SEM. 
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Figure 3. GLUT1 and GLUT3 expression is unchanged after mTi or removal of arginine and leucine, but GLUT1 distribution is altered. (a) Glycolytic metabolism analysis with three ECAR measurements before and after each compound injection using the Seahorse FX analyzer on cells pre-conditioned in 2i/LIF, xLIF, xAA, xAAxLIF, and mTi conditions. The compound injections started with glucose (10 mM), then Oligomycin (1 μM), and ended with 2-deoxyglucose (100 mM) (n = 4/group). Statistical significance: * differences between 2i/LIF and xAA; + differences between 2i/LIF and xAAxLIF; ° differences between 2i/LIF and mTi. (b) Oxidative profile analysis with three OCR measurements before and after each compound injection using the Seahorse FX analyzer. The compound injections were initiated by adding Oligomycin (5 μM), followed by FCCP (2.5 mM) and finally Rotenone + Antimycin A (2.5 mM) (n = 3/group). * Differences between 2i/LIF and xAA; + differences between 2i/LIF and xAAxLIF. (c) Quantification of protein expression of TOM20, GLUT1, GLUT3, and TFAM was carried out using Western blot after 48 h. Results are normalized to b-ACTIN levels (n = 4/group). (d) Immunoblot membrane images for TOM20, GLUT1, GLUT3, and TFAM, as well as beta-ACTIN for control purposes, are shown, representing typical data obtained. (e) Mitotracker Green median fluorescence intensity measures by flow cytometry after 48 h incubation in each experimental condition. (f) Panel of fluorescence microscopy for GLUT1-stained colonies after 48 h culture in each experimental condition (scale bar 10 um, magnification 630×). Results are presented as mean ± SEM, and statistical significance is considered when * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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