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Abstract

:

Serine/threonine-protein kinase 16 (STK16) is a novel member of the Numb-associated family of protein kinases with an atypical kinase domain. In this study, we aimed to investigate the involvement of STK16 in sleep–wake mechanisms. We confirmed the expression of Stk16 in the murine hypothalamus, the sleep–wake center, and found considerable changes in STK16 protein levels in the anterior hypothalamus during the light–dark cycle. We found that the coexistence of the potassium channel tetramerization domain containing 17 (KCTD17), an STK16 interactor, caused STK16 degradation. In contrast, the proteasome inhibitor MG132 inhibited the degradation of STK16. In addition, polyubiquitinated STK16 was observed, suggesting that KCTD17 acts as an adapter for E3 ligase to recognize STK16 as a substrate, leading to STK16 degradation via the ubiquitin–proteasome system. The vast changes in STK16 in the anterior hypothalamus, a mammalian sleep center, as well as the reported sleep abnormalities in the ubiquitin B knockout mice and the Drosophila with the inhibition of the KCTD17 homolog or its E3 ligase cullin-3, suggest that STK16 plays a major role in sleep–wake regulation.
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1. Introduction


Serine/threonine-protein kinases (STKs) are enzymes that phosphorylate the OH group of serine or threonine, two amino acids with similar side chains. Among all the protein kinases identified in humans, at least 350 are STKs [1]. STK16 was first identified as a protein kinase expressed in day 12 fetal liver (PKL12) [2]. Since STK16 is conserved among vertebrates, the discovery process was diverse, and included kinases related to Saccharomyces cerevisiae and Arabidopsis thaliana [3], embryo-derived protein kinase [4], myristoylated and palmitoylated Ser/Thr protein kinase [5], and transforming growth factor (TGF)-β-1 [6]. STK16 is ubiquitously expressed in several tissues during the developmental and adult stages [2,7]. STK16 is also expressed in a variety of cell lines; it mainly localizes to the Golgi apparatus [2,8,9,10] and translocates to the nucleus under certain circumstances [8]. STK16 is a novel member of the Numb-associated family of protein kinases (NAKs), with an atypical kinase structure and function [11,12]. The crystal structure of STK16 shows an atypical activation loop architecture in the catalytic domain known as the activation segment C terminal helix [12]. In vitro studies showed that STK16 is capable of autophosphorylation in addition to the phosphorylation of various substrates [7]. Recent studies have revealed that STK16 plays critical roles in the cell cycle, intracellular signaling, Golgi assembly, and sorting and secretion of proteins via phosphorylation; however, it is still a relatively poorly understood kinase [7].



In the brain, the changes in the “percent spliced in” [13] of STK16 are associated with the expression changes of the ETS transcription factor ELK1, which is closely related to low-grade glioma and its target genes [14]. N-acetylglucosamine kinase (NAGK) is an established interactor of STK16 [9] that is highly expressed in neurons [15]. In neurons, the interaction between N-acetylglucosamine (GlcNAc), dynein, and Golgi can regulate the growth of axons [16] and dendrites [17]. NAGK is involved in the hexosamine biosynthesis pathway, a well-known glucose metabolic pathway, and its metabolites, uridine diphosphate (UDP)-N-acetyl-glucosamine, N-acetylneuraminic acid, N-acetyl-d-mannosamine, and sialic acid [18,19] have been implicated in hypocretin/orexin neuron differentiation [20,21,22]. Hypocretins are neuropeptides produced in the posterior hypothalamus, and are involved in the regulation of the sleep–wake cycle [23,24]. It is well known that the sleep/wake state transitions are based on mutual inhibitory circuits between the anterior and posterior hypothalamic areas, as observed in electronic flip-flop switches [25]. Therefore, in this study, to understand the involvement of STK16 in the sleep–wake cycle, we confirmed the expression of STK16 in the murine anterior and posterior hypothalamus, and unexpectedly found considerable changes in STK16 expression during the light–dark cycle in the anterior hypothalamus. Furthermore, we observed an increase in the STK16 protein levels in the light phase, as well as its disappearance in the dark phase of the anterior hypothalamus. In addition, we examined whether this decrease was mediated by the proteolytic pathway.




2. Results


STK16 expression in the murine anterior hypothalamus was decreased in the dark phase compared to that in the light phase (p < 0.05, Figure 1A). In contrast, no significant difference was observed between the light and dark phases in the murine posterior hypothalamus. STK16 protein levels were detectable at ZT0, peaked at ZT6, and dropped below the detection limit during the dark phase (ZT12 and ZT18) (Figure 1B). Since this sharp decrease suggested the involvement of proteolytic pathways, we explored their possible involvement in STK16 degradation using the BioGRID database, a biomedical interaction repository [26]. One possible protein, the potassium channel tetramerization domain containing 17 (KCTD17), which interacts with the cullin E3 (CUL3) ubiquitin ligase complex [27] involved in the ubiquitin–proteasome pathway [28], was identified in the BIOGRID database. There were no significant changes in the level of KCTD17 protein, predicted at 50 kDa and 40 kDa in the light and dark cycle; however, short isoforms, which were predicted to weight around 30 kDa, were significantly increased in the light phase. This suggests that KCTD17 may have undergone limited light-phase-specific degradation (Figure 1B arrowhead, Figure S1).



We next examined whether KCTD17 was involved in the degradation of STK16. HEK293T cells were transfected with the STK16-HA and KCTD17-FLAG vectors. Endogenous CUL3 was detected in HEK293T cells, and the coexistence of KCTD17 confirmed a significant loss of STK16 (Figure 2, Figure S2). In the preliminary study, we found that the STK16-myc fusion was difficult to degrade; therefore, we examined whether STK16 and KCTD17 bound directly to each other using STK16-myc. The anti-myc antibody co-immunoprecipitated STK16-myc with KCTD17-FLAG, and the anti-FLAG antibody co-immunoprecipitated STK16-myc with KCTD17-FLAG (Figure 2B).



Finally, inhibition experiments with a potent non-specific 20S proteasome inhibitor, MG132 [29], were performed to confirm that STK16 degradation was mediated by the proteasome system. MG132 significantly inhibited the degradation of STK16 by KCTD17. Moreover, since ubiquitin weighs 7 kDa, we could smoothly detect the bands every 7 kDa, which were considered to form the polyubiquitinated STK16 ladder. These polyubiquitinated STK16s would normally be translocated and degraded by the ubiquitin-proteasome system (Figure 3, Figure S3).




3. Discussion


In this study, we found rapid changes in STK16 levels during the light-dark cycle in the anterior hypothalamus, which may have been be mediated by the KCTD17-mediated ubiquitin–proteasome system. It was also suggested that the rapid degradation of STK16 protein in the anterior hypothalamus, known as the sleep center, may play an important role in the sleep–wake transition. Ubiquitin is a highly conserved polypeptide of 76 amino acids that is ubiquitous in the eukaryotic kingdom [30]. Ubiquitin binds covalently to substrates, often forming polymers, by a process known as the polyubiquitination of the substrate. Its main function is the transport of substrates to the proteasome, a multi-subunit protease, for degradation [30]. Although the mechanisms of ubiquitination reactions vary, these reactions usually occur with the help of a series of enzymes, including an activating enzyme (E1), a binding enzyme (E2), and a ligase (E3). In the presence of the E3 ligase and an adapter with substrate specificity, ubiquitin molecules are attached to the substrate [31,32]. In the present study, we identified CUL3 as a potential E3 ligase and KCTD17 as an adapter to recognize STK16 as a substrate. When MG132, a proteasome inhibitor, was added in the presence of KCTD17, a band of STK16 was detected every 7 kDa. This indicates that polyubiquitinated chains of various lengths are bound to STK16, which are assumed to be involved in the transport of STK16 to the proteasome and its subsequent degradation. In the murine brain sample, a significant change in the levels of KCTD17 short isoforms during the sleep–wake cycle was observed. KCTD17 is known to bind to other family proteins [33] and also to interact with itself [34]. Therefore, the 50, 40, and 30 kDa isoforms are likely to interact with each other. Furthermore, it is necessary to identify the amino acid sequence of each isoform from brain samples and study the differences in STK16 degradation in vitro by the corresponding generated recombinant proteins in the future. On the other hand, the importance of the unstructured region in substrate recognition in the proteasome has been suggested, and the nature of the unstructured region is known to be a determining factor in the subunit-specific degradation of protein complexes [35]. In addition, it has been reported that protein binding to the unstructured region suppresses protein degradation, and it is predicted that many more proteins are regulated through the unstructured region [36]. Therefore, it is possible that differences in STK16 substrate recognition may be caused by differences in the unstructured region of KCTD17, due to isoform differences.



A forward genetic study on Drosophila identified a mutation in insomniac (inc), a gene associated with insomnia [37,38,39]. Restricted inc expression with pars intercerebralis, a counterpart of the mammalian hypothalamus–pituitary structure, driver in a mutant, indicated behavioral rescue. The insomniac protein is a homolog of KCTD17 [39], which interacts with the CUL3 E3 ubiquitin ligase complex [39]. The RNAi-mediated knockdown of CUL 3 caused a decrease in sleep duration, suggesting that the ubiquitin–proteasome pathway regulates sleep/wakefulness in Drosophila. In addition, the polyubiquitin gene (Ubb) knockout mice showed unusual metabolic rates and sleep homeostasis, suggesting that Ubb is essential for the maintenance of the ubiquitin levels required for the proper regulation of metabolic and sleep behaviors [40]. Future sleep analysis in STK16 knockout mice is needed, as the Ubb knockout may have caused a derangement in STK16 regulation, resulting in sleep abnormalities.



Sustained wakefulness results in the accumulation of sleep-promoting somatic factors, including adenosine, subsequently causing an increase in sleep pressure or parasomnias [41]. Adenosine is an endogenous sleep regulator that activates the anterior hypothalamus via the adenosine A1 and A2A receptors to promote sleep [42]. Although there are other known substances similar to adenosine, in that they accumulate during sustained wakefulness and induce sleep, only a few are known to increase during sleep and disappear upon awakening, such as STK16, which was discovered in this study. STK16 may be an endogenous modulator that indicates sleep duration to be sufficient and also promotes brain arousal. Increasing sleep pressure via sleep deprivation manipulation does not cause changes if the former is a rhythm factor, as rhythm factors take time to synchronize, as is known for jet lag [43,44]; sleep deprivation experiments may facilitate the identification of STK16 as a sleep–wake modulator. In contrast, 80 proteins were identified, phosphorylation states of which are closely related to changes in sleep desire, and most of which are closely related to synapses [45]. Furthermore, sleep induction via CaMKII, an enzyme important for synaptic plasticity [46], has also been reported [47]. Therefore, we speculate that STK16 may be involved in these synaptic regulatory mechanisms. Interaction between STK16 and synaptogyrin-2, a synapse-associated protein, has been previously reported [48]. Therefore, future studies are warranted to identify the STK16-expressing cells and study the subcellular localization of STK16 in the brain.




4. Materials and Methods


4.1. Animals


A total of 24 male C57BL/6J mice were obtained from Shimizu Laboratory Supplies Co., Ltd. (Kyoto, Japan) and housed under a 12-h light/dark cycle, with the lights on between 8:00 A.M. and 8:00 P.M., corresponding to zeitgeber time (ZT) 0–12. The temperature was maintained at 22–24 °C, and the mice were provided with food and water ad libitum. Twenty mice (weight, 28–30 g; age, 12 weeks) were sacrificed at ZT0, ZT6, ZT12, and ZT18 for analysis of mRNA expression and protein levels.




4.2. Quantitative PCR (qPCR)


Mice were deeply anesthetized with pentobarbital (50 mg/kg, i.p.), and whole brains were removed. The hypothalamic region was dissected coronally from the optic chiasma to the mammillary bodies (6 mm from the chiasma) using a brain slicer (Zivic Instruments; Pittsburgh, PA, USA). The anterior hypothalamus was defined as the area up to 3 mm from the chiasma. The distinction between the anterior and posterior hypothalami was based on the presence or absence of hypocretin expression. The dorsal limit of the hypothalamus was the roof of the third ventricle, and the lateral limit was the amygdala [49,50,51,52]. Total RNA was isolated from each region of the hypothalamus using the Sepasol-RNA I Super G reagent (Nacalai Tesque, Inc.; Kyoto, Japan). Single-stranded cDNA was synthesized using the PrimeScript RT Reagent Kit with gDNA Eraser (Takara Bio, Inc.; Otsu, Japan), according to the manufacturer’s protocol. The expression level of each mRNA was determined by qPCR using the Rotor-Gene Q system (Qiagen GmbH; Hilden, Germany), THUNDERBIRD™ qPCR mix (Toyobo Co., Ltd.; Osaka, Japan), as well as gene-specific primers (Table S1). PCR products were amplified using the following thermocycling conditions: one cycle at 95 °C for 1 min, followed by 40 cycles at 95 °C for 10 s and 60 °C for 60 s. The housekeeping gene with minimum diurnal variation in the hypothalamus was identified in a previous study by checking gene expression every 4 h over a 24-h period [50,53]. Subsequently, the relative level of target gene expression was evaluated using the 2-ΔΔCq method, with hypoxanthine phosphoribosyltransferase 1 as an internal control.




4.3. Expression Vectors and Cell Culture


Mouse Stk16 and Kctd17 cDNAs were amplified from the murine hypothalamus cDNA by PCR using KOD DNA polymerase (Toyobo Co., Ltd.), and subcloned into pCGN-HA (STK16-HA), pcDNA3.1-myc (STK16-myc), or pcDNA3-FLAG (KCTD17-FLAG). HEK293T cells (American Type Culture Collection; Manassas, VA, USA) were grown in Dulbecco’s modified Eagle’s medium (Gibco™; Thermo Fisher Scientific, Inc.; Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco™; Thermo Fisher Scientific, Inc.) at 37 °C in an atmosphere containing 5% CO2. Cells were seeded at a density of 3 × 105 cells/well in 6-well cell culture plates. Expression vectors were co-transfected into the HEK293 cells using Lipofectamine™ 3000 Transfection Reagent (Invitrogen; Thermo Fisher Scientific, Inc.; Waltham, MA, USA) according to the manufacturer’s protocol. To inhibit the ubiquitin–proteasome pathway, 20 µM of MG132 (Wako Pure Chemical Industries, Ltd.; Osaka, Japan), a potent non-specific 20S proteasome inhibitor, was added to the culture medium for 2 days after transfection.




4.4. Immunoprecipitation


Approximately 48 h post-transfection, the transiently transfected cells were washed three times with ice-cold phosphate-buffered saline (PBS) before lysis with an immunoprecipitation (IP) buffer (20 mM Tris-HCl, 1 mM EDTA, 100 mM NaCl, pH 7.5, and 0.5% NP-40) containing the complete protease inhibitor cocktail (Roche Diagnostics; Tokyo, Japan). Subsequently, the cells were sonicated for 30 s, incubated for 15 min on ice, and centrifuged at 12,000× g for 10 min at 4 °C. Next, the supernatant was incubated with an anti-myc [PL14] (MBL Co., Ltd.; Tokyo, Japan) or anti-FLAG antibody (Sigma-Aldrich; St. Louis, MO, USA). The tube was rotated overnight at 4 °C, followed by three washes with the IP buffer. The antibody-conjugated samples were immunoprecipitated using Protein G Sepharose (Roche Diagnostics).




4.5. Immunoblotting Analysis


The murine hypothalamic tissues or HEK293T cells were homogenized using RIPA buffer (25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) and the Protease Inhibitor Cocktail (Roche Diagnostics). The homogenate was then centrifuged, and the supernatant was obtained as a soluble fraction. An aliquot of 10 μG of the soluble fraction of tissues or immunoprecipitated samples was electrophoresed through a denaturing gradient acrylamide gel, and then transferred to Clear Blot Membrane-P (ATTO; Tokyo, Japan). After blocking with 5% Blocking One (Nacalai Tesque, Inc.), the membranes were incubated with anti-FLAG (1:3000; Sigma-Aldrich), anti-myc (1:3000; MBL Co., Ltd.), anti-HA-561 (1:1000; MBL Co., Ltd.), anti-STK16 (H-80) (1:1000; Santa Cruz Biotechnology, Inc.; Dallas, TX, USA), anti-KCTD17 (1:1000; Abcam Inc.; Waltham, MA, USA), anti-Cullin 3 [EPR3196Y] (1:5000; Abcam Inc.), or monoclonal anti-β-Actin [AC-15] (1:10,000; Sigma-Aldrich) antibody for 1 h at 20 °C and overnight at 4 °C. After washing three times for 10 min each with Tris-buffered saline (TBS) (150 mM NaCl, 20 mM Tris, pH 7.4)-0.05% Tween-20 (TBST), the membranes were incubated with a 1:5000 dilution of HRP-labeled protein-G (Merck Millipore; Burlington, MA, USA) in 1% Blocking One/TBST for 1 h at 20 °C. Subsequently, the proteins were visualized using TMB Membrane Peroxidase Substrate (Kirkegaard & Perry Laboratories; Gaithersburg, MD, USA) and the reaction was stopped with tap water.




4.6. Statistical Analyses


Statistical analyses were conducted using SPSS version 25 (IBM Corp.; Armonk, NY, USA). Data are presented as mean ± standard deviation. Normality was analyzed using the Shapiro–Wilk normality test for all groups. The F-test was used to determine the homoscedasticity for all comparisons. All the groups were normally distributed (p > 0.05). Two-tailed Welch’s t-test with Bonferroni correction or one-way analysis of variance (ANOVA), followed by Steel’s post hoc test against the control group, was used to analyze the differences; p < 0.05 was considered to indicate a statistically significant difference (n = 3–4).
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Figure 1. Diurnal changes in STK16. (A) The relative expression levels of Stk16 in murine hypothalamus were evaluated by using the 2-ΔΔCq method, with hypoxanthine phosphoribosyltransferase 1 (Hprt1) as an internal control. Stk16 expression was significantly decreased in the dark phases of the anterior hypothalamus compared with the light phases. (B) STK16 protein levels were considerable decreased in the dark phases of the anterior hypothalamus. Short isoforms of KCTD17 were only detected in the light phases. NS: Not significant. 
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Figure 2. STK16 was degraded in the presence of KCTD17. (A) Co-transfection of STK16-HA and KCTD17-FLAG expression vectors into HEK293T cells induced STK16-HA degradation. (B) STK16-myc and KCTD17-FLAG proteins were co-immunoprecipitated. 
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Figure 3. Inhibition of STK16 degradation by the proteasome inhibitor MG132. MG132 (20 µM) inhibited the degradation of STK16 by KCTD17. Inhibition of the proteasome system by MG132 allowed for the detection of the polyubiquitinated STK16. NS: Not significant. 
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