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Abstract

:

Many studies show that genetics play a major contribution to the onset of obesity. Human genome-wide association studies (GWASs) have identified hundreds of genes that are associated with obesity. However, the majority of them have not been functionally validated. SEC16B has been identified in multiple obesity GWASs but its physiological role in energy homeostasis remains unknown. Here, we use Drosophila to determine the physiological functions of dSec16 in energy metabolism. Our results showed that global RNAi of dSec16 increased food intake and triglyceride (TAG) levels. Furthermore, this TAG increase was observed in flies with a specific RNAi of dSec16 in insulin-like peptide producing cells (IPCs) with an alteration of endocrine peptides. Together, our study demonstrates that dSec16 acting in IPCs controls energy balance and advances the molecular understanding of obesity.
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1. Introduction


Obesity, as a global health threat, increases the risk of diabetes, cardiovascular disease, hypertension and cancers [1]. The latest studies show that obesity leads to more severe symptoms in COVID-19 [2]. As of 2016, approximately 2 billion adults (39% of the world adult population) were overweight (body mass index (BMI) ≥ 25 kg m−2), and out of these, 671 million (12% of the world adult population) suffered from obesity (BMI ≥ 30 kg m−2) [3]. Considering the obesity pandemic and its threats to human health, there is an urgent need to reveal the pathogenic mechanism of obesity.



Obesity is caused by multiple factors from both environment and genetics. Functional loss of several key genes, including Lep [4], LepR [5] and POMC [6], causes severe obesity in humans. Studies of twins, family and adoption have demonstrated that obesity displayed a huge heritability between 40–70% [7]. Thus, the identification of genes underlying the development of obesity is fundamental to advancing our knowledge of this disease and to further helping us to formulate new effective strategies to curb obesity. Genome-wide association study (GWAS) is a powerful tool to uncover the associations between phenotypes and the corresponding genes. In past decades, a large number of GWASs have identified hundreds of genes that are associated with obesity, including FTO [8], MC4R [9] and POMC [10], and a few of them have been established as obesity genes before [3,11,12,13,14]. However, of the vast pool of obesity genes that GWASs have indicated, only a few have been functionally validated.



Drosophila melanogaster shares similarities with humans in the regulation of energy metabolism and possesses important organs and the endocrine system involved in energy metabolism. Drosophila has been shown to be a good model for studying obesity with conserved machinery of lipid metabolism and excessive fat accumulation as the main features in obese flies [15]. Moreover, it is conserved between Drosophila and humans for the majority of genes related to metabolic disease [16]. Additionally, Drosophila has numerous genetic tools, which are convenient to functionally validate obesity-associated genes proposed by GWAS studies [17]. In our previous studies, we have utilized Drosophila to functionally validate a group of genes revealed in different GWASs and have successfully identified novel regulators of energy homeostasis [18,19].



SEC16B has been indicated to be strongly associated with obesity in multiple studies with different populations [13,20,21,22]. Moreover, SEC16B is also associated with diabetes [23], metabolic syndrome [24] and bitter beverage preference [25] in GWAS studies. All suggest that SEC16B may play an important role in metabolism. So far, however, the physiological role of SEC16B in obesity or related metabolic diseases remains unknown.



SEC16B encodes a conserved peripheral membrane protein localized to endoplasmic reticulum (ER) exit sites (ERES), which is generally proposed to serve a mission in the biological process of protein secretion [26]. SEC16B participates in the COPII-coated vesicle coordinated anterograde transport of secretory elements exporting from the ER to Golgi, which is considered the first step of selective cargo export [27]. SEC16B acts as a scaffold in COPII formation, as well as a plays role as an element recruited to ERES by the COPII subunits [28]. On this basis, SEC16B is important for intracellular vesicle tracking. Evidence reveals that the central nervous system (CNS) senses and integrates central or peripherical signaling to regulate adipose stores, caloric intake and energy utilization [29]. In Drosophila, a lack of dSec16 results in a blockage of protein transport from the ER, which possibly links to a deficiency of certain endocrine hormones [30]. It is speculated that SEC16B may be involved in the secretion of endocrine molecules, such as leptin [31], glucagon-like peptide-1 (GLP-1) [32], ghrelin [33], NPY and insulin [34], thus regulating energy homeostasis. Furthermore, dSec16 is a Drosophila homolog of human SEC16B. Studies reported that dSec16 was involved in nutritional stress responses [35,36]; however, little is known about dSec16 playing a role in energy metabolism.



In this study, we functionally tested the functions of dSec16 in the regulation of energy metabolism in Drosophila. We measured a few metabolic phenotypes in flies with RNAi of dSec16 in whole-body or specific neurons. We found that dSec16 functioning in insulin-like peptides producing cells (IPCs) has an impact on triglyceride (TAG) levels by modulating the endocrine peptides in Drosophila. Our results show that dSec16 has a physiological role in the regulation of energy metabolism and, in particular, acts in IPCs.




2. Material and Methods


2.1. Fly Strains


Fly strains were maintained on a standard diet at 25 ℃, 12 light:12 dark cycles and 70% humidity. Actin-GeneSwitch (#9381), Dilp2-Gal4 (#37516), UAS-dSec16 RNAi (#53917), Ok107-Gal4 (#854), 104y-Gal4 (#81014), Dsk-Gal4 (#51981), Dh44-Gal4 (#51987), Lk-Gal4 (#51992), OK371-Gal4 (#26160), Chat-Gal4 (#6793), 55D01-Gal4 (#39110), Ppk-Gal4 (#79278) and Pdf-Gal4 (#6899) were purchased from the Bloomington Stock Center.




2.2. Diet Conditioning


The normal diet contains 1% agar, 2.45% yeast, 6.75% sugar, 6.25% corn flour, 1.2% v/v Nipigan (10% w/v in ethanol) and 0.6% v/v propionic acid. The high sugar diet contains 1% agar, 2.45% yeast, 20.25% sugar, 6.25% corn flour, 1.2% v/v Nipigan (10% w/v in ethanol) and 0.6% v/v propionic acid. For RU486 induction, male flies were collected the first day after hatch and transferred to normal food with 500 µM of RU486 (Sigma#M8046) for 6 days for induction. The 4–7-day adult male flies were used for experiments or transferred to HSD for further treatment.




2.3. Feeding Assay


Food intake was determined by a CAFE assay adapted from a previous study [37]. Five flies were housed in an empty vial with wet Kimwipes on the bottom. Liquid food was supplied to flies in 5 µL of capillaries through a homemade cap, which allows air exchange with the incubator. During the feeding assay, flies were fed a liquid food with 5% yeast extract (Merck #103753) and 10% sucrose. In all cases, food intake was measured over 24 h. Empty vials were used for evaporation controls. All food intake experiments were set up at zeitgeber time 6–8, and food intake was recorded exactly 24 h after the start of food loading. The length of food intake by flies was processed by Image J.




2.4. Triglyceride Assays and Body Weight Measure


Triglyceride assays were performed as in our previous study [38]. A total of 10 male flies were used for triglyceride assays and body weight. Body weight was assessed by analytical balance (Sartorius, with precision at 0.0001 g). For triglyceride assay, 10 male flies were homogenized in 200 μL dH2O on ice, then sonicated for 10 s using a probe sonicator on ice. After sonication, 800 μL ice-cold dH2O was added and mixed thoroughly. An amount of 50 μL of the mixture was used to determine the triglycerides, and 20 μL was used to determine the protein with the kits (Triglycerides kit, Nanjing Jiancheng; Modified Bradford reagent, BBI) under the manufacturer’s instructions. Triglycerides were normalized to protein.




2.5. Starvation Assay


Starvation survival was determined using the DAM (Drosophila activity monitor) (Trikinetics system), according to our previous study [39]. This system records a count when a fly crosses an infrared beam. Flies were loaded in DAM on 1% agar in 12-h light/dark cycles at 25 °C and monitored the activity every 60 min till the locomotor count reached 0. The survival numbers of flies at each time point were presented with a Kaplan–Meier curve drawn and compared by GraphPad Prism 9. Comparison between each genotype was processed by log-rank (Mantel–Cox) test.




2.6. Quantitative PCR


Total RNA was extracted by TRIzol, followed by extraction with chloroform and then precipitation with isopropanol. After washing with 75% RNAase-free ethanol, the quality of RNA is determined by NanoDropTM One. Reverse transcription was performed in an amount of 1 µg of mRNA using PrimeScript™ RT reagent Kit (TAKARA). RT-PCR was conducted with One-Step TB Green® PrimeScript™ RT-PCR Kit (TAKARA), according to the manufacturer’s instructions. All primers used for qPCR are listed in Table S1. The reactions were run on Quantstudio 5 (Life technologies, Carlsbad, CA, USA).




2.7. Statistics


All statistical analyses were performed using GraphPad Prism 9. Pairwise comparisons were calculated by two-tailed unpaired t-tests. When evaluating the effect of genotype as a single independent variable among more than two genotypes, one-way ANOVA followed by Tukey’s post hoc test was used. Data are represented as mean ± SEM.





3. Results


3.1. Global Knockdown of dSec16 Increases Food Intake and TAG Levels


To ask whether dSec16 plays a role in the regulation of energy metabolism in Drosophila, we used an inducible whole-body Gal4 driver (Actin-GeneSwitch, Actin-GS), specifically, RNAi of dSec16 in adult flies (Actin-GS-Gal4 > UAS-dSec16 RNAi) by the induction by RU486. The mRNA expression of dSec16 was reduced by 64% in the inducible RNAi flies (Figure S1). Firstly, we tested dSec16 knockdown flies fed on a normal diet (ND). RU486 did not affect body weight (Figure S2A), food intake (Figure S2B) or triglyceride levels (Figure S2C). No difference was observed in body weight between the control group and the induction group (Figure 1A). However, food intake (Figure 1B) and TAG level (Figure 1C) were significantly increased in dSec16 RNAi flies by RU486 when compared with the control flies without RU486 induction. Next, to mimic the high-fat diet in mouse studies, we subjected the inducible dSec16 RNAi flies to HSD with RU486 induction for 14 days. Similarly, the dSec16 knockdown flies did not show a change in body weight (Figure 1D) but did exhibit a significant increase in food intake (Figure 1E) and TAG levels (Figure 1F). Starvation survival is an important indicator of energy storage, and more fat means longer survival under starvation. As expected, dSec16 knockdown flies survived longer than control flies under HSD (Figure 1G). These data indicate that dSec16 knockdown causes food intake increase and fat accumulation in Drosophila.




3.2. Pan-Neuronal Knockdown of dSec16 Increases TAG Levels


Since food intake is primarily controlled by the central nervous system, we reasoned that dSec16 may function in the nervous system regulating metabolism. We then performed a pan-neuronal RNAi using nSyb-Gal4. Under ND, body weight (Figure 2A) and food intake (Figure 2B) were not significantly altered in pan-neuronal dSec16 RNAi flies (nSyb-Gal4 > UAS-dSec16 RNAi) when compared with the parental controls (nSyb-Gal4/+; UAS-dSec16 RNAi/+). Consistent with whole-body knockdown, TAG levels were significantly increased in these pan-neuronal knockdown flies (Figure 2C); however, starvation survival of pan-neuronal knockdown flies was not significantly enhanced when compared with the parental control flies (Figure 2D). Next, we challenged these RNAi flies with HSD for 14 days. Surprisingly, HSD significantly decreased food intake (Figure 2E) but increased body weight (Figure 2F) and TAG levels (Figure 2G). As expected, these dSec16 RNAi flies had longer starvation survival than the parental control flies (Figure 2H). Taken together, pan-neuronal knockdown of dSec16 increases TAG levels under ND and HSD.




3.3. IPCs Specific-Knockdown of dSec16 Increases TAG Levels


To identify the specific neurons in which dSec16 may act, we have tested several subsets of neurons by crossing UAS-dSec16 RNAi flies with the corresponding Gal4 lines. When compared with the control UAS-dSec16 RNAi/+ flies, body weight was significantly decreased when dSec16 was RNAi in fan-body neurons (104y-Gal4) and dopaminergic neurons (DDC-Gal4), but was significantly increased in drosulfakinin-producing neurons (Dsk-Gal4), leucokinergic neurons (Lk-Gal4), cholinergic neurons (Chat-Gal4) and sensory neurons (Ppk-Gal4) (Figure 3A). Interestingly, food intake was significantly decreased in flies with dSec16 RNAi in IPCs (Dilp2-Gal4) and cholinergic neurons (Chat-Gal4) but was significantly increased in dopaminergic neurons (DDC-Gal4) when compared with the control UAS-dSec16 RNAi/+ flies (Figure 3B). Similarly, TAG levels were significantly reduced in flies with dSec16 RNAi in mushroom-body neurons (OK107-Gal4), fan-body neurons (104y-Gal4), drosulfakinin-producing neurons (Dsk-Gal4), peptidergic neurons (Dh44-Gal4), leucokinergic neurons (Lk-Gal4), glutamatergic neurons (OK371-Gal4), sensory neurons (Ppk-Gal4) and clock neurons (Pdf-Gal4) (Figure 3C). Surprisingly, TAG levels were slightly increased in IPCs-specific dSec16 RNAi flies. This is consistent with the results from pan-neuronal dSec16 RNAi, suggesting that dSec16 may act in IPCs to control fat accumulation.



To further confirm the role of dSec16 in IPCs, we generated flies with a specific RNAi of dSec16 in IPCs. Body weight (Figure 4A) and food intake (Figure 4B) were not changed in IPCs-specific dSec16 RNAi (Dilp2-Gal4 > UAS-dSec16 RNAi) flies when compared with the parental controls (Dilp2-Gal4/+; UAS-dSec16 RNAi/+). However, IPCs-specific dSec16 RNAi significantly increased TAG levels (Figure 4C). Furthermore, consistent with the results from ND, similar results were observed for body weight (Figure 4D), food intake (Figure 4E) and TAG (Figure 4F) levels in IPCs-specific RNAi flies fed on HSD for 14 days. Both dSec16 RNAi in the nervous system and in IPCs increase TAG, indicating that dSec16 acting in IPCs controls fat accumulation.




3.4. dSec16 Influences Energy Homeostasis via Endocrine Peptides


IPCs regulate energy metabolism mainly through secretory molecules dIlps. IPCs can produce dIlp2, dIlp3 and dIlp5 [40]. To investigate if dSec16 impacts fat accumulation by dIlps, we performed RT-PCR to determine the mRNA levels of these peptides. Of interest, the expressions of dIlp2 and dIlp3 was significantly less when dSec16 was reduced by RNAi in IPCs (Figure 5). We further tested whether Upd2, a human Leptin homolog in Drosophila [41], is affected by dSec16 RNA in IPCs. A higher mRNA level of Upd2 was seen when compared to the control flies (Figure 5). Moreover, the adipokinetic hormone (AKH) plays a vital role in lipid metabolism by functioning as a glucagon-like endocrine [42]. Our result showed that the expression of AKH was decreased in flies with dSec16 RNAi in IPCs (Figure 5). Altogether, these results indicated that the knockdown of dSec16 in IPCs regulates energy metabolism by modulating the expression of endocrine peptides in adult flies.





4. Discussion


dSec16 is a peripheral membrane protein involved in the biological processes of coat protein II (COPII) formation, which is considered a crucial responsive physiological process in energy balance [28]. dSec16 is a Drosophila homolog of human SEC16B, which was identified as an obesity gene in multiple GWASs but was not functionally validated. Our results showed that dSec16 played an important role in energy balance regulation in flies. The global knockdown of dSec16 resulted in hyperphagia and fat accumulation. We further demonstrated that dSec16 acting in the nervous system, primarily in IPCs, controls fat accumulation. In addition, dSec16b acting in IPCs affected the expression of endocrine peptides from IPCs, corpora cardiaca cells (CC cells) and fat body, providing a novel perspective of a secretory-related gene influencing energy balance. In this study, we, for the first time, show the physiological role of dSec16 in the regulation of energy metabolism in flies, suggesting a potential gene in human obesity.



Using TAG as a main energy storage form is an efficient and flexible strategy that is evolutionarily conserved. However, excessive fat accumulation can lead to common metabolic diseases including non-alcoholic fatty liver disease and obesity [43]. In Drosophila, IPCs produce and secrete the insulin-like peptides (Ilps) [44], which function as mammalian insulin in controlling fat accumulation [45]. Insulin signaling activation in fat body, a tissue similar to mammalian white adipose tissue and liver, inhibits TAG decomposition and promotes TAG storage [46]. In this study, reducing dSec16 mRNA expression in IPCs increased TAG levels, suggesting that dSec16 affects fat accumulation possibly by interfering with the release of dIlps from IPCs. The finding that dSec16 affected the expression of dIlp2 and dIlp3 but not dIlp5 was partially consistent with a previous study [47]. Our finding of the downregulation of Akh in flies with dSec16b knockdown in IPCs is consistent with that AKH antagonizes insulin signaling and promotes utilization of TAG. Similarly, we observed an upregulation of Upd2 with increased TAG storage, as it has been proven that Upd2 promotes dIlp2 and dIlp5 secretion by the IPCs [41]. Nevertheless, Upd2, a fly homolog of human leptin, does not influence feeding [41]. Our data showed that food intake was not increased in IPCs knockdown as global knockdown, indicating that food intake was possibly regulated by dSec16 functions in cholinergic neurons (Chat-Gal4) and dopaminergic neurons (DDC-Gal4). Further studies are required to investigate the role of dSec16 in the regulation of insulin signaling.



Similar to mammals, Drosophila dIlps are released in response to high levels of circulating sugars, while AKH is released in response to low levels of circulating sugars [48]. In our study, the knockdown of dSec16 in IPCs results in insufficient dIlps and decreased expression of AKH, indicating a high level of circulating sugars that trigger fuel storage [49]. Glycogen is another indispensable energy storage form in flies [50]. Pan-neuronal dSec16 knockdown promoted the resistance towards starvation under HSD. This could be explained by the utilization of not only TAG but also glycogen to meet nutrient needs.



Our data showed that pan-neuronal dSec16 knockdown had different effects on food under ND and HSD, and these effects were different from that of global dSec16 knockdown. This suggests that the role of dSec16 in food intake is dependent on tissues and diets. Neuronal insulin signaling is important for food intake [51]. In rodents, insufficient insulin signaling in pan-neurons increased food intake in a normal diet [52]. It has been established that Drosophila showed hyperphagia under HSD feeding [53]. HSD can enhance insulin signaling in Drosophila [54]. Prolonged HSD triggers hyperglycemia and insulin resistance, which increases feeding in Drosophila [55,56]. However, it has been shown that although HSD induces insulin resistance through dIlps compensation, after sustained HSD, dIlps compensation is no longer effective, in which case Drosophila develops hyperglycemia leading to hyperphagia [57]. In addition, neuronal signaling including octopaminergic, dopaminergic and neuropeptide F signaling regulates feeding by interacting with insulin signaling [39]. Our data showed that dSec16, specifically RNAi in dopaminergic neurons, significantly decreased food intake. This suggests that dSec16 acts in dopaminergic neurons controlling food intake, however, the underlying mechanism still needs to be investigated.



Except for the nervous system, fat body [58] and muscles [59] are also involved in the regulation of energy homeostasis and there are complex cross-talks among these organs. A previous study demonstrated that the overexpression of ERK7 in fat body but not IPCs inhibited lipid accumulation in Drosophila [60]. The IPCs-specific dSec16 RNAi could not complete phenocopy metabolic phenotypes caused by global dSec16 RNAi, indicating dSec16 may function in other tissues controlling energy homeostasis. Further research to confirm if dSec16 functions in these tissues are required.



Overall, we identified dSec16 as a regulator of energy homeostasis in Drosophila. Our finding implies that dSec16 is potentially linked to metabolic diseases such as obesity. Our study provides a new model for investigating the function of obesity GWAS genes in energy balance and advances the molecular understanding of obesity.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/life13010081/s1, Figure S1: Relative dSec16 expression in flies with or without RU486 activation in whole Drosophila body. n, indicates a biological replicate of 15 flies. Data are presented as mean ± SEM. Two-tailed unpaired t-test was used. ** p < 0.01; Figure S2: (A–C) RU486 had no effect on food intake (H, n = 10 replicate), body weight (I, n = 6 replicate), or TAG (J, n = 6 replicate). All experiments were done in male adult flies (4–7 days old) fed on a normal diet. n, indicates a biological replicate. Data are presented as mean ± SEM. Two-tailed unpaired t-test was used. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001; Table S1: List of primers used for the RT-QPCR analysis. All primers are displayed in 5’-3’ direction.





Author Contributions


Conceptualization, Q.-P.W. and G.G.N.; formal analysis and data curation, R.-X.Z. and S.-S.L.; investigation, R.-X.Z., S.-S.L., A.-Q.L. and Z.-Y.L.; writing—original draft preparation, R.-X.Z., Q.-P.W.; writing—review and editing, R.-X.Z., Q.-P.W. and G.G.N.; supervision, Q.-P.W.; funding acquisition, Q.-P.W. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by the Natural Science Foundation of China (31970934), Natural Science of Foundation of Guangdong province, China (2018B030306002), Science and Technology Innovation Committee of Shenzhen, China (201908073000449), and the Fundamental Research Funds for the Central Universities to Q.-P.W.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


Thanks Bloomington Stock Center for providing fly stocks.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Afshin, A.; Forouzanfar, M.H.; Reitsma, M.B.; Sur, P.; Estep, K.; Lee, A.; Marczak, L.; Mokdad, A.H.; Moradi-Lakeh, M.; Naghavi, M.; et al. Health Effects of Overweight and Obesity in 195 Countries over 25 Years. N. Engl. J. Med. 2017, 377, 13–27. [Google Scholar] [CrossRef] [PubMed]

	



Bhattacharya, I.; Ghayor, C.; Pérez Dominguez, A.; Weber, F.E. From Influenza Virus to Novel Corona Virus (SARS-CoV-2)-The Contribution of Obesity. Front. Endocrinol. 2020, 11, 556962. [Google Scholar] [CrossRef] [PubMed]

	



Loos, R.J.F.; Yeo, G.S.H. The genetics of obesity: From discovery to biology. Nat. Rev. Genet. 2022, 23, 120–133. [Google Scholar] [CrossRef] [PubMed]

	



Montague, C.T.; Farooqi, I.S.; Whitehead, J.P.; Soos, M.A.; Rau, H.; Wareham, N.J.; Sewter, C.P.; Digby, J.E.; Mohammed, S.N.; Hurst, J.A.; et al. Congenital leptin deficiency is associated with severe early-onset obesity in humans. Nature 1997, 387, 903–908. [Google Scholar] [CrossRef] [PubMed]

	



Jackson, R.S.; Creemers, J.W.; Ohagi, S.; Raffin-Sanson, M.L.; Sanders, L.; Montague, C.T.; Hutton, J.C.; O’Rahilly, S. Obesity and impaired prohormone processing associated with mutations in the human prohormone convertase 1 gene. Nat. Genet. 1997, 16, 303–306. [Google Scholar] [CrossRef] [PubMed]

	



Krude, H.; Biebermann, H.; Luck, W.; Horn, R.; Brabant, G.; Grüters, A. Severe early-onset obesity, adrenal insufficiency and red hair pigmentation caused by POMC mutations in humans. Nat. Genet. 1998, 19, 155–157. [Google Scholar] [CrossRef]

	



Elks, C.E.; den Hoed, M.; Zhao, J.H.; Sharp, S.J.; Wareham, N.J.; Loos, R.J.; Ong, K.K. Variability in the heritability of body mass index: A systematic review and meta-regression. Front. Endocrinol. 2012, 3, 29. [Google Scholar] [CrossRef]

	



Lan, N.; Lu, Y.; Zhang, Y.; Pu, S.; Xi, H.; Nie, X.; Liu, J.; Yuan, W. FTO—A Common Genetic Basis for Obesity and Cancer. Front. Genet. 2020, 11, 559138. [Google Scholar] [CrossRef]

	



Yeo, G.S.; Farooqi, I.S.; Aminian, S.; Halsall, D.J.; Stanhope, R.G.; O’Rahilly, S. A frameshift mutation in MC4R associated with dominantly inherited human obesity. Nat. Genet. 1998, 20, 111–112. [Google Scholar] [CrossRef] [PubMed]

	



Challis, B.G.; Coll, A.P.; Yeo, G.S.; Pinnock, S.B.; Dickson, S.L.; Thresher, R.R.; Dixon, J.; Zahn, D.; Rochford, J.J.; White, A.; et al. Mice lacking pro-opiomelanocortin are sensitive to high-fat feeding but respond normally to the acute anorectic effects of peptide-YY(3-36). Proc. Natl. Acad. Sci. USA 2004, 101, 4695–4700. [Google Scholar] [CrossRef] [PubMed]

	



Locke, A.E.; Kahali, B.; Berndt, S.I.; Justice, A.E.; Pers, T.H.; Day, F.R.; Powell, C.; Vedantam, S.; Buchkovich, M.L.; Yang, J.; et al. Genetic studies of body mass index yield new insights for obesity biology. Nature 2015, 518, 197–206. [Google Scholar] [CrossRef] [PubMed]

	



Yengo, L.; Sidorenko, J.; Kemper, K.E.; Zheng, Z.; Wood, A.R.; Weedon, M.N.; Frayling, T.M.; Hirschhorn, J.; Yang, J.; Visscher, P.M. Meta-analysis of genome-wide association studies for height and body mass index in ∼700,000 individuals of European ancestry. Hum. Mol. Genet. 2018, 27, 3641–3649. [Google Scholar] [CrossRef] [PubMed]

	



Speliotes, E.K.; Willer, C.J.; Berndt, S.I.; Monda, K.L.; Thorleifsson, G.; Jackson, A.U.; Lango Allen, H.; Lindgren, C.M.; Luan, J.; Magi, R.; et al. Association analyses of 249,796 individuals reveal 18 new loci associated with body mass index. Nat. Genet. 2010, 42, 937–948. [Google Scholar] [CrossRef]

	



Sun, C.; Kovacs, P.; Guiu-Jurado, E. Genetics of Body Fat Distribution: Comparative Analyses in Populations with European, Asian and African Ancestries. Genes 2021, 12, 841. [Google Scholar] [CrossRef] [PubMed]

	



Gáliková, M.; Klepsatel, P. Obesity and Aging in the Drosophila Model. Int. J. Mol. Sci. 2018, 19, 1896. [Google Scholar] [CrossRef]

	



Reiter, L.T.; Potocki, L.; Chien, S.; Gribskov, M.; Bier, E. A systematic analysis of human disease-associated gene sequences in Drosophila melanogaster. Genome Res. 2001, 11, 1114–1125. [Google Scholar] [CrossRef]

	



Dietzl, G.; Chen, D.; Schnorrer, F.; Su, K.C.; Barinova, Y.; Fellner, M.; Gasser, B.; Kinsey, K.; Oppel, S.; Scheiblauer, S.; et al. A genome-wide transgenic RNAi library for conditional gene inactivation in Drosophila. Nature 2007, 448, 151–156. [Google Scholar] [CrossRef]

	



Valsesia, A.; Wang, Q.P.; Gheldof, N.; Carayol, J.; Ruffieux, H.; Clark, T.; Shenton, V.; Oyston, L.J.; Lefebvre, G.; Metairon, S.; et al. Genome-wide gene-based analyses of weight loss interventions identify a potential role for NKX6.3 in metabolism. Nat. Commun. 2019, 10, 540. [Google Scholar] [CrossRef]

	



Orthofer, M.; Valsesia, A.; Mägi, R.; Wang, Q.P.; Kaczanowska, J.; Kozieradzki, I.; Leopoldi, A.; Cikes, D.; Zopf, L.M.; Tretiakov, E.O.; et al. Identification of ALK in Thinness. Cell 2020, 181, 1246–1262.e1222. [Google Scholar] [CrossRef]

	



Thorleifsson, G.; Walters, G.B.; Gudbjartsson, D.F.; Steinthorsdottir, V.; Sulem, P.; Helgadottir, A.; Styrkarsdottir, U.; Gretarsdottir, S.; Thorlacius, S.; Jonsdottir, I.; et al. Genome-wide association yields new sequence variants at seven loci that associate with measures of obesity. Nat. Genet. 2009, 41, 18–24. [Google Scholar] [CrossRef]

	



Takeuchi, F.; Yamamoto, K.; Katsuya, T.; Nabika, T.; Sugiyama, T.; Fujioka, A.; Isono, M.; Ohnaka, K.; Fujisawa, T.; Nakashima, E.; et al. Association of genetic variants for susceptibility to obesity with type 2 diabetes in Japanese individuals. Diabetologia 2011, 54, 1350–1359. [Google Scholar] [CrossRef] [PubMed]

	



Gong, J.; Schumacher, F.; Lim, U.; Hindorff, L.A.; Haessler, J.; Buyske, S.; Carlson, C.S.; Rosse, S.; Bůžková, P.; Fornage, M.; et al. Fine Mapping and Identification of BMI Loci in African Americans. Am. J. Hum. Genet. 2013, 93, 661–671. [Google Scholar] [CrossRef] [PubMed]

	



Kong, X.; Zhang, X.; Zhao, Q.; He, J.; Chen, L.; Zhao, Z.; Li, Q.; Ge, J.; Chen, G.; Guo, X.; et al. Obesity-related genomic loci are associated with type 2 diabetes in a Han Chinese population. PLoS ONE 2014, 9, e104486. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, X.; Xi, B.; Shen, Y.; Wu, L.; Hou, D.; Cheng, H.; Mi, J. An obesity genetic risk score is associated with metabolic syndrome in Chinese children. Gene 2014, 535, 299–302. [Google Scholar] [CrossRef]

	



Zhong, V.W.; Kuang, A.; Danning, R.D.; Kraft, P.; van Dam, R.M.; Chasman, D.I.; Cornelis, M.C. A genome-wide association study of bitter and sweet beverage consumption. Hum. Mol. Genet. 2019, 28, 2449–2457. [Google Scholar] [CrossRef]

	



Yamaguchi, M.; Murata, T. Involvement of regucalcin gene promoter region-related protein-p117, a transcription factor, in human obesity. Biomed. Rep. 2017, 6, 374–378. [Google Scholar] [CrossRef]

	



Sprangers, J.; Rabouille, C. SEC16 in COPII coat dynamics at ER exit sites. Biochem. Soc. Trans. 2015, 43, 97–103. [Google Scholar] [CrossRef]

	



Budnik, A.; Stephens, D.J. ER exit sites--localization and control of COPII vesicle formation. FEBS Lett. 2009, 583, 3796–3803. [Google Scholar] [CrossRef]

	



Morton, G.J.; Cummings, D.E.; Baskin, D.G.; Barsh, G.S.; Schwartz, M.W. Central nervous system control of food intake and body weight. Nature 2006, 443, 289–295. [Google Scholar] [CrossRef]

	



Ivan, V.; de Voer, G.; Xanthakis, D.; Spoorendonk, K.M.; Kondylis, V.; Rabouille, C. Drosophila Sec16 mediates the biogenesis of tER sites upstream of Sar1 through an arginine-rich motif. Mol. Biol. Cell 2008, 19, 4352–4365. [Google Scholar] [CrossRef]

	



Frederich, R.C.; Hamann, A.; Anderson, S.; Löllmann, B.; Lowell, B.B.; Flier, J.S. Leptin levels reflect body lipid content in mice: Evidence for diet-induced resistance to leptin action. Nat. Med. 1995, 1, 1311–1314. [Google Scholar] [CrossRef] [PubMed]

	



Elliott, R.M.; Morgan, L.M.; Tredger, J.A.; Deacon, S.; Wright, J.; Marks, V. Glucagon-like peptide-1 (7-36)amide and glucose-dependent insulinotropic polypeptide secretion in response to nutrient ingestion in man: Acute post-prandial and 24-h secretion patterns. J. Endocrinol. 1993, 138, 159–166. [Google Scholar] [CrossRef] [PubMed]

	



Wren, A.M.; Seal, L.J.; Cohen, M.A.; Brynes, A.E.; Frost, G.S.; Murphy, K.G.; Dhillo, W.S.; Ghatei, M.A.; Bloom, S.R. Ghrelin enhances appetite and increases food intake in humans. J. Clin. Endocrinol. Metab. 2001, 86, 5992. [Google Scholar] [CrossRef]

	



Strubbe, J.H.; Steffens, A.B. Rapid insulin release after ingestion of a meal in the unanesthetized rat. Am. J. Physiol. 1975, 229, 1019–1022. [Google Scholar] [CrossRef] [PubMed]

	



Farhan, H.; Wendeler, M.W.; Mitrovic, S.; Fava, E.; Silberberg, Y.; Sharan, R.; Zerial, M.; Hauri, H.P. MAPK signaling to the early secretory pathway revealed by kinase/phosphatase functional screening. J. Cell Biol. 2010, 189, 997–1011. [Google Scholar] [CrossRef] [PubMed]

	



Zacharogianni, M.; Kondylis, V.; Tang, Y.; Farhan, H.; Xanthakis, D.; Fuchs, F.; Boutros, M.; Rabouille, C. ERK7 is a negative regulator of protein secretion in response to amino-acid starvation by modulating Sec16 membrane association. EMBO J. 2011, 30, 3684–3700. [Google Scholar] [CrossRef]

	



Wang, Q.P.; Simpson, S.J.; Herzog, H.; Neely, G.G. Chronic Sucralose or L-Glucose Ingestion Does Not Suppress Food Intake. Cell Metab. 2017, 26, 279–280. [Google Scholar] [CrossRef]

	



Wang, Q.P.; Lin, Y.Q.; Lai, M.L.; Su, Z.; Oyston, L.J.; Clark, T.; Park, S.J.; Khuong, T.M.; Lau, M.T.; Shenton, V.; et al. PGC1α Controls Sucrose Taste Sensitization in Drosophila. Cell Rep. 2020, 31, 107480. [Google Scholar] [CrossRef]

	



Wang, Q.P.; Lin, Y.Q.; Zhang, L.; Wilson, Y.A.; Oyston, L.J.; Cotterell, J.; Qi, Y.; Khuong, T.M.; Bakhshi, N.; Planchenault, Y.; et al. Sucralose Promotes Food Intake through NPY and a Neuronal Fasting Response. Cell Metab. 2016, 24, 75–90. [Google Scholar] [CrossRef]

	



Biglou, S.G.; Bendena, W.G.; Chin-Sang, I. An overview of the insulin signaling pathway in model organisms Drosophila melanogaster and Caenorhabditis elegans. Peptides 2021, 145, 170640. [Google Scholar] [CrossRef]

	



Rajan, A.; Perrimon, N. Drosophila cytokine unpaired 2 regulates physiological homeostasis by remotely controlling insulin secretion. Cell 2012, 151, 123–137. [Google Scholar] [CrossRef] [PubMed]

	



Bharucha, K.N.; Tarr, P.; Zipursky, S.L. A glucagon-like endocrine pathway in Drosophila modulates both lipid and carbohydrate homeostasis. J. Exp. Biol. 2008, 211, 3103–3110. [Google Scholar] [CrossRef]

	



Krahmer, N.; Farese, R.V., Jr.; Walther, T.C. Balancing the fat: Lipid droplets and human disease. EMBO Mol. Med. 2013, 5, 973–983. [Google Scholar] [CrossRef] [PubMed]

	



Garofalo, R.S. Genetic analysis of insulin signaling in Drosophila. Trends Endocrinol. Metab. 2002, 13, 156–162. [Google Scholar] [CrossRef] [PubMed]

	



Teleman, A.A. Molecular mechanisms of metabolic regulation by insulin in Drosophila. Biochem. J. 2009, 425, 13–26. [Google Scholar] [CrossRef]

	



DiAngelo, J.R.; Birnbaum, M.J. Regulation of fat cell mass by insulin in Drosophila melanogaster. Mol. Cell. Biol. 2009, 29, 6341–6352. [Google Scholar] [CrossRef]

	



Grönke, S.; Clarke, D.F.; Broughton, S.; Andrews, T.D.; Partridge, L. Molecular evolution and functional characterization of Drosophila insulin-like peptides. PLoS Genet. 2010, 6, e1000857. [Google Scholar] [CrossRef]

	



Graham, P.; Pick, L. Drosophila as a Model for Diabetes and Diseases of Insulin Resistance. Curr. Top. Dev. Biol. 2017, 121, 397–419. [Google Scholar] [CrossRef]

	



Baker, K.D.; Thummel, C.S. Diabetic larvae and obese flies-emerging studies of metabolism in Drosophila. Cell Metab. 2007, 6, 257–266. [Google Scholar] [CrossRef]

	



Chatterjee, N.; Perrimon, N. What fuels the fly: Energy metabolism in Drosophila and its application to the study of obesity and diabetes. Sci. Adv. 2021, 7, eabg4336. [Google Scholar] [CrossRef]

	



Baskin, D.G.; Figlewicz Lattemann, D.; Seeley, R.J.; Woods, S.C.; Porte, D., Jr.; Schwartz, M.W. Insulin and leptin: Dual adiposity signals to the brain for the regulation of food intake and body weight. Brain Res. 1999, 848, 114–123. [Google Scholar] [CrossRef]

	



Brüning, J.C.; Gautam, D.; Burks, D.J.; Gillette, J.; Schubert, M.; Orban, P.C.; Klein, R.; Krone, W.; Müller-Wieland, D.; Kahn, C.R. Role of brain insulin receptor in control of body weight and reproduction. Science 2000, 289, 2122–2125. [Google Scholar] [CrossRef] [PubMed]

	



May, C.E.; Vaziri, A.; Lin, Y.Q.; Grushko, O.; Khabiri, M.; Wang, Q.P.; Holme, K.J.; Pletcher, S.D.; Freddolino, P.L.; Neely, G.G.; et al. High Dietary Sugar Reshapes Sweet Taste to Promote Feeding Behavior in Drosophila melanogaster. Cell Rep. 2019, 27, 1675–1685. [Google Scholar] [CrossRef] [PubMed]

	



Ng’oma, E.; Williams-Simon, P.A.; Rahman, A.; King, E.G. Diverse biological processes coordinate the transcriptional response to nutritional changes in a Drosophila melanogaster multiparent population. BMC Genom. 2020, 21, 84. [Google Scholar] [CrossRef] [PubMed]

	



Musselman, L.P.; Fink, J.L.; Narzinski, K.; Ramachandran, P.V.; Hathiramani, S.S.; Cagan, R.L.; Baranski, T.J. A high-sugar diet produces obesity and insulin resistance in wild-type Drosophila. Dis. Model. Mech. 2011, 4, 842–849. [Google Scholar] [CrossRef]

	



Skorupa, D.A.; Dervisefendic, A.; Zwiener, J.; Pletcher, S.D. Dietary composition specifies consumption, obesity, and lifespan in Drosophila melanogaster. Aging Cell 2008, 7, 478–490. [Google Scholar] [CrossRef]

	



Morris, S.N.; Coogan, C.; Chamseddin, K.; Fernandez-Kim, S.O.; Kolli, S.; Keller, J.N.; Bauer, J.H. Development of diet-induced insulin resistance in adult Drosophila melanogaster. Biochim. Biophys. Acta 2012, 1822, 1230–1237. [Google Scholar] [CrossRef]

	



Slaidina, M.; Delanoue, R.; Gronke, S.; Partridge, L.; Léopold, P. A Drosophila insulin-like peptide promotes growth during nonfeeding states. Dev. Cell 2009, 17, 874–884. [Google Scholar] [CrossRef]

	



Suzawa, M.; Muhammad, N.M.; Joseph, B.S.; Bland, M.L. The Toll Signaling Pathway Targets the Insulin-like Peptide Dilp6 to Inhibit Growth in Drosophila. Cell Rep. 2019, 28, 1439–1446. [Google Scholar] [CrossRef] [PubMed]

	



Hasygar, K.; Deniz, O.; Liu, Y.; Gullmets, J.; Hynynen, R.; Ruhanen, H.; Kokki, K.; Käkelä, R.; Hietakangas, V. Coordinated control of adiposity and growth by anti-anabolic kinase ERK7. EMBO Rep. 2021, 22, e49602. [Google Scholar] [CrossRef] [PubMed]








[image: Life 13 00081 g001 550] 





Figure 1. Globally inducible RNAi of dSec16 increases food intake and triglyceride level in Drosophila. The globally inducible RNAi of dSec16 was induced by RU486. (A) Body weight was not changed in dSec16 RNAi flies (Actin-GS-Gal4 >UAS-dSec16 RNAi, n = 6). (B) Food intake (n = 15) and (C) TAG (n = 6) were significantly increased in dSec16 RNAi flies. (D) Body weight (n = 6) was not influenced but (E) food intake (n = 15) and (F) TAG levels (n = 6) were increased in global dSec16 RNAi flies under HSD. (G) Globally inducible dSec16 RNAi flies were slightly resistant to starvation under HSD (n = 32 flies). n, indicates a biological replicate. Data are presented as mean ± SEM. Two-tailed unpaired t-test was used. The starvation assay was compared by log-rank (Mantel–Cox) test. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 2. Pan-neuronal knockdown of dSec16 increases TAG levels in Drosophila. (A,B) Body weight ((A), n = 6) and food intake ((B), n = 15) were not changed in pan-neuronal knockdown of dSec16 (nSyb-Gal4 > UAS-dSec16 RNAi) flies when compared with control flies (nSyb-Gal4/+ or UAS- dSec16 RNAi/+). (C) TAG was significantly elevated in dSec16 RNAi flies (n = 6). (D) Starvation survival (n = 32 flies). (E–G). Body weight ((E), n = 6) and TAG ((G), n = 6) were increased but food intake was reduced ((F), n = 15) in pan-neuronal RNAi of dSec16 flies (H) Pan-neuronal RNAi of dSec16 flies showed more starvation resistance under HSD (n = 32 flies). n, indicates a biological replicate. Data are presented as mean ± SEM. One-way ANOVA with Tukey multiple corrections was used. The starvation assay was compared by log-rank (Mantel–Cox) test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 3. The RNAi of dSec16 display differential effects on body weight, food intake, and TAG levels. (A–C) Body weight ((A), n = 6–12), food intake ((B), n = 10–20) and TAG ((C), n = 6–12) in flies with dSec16 RNAi in various subsets of neurons belonging to mushroom body (MB), fan-shaped body (FB), pars intercerebralis (PI), leucokinin, neurotransmitter and clock. Results with significant decreases were presented in purple color but increases in orange color. n, indicates a biological replicate. Data are presented as mean ± SEM. One-way ANOVA with Tukey multiple corrections was used. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 4. The RNAi of dSec16 in IPCs increases TAG in Drosophila. (A–C) Body weight ((A), n = 6) and food intake ((B), n = 5) were not changed by RNAi of dSec16 in IPCs (Dilp2-Gal4 > UAS-dSec16 RNAi) but TAG ((C), n = 6) was significantly increased when compared with parental flies (Dilp2-Gal4/+ or UAS- dSec16 RNAi/+) (n = 6). (D–F) Body weight ((D), n = 6) and food intake ((E), n = 5) were not changed but TAG was increased ((F), n = 6) in IPCs dSec16 knockdown flies under HSD. n, indicates a biological replicate. Data are presented as mean ± SEM. One-way ANOVA with Tukey multiple corrections was used. The starvation assay was compared by log-rank (Mantel–Cox) test. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 5. Inhibition of dSec16 in IPCs impacts endocrine peptides. The mRNA levels for dIlp2, dIlp3, dIlp5, Upd2, AKH of flies with dSec16 knockdown in IPCs (Dilp2-Gal4 > UAS-dSec16 RNAi) with UAS -dSec16 RNAi/+ line as control. n indicates a biological replication of 15 flies. Data are presented as mean ± SEM. Two-way ANOVA with Tukey multiple corrections was used. ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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