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Glucose Availability Alters Gene and Protein Expression of Several Newly Classified and Putative Solute Carriers in Mice Cortex Cell Culture and D. melanogaster
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Many newly identified solute carriers (SLCs) and putative transporters have the possibility to be intricately involved in glucose metabolism. Here we show that many transporters of this type display a high degree of regulation at both mRNA and protein level following no or low glucose availability in mouse cortex cultures. We show that this is also the case in Drosophila melanogaster subjected to starvation or diets with different sugar content. Interestingly, re-introduction of glucose to media, or refeeding flies, normalized the gene expression of a number of the targets, indicating a fast and highly dynamic control. Our findings demonstrate high conservation of these transporters and how dependent both cell cultures and organisms are on gene and protein regulation during metabolic fluctuations. Several transporter genes were regulated simultaneously maybe to initiate alternative metabolic pathways as a response to low glucose levels, both in the cell cultures and in D. melanogaster. Our results display that newly identified SLCs of Major Facilitator Superfamily type, as well as the putative transporters included in our study, are regulated by glucose availability and could be involved in several cellular aspects dependent of glucose and/or its metabolites. Recently, a correlation between dysregulation of glucose in the central nervous system and numerous diseases such as obesity, type 2 diabetes mellitus as well as neurological disease such as Alzheimer’s and Parkinson’s diseases indicate a complex regulation and fine tuning of glucose levels in the brain. The fact that almost one third of transporters and transporter-related proteins remain orphans with unknown or contradictive substrate profile, location and function, pinpoint the need for further research about them to fully understand their mechanistic role and their impact on cellular metabolism.
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INTRODUCTION

The central nervous system (CNS) requires large amounts of energy compared to its size to maintain its signaling activities, however, both too much and too little energy can have serious implications for brain activity and the body (Ames, 2000; Bruce-Keller et al., 2009). Glucose is the main energy source for the brain and, while it can be supplemented, it cannot be replaced. Glucose is the source of ATP needed for activity, through its intermediary form glucose-6-phosphate (Glc-6-P). Glc-6-P is also the substrate for the pentose phosphate shunt pathway (PPP) to generate NADPH, vital in managing oxidative stress and to synthesize nucleic acid precursors (Mergenthaler et al., 2013). In addition, glucose is pivotal for synthesizing compounds that are not available due to the blood brain barrier (BBB), such as glutamate, aspartate, glycine, D-serine, glycoproteins, glycolipids, and neurotransmitter precursors (Dienel, 2012). Understanding all the components involved in keeping a correct glucose concentration in cells of the nervous system is of great value and numerous diseases are coupled to aberrant glucose regulation. More than 10% of early-onset absence epilepsy is caused by mutations in the SLC2A1 gene encoding GLUT1, a glucose transporter (Arsov et al., 2012). A reduction of glucose metabolism is one of the earliest signs of Alzheimer’s disease (AD), and a disturbed glucose metabolism is associated with progression of the disease (Hoffmann et al., 2013). In addition, metabolic disorders such as obesity and type 2 diabetes mellitus are also linked to both AD progression and cognitive impairment (Kapogiannis and Mattson, 2011).

The solute carriers (SLCs) is an important family of proteins capable of transporting vast number of molecules, including glucose, neurotransmitters, and drugs across membranes. While many are characterized, several have unknown substrate profiles and expression (Cesar-Razquin et al., 2015; Lin et al., 2015). One well characterized SLC family is the glucose transporters of the SLC2 family, GLUT1–14, which belongs to the Pfam classification Major Facilitator Superfamily (MFS; Perland and Fredriksson, 2017). The 14 members have different expression patterns (Thorens and Mueckler, 2010), are tightly controlled to provide the optimal intake of glucose in cells (Fladeby et al., 2003), and can operate under different concentration gradients. GLUT1 facilitates glucose transport through the BBB and into astrocytes, oligodendrocytes and microglia where the glucose concentrations are steep, while GLUT3, with a higher transport rate, facilitates glucose uptake into neurons (Simpson et al., 2007; Thorens and Mueckler, 2010). In additions, different metabolic states such as synaptic activity in neurons increase surface expression of GLUT3 (Ferreira et al., 2011). Many transporter proteins are highly conserved and while the exact distribution and localization might not be the same across species, the function is more often conserved. Phylogenetic analysis of transporters belonging to the MFS result in function based clustering rather than lineage based (Vishwakarma et al., 2018). GLUT1 is also responsible for glucose uptake in Drosophila melanogaster, however, not across the BBB as in humans, but rather into neurons in the brain (Volkenhoff et al., 2018).

Perland and Fredriksson (2017) identified proteins classified as MFS that could be putative SLCs, proteins similar to SLCs which were not currently well characterized or classified into any of the existing SLC families. Recently, MFSD2A, MFSD2B, MFSD3, MFSD4A, MFSD4B, MFSD5, MFSD10, SPNS1, SPNS2, SPNS3, SV2A, SV2B, SV2C, SVOP, and SVOPL were categorized into existing or new SLC families and obtained a new gene name according to the SLC nomenclature (Yates et al., 2017). Some of these newly classified SLCs and putative SLCs (from now on called new SLCs and putative transporters) do seem to have a direct or indirect involvement in nutrient metabolism. SV2A (SLC22B1) might function as a galactose transporter (Madeo et al., 2014), MFSD2A, recently included into the SLC59 family, transports fatty acids such as docosahexaenoic acid (DHA; Nguyen et al., 2014) and is important in the formations of the brain and BBB (Ben-Zvi et al., 2014), MFSD4B, now called Slc60a2, transports glucose and fructose (Horiba et al., 2003a, b). In addition, Mfsd1 and Mfsd3 (presently called Slc33a2) (Perland et al., 2017b), Mfsd5 (now under the name of Slc61a1) and Mfsd11 (Perland et al., 2016), Mfsd14a and Mfsd14b (Lekholm et al., 2017), and Unc93a (Ceder et al., 2017) are all affected by energy availability mice in vivo and Mfsd9 is linked to diabetes (Rampersaud et al., 2007). Amino acid starvation affects both Mfsd2a and Mfsd11 (Hellsten et al., 2017) in mouse hypothalamic cell line N25/2.

In order to shed more light on these SLCs of MFS type, we focused on their involvement in metabolism and their involvement in glucose response. Phylogenetical analysis revealed conservation between the repertoire of these putative SLCs in man and mice, and for most cases also in D. melanogaster. The promotor regions of these putative SLCs indicate that their expression could be regulated by nutritional signals, as a majority contained regulatory motifs linked to nutrition. In addition, we studied changes in gene expression in both mouse embryonic cortex cultures and D. melanogaster subjected to D-glucose starvation and saw that many of the putative transporters were indeed affected by lack of nutrients. Furthermore, as SLCs have been found to be regulated by changes in intracellular localization and expression levels, protein localization in cortex cultures was followed for a few of the putative SLCs to monitor their shift in localization during glucose starvation and also here, changes in both expression level and localization in response to nutritional status could be observed. Refeeding glucose to starved cortex cultures did return some of the gene expression changes back to normal as did the feeding of starved adult male flies, indicating a dynamic and fast regulation of some of these new transporters. Low glucose levels in primary cortex cultures resulted in an even greater change in expression levels than starvation did, and similarly, a low sugar diet in flies increased the expression of several orthologues to the putative transporters in this study. While their exact function is still not known, many of the putative transporters studied here are highly dynamic in their expression, affected by glucose starvation and deprivation. They have a high probability of being necessary for, not just normal neuronal function, but also during fluctuating energy and glucose availability.



MATERIALS AND METHODS


Phylogenetic Analysis

The phylogenetic relationship between the human SLC22A32, SLC22B1, SLC22B2, SLC22B3, SLC22B4, SLC22B5, SLC33A2, SLC49A3, SLC59A1, SLC59A2, SLC60A1, SLC60A2, SLC61A1, SLC63A1, SLC63A2, SLC63A3, MFSD1, MFSD6, MFSD6L, MFSD7B, MFSD7C, MFSD8, MFSD9, MFSD11, MFSD12, MFSD13A, MFSD14A, MFSD14B, UNC93A, and UNC93B1 and their relative protein sequences in Mus musculus and D. melanogaster were investigated, Supplementary Data 1. The human and mouse protein sequences were downloaded from UniProt (2019). The human protein sequences were then used to build a Hidden Markov model (HMM) using HMMBUILD from the HMMER package (Eddy, 2011). The HMM was used to search for relative sequences in the D. melanogaster proteome (BDGP6.pep.all). MAFFT (Katoh et al., 2019) was used to align the sequences and mrBayes 3.2.2 (Huelsenbeck et al., 2001) software was used to generate the tree, and the procedure was run on a non-heated chain with two runs in parallel (n run = 2) under the mixed amino acid model with eight gamma categories and invgamma as gamma rates for a total of 2,000,000 generations.



Promoter Sequences Analysis

The presence of promoter sequences and transcription factor motifs for the putative SLCs in mouse were investigated using the Eukaryotic Promoter Database (Cavin Perier et al., 1998). The gene sequences, 1000 basepair upstream to 100 basepair downstream of the transcription start site were used for each putative transporter and the SLCs includeded in the study. The promoter Motifs library was used to search for promoter sequneces. Three promoter motifs, the TATA box, CCAAT box and the GC box were analyzed. The JASPER CORE 2018 vertebrate library was used to search for transcription factor motifs and several transcriptions factors known to be affected by macronutirent metabolism were analyzed; Atf4 (Averous et al., 2004; Dey et al., 2012), Cebpa (Pedersen et al., 2007), Cebpb (Ramji and Foka, 2002), Creb1 (Kim et al., 2016; Steven et al., 2017), E2f1 (Denechaud et al., 2017), FoxO1 (Kousteni, 2012), Mlx, Mlxip, and Mlxipl (Ma et al., 2006; Havula and Hietakangas, 2012).



Animals

All procedures involving mice were approved by the local ethical committee in Uppsala (Uppsala Djurförsöksetiska Nämnd, Uppsala District Court, permit number C39/16, C67/13, and C419/12) in unity with the guidelines of European Communities Council Directive (2010/63). All animals were maintained in a temperature-controlled room on a 12 h light:dark cycle where they had free access to water and food. C57Bl6/J (Taconic M&B, Denmark) females and males were used.



Cell Culture

Wildtype mice were mated and at e15 the females were euthanized and the embryos were removed. The females were not further used. The embryos were decapitated and cortex tissue was dissected and used for primary cultures. Culture set-up is previously described in Perland et al. (2016).Briefly, the cortex samples were pooled, washes in PBS-Glucose and dissociated using papain (Thermo Fisher Scientific) and DNAse (Thermo Fisher Scientific) for 30 min. Thereafter, mechanical dissociation was performed by pipetting before filtering the cell solution through a cell strainer (Thermo Fisher Scientific). The cells were diluted in plating media consisting of DMEM:F12 (Gibco, Invitrogen) supplemented with 2 mM GlutaMax, 1 mM Na-Pyruvate, 10% FBS and 1% Pen strep, all supplied from Invitrogen, and plated on Poly-L-Lysine (Sigma) coated coverslips (12 mm, #1.5) (Menzel-Gläser, Thermo Fischer Scientific) in 24-well plates (Nonclone delta, Thermo Fischer Scientific) or on Poly-L-Lysine coated 6-well plates (Nunclone delta, Thermo Fischer Scientific). The cell was incubated at 37°C, 5% CO2 for 3 h before media change to NeurobasalA media (Gibco, Invitrogen) supplemented with 2 mM Glutamax, 1 mM Na-Pyruvate, 1 % Pen-strep and 1x B27 Supplement. 75% of the media was changed every third day and the cells allowed to grow for 9 days.


Glucose Starvation and Starvation and Refeeding and Deprivation in Primary Cortex Cells

To investigate gene and protien expression changes compared with the general culturing conditions of primary cortex cultures, glucose starvation and derpivation were performed, as well as glucose starvation followed by refeeding. Glucose starvation of the cell cultures was performed by changing media to NeurobasalA with 0 g/L D-Glucose (A2477501, Thermo Fisher Scientific), 2 mM Glutamax, HEPES, 1% Pen-strep and 1x B27 without insulin (A1895601, Thermo Fisher Scientific). Starvation was performed for 3 and 12 h. The starved and refed group was subjected to the same condition as the starved group for 3 and 12 h, before refeeding for 12 h on regular NeurobasalA media containing 4.5 g/L D-Glucose, 2 mM Glutamax, Hepes, 1% Pen-strep and 1x B27. The control groups were kept on NeurobasalA media, but underwent equal number of media change as the corresponding experimental group.

Sugar deprivation of the cell culture was performed by changing the media to DMEM containing 1 g/L D-Glucose (11054020, Thermo Fisher Scientific), 2 mM Glutamax, HEPES, 1% Pen-strep, and 1x B27. The deprivation was performed for 3 and 12 h. The control group was kept on DMEM containing 4.5 g/L D-Glucose (same concentration as in NeurobasalA Media), 2 mM GlutaMax, HEPES, 1% Pen-strep and 1x B27 Supplement (all from Invitrogen) and underwent equal number of media changes as the deprived cells.



Fly Stocks and Maintenance

To study how starvation and sugar alters the gene expression of the putative SLCs in D. melanogaster, CSORC flies (cross between CantonS and OregonR-C, kindly donated by Michael J. Williams, Uppsala University) were used. The stock was maintained at 25°C, humidity 50%, on a 12 h light:dark cycle and with free access to enriched Jazz mix standard food (Thermo Fisher Scientific, Sweden). Virgin male flies were collected and raised to five days old before experiments were performed. Five to eight replicates were used, with ten flies in each replicate, depending on the experimental setup, see details below.



Sugar Starvation in Adult Male Flies

Flies were subjected to 0 h (control, n = 6), 3 h (n = 8), 12 h (n = 6) of starvation, as well as 3 h (n = 8) and 12 h (n = 6) of starvation followed by refeeding. Five days old male flies were transferred to vials prepared with 1% agarose for each group. The control group was regularly fed male CSORC flies. The flies subjected to starvation and refeeding were transferred to vials with 8 ml regular food after starvation for 12 h. Whole flies were euthanized by freezing in −80°C followed by RNA extraction.



Sugar Diets in Adult Male Flies

Adult male flies (n = 5) were starved for 24 h before kept on varying concentrations (g/dl) of sucrose (Sigma Aldrich) and yeast extract (VWR) in 1% agarose for 5 days. Four concentrations were used 10 g/dl sugar and yeast (control), 2.5 g/dl sugar and yeast (low calorie diet), 2.5 g/dl sugar and 10 g/dl yeast (low sugar diet) and 40 g/dl sugar and 10 g/dl yeast (enriched sugar diet). Whole flies were euthanized by freezing in −80°C followed by RNA extraction.



RNA Preparation and cDNA Synthesis

Primary cortex cultures: six wells per group (n = 6) were used for RNA extraction, except for the starved and refed control group where five wells were used. The RNA was retrieved using Allprep DNA/RNA micro kit (Qiagen), according to the manufacturer’s instructions. Concentrations were measured using ND-1000 spectrophotometer (NanoDrop Technologies). Two microgram RNA template was used for the cDNA synthesis, performed according to manufacturer recommendations using the Applied Biosystems High Capacity RNA-to-cDNA kit (Invitrogen). cDNA concentration was measured using a ND-1000 spectrophotometer and diluted to 20 ng/μl with sterile water.

Drosophila melanogaster: Total RNA and cDNA were acquired as described in Chomczynski and Sacchi (1987), Williams et al. (2016). RNA extraction: Briefly, flies were homogenized in 60 μl Trizol (Invitrogen). 650 μl Trizol was added followed by incubation for five minutes at room temperature. Hundred and sixty microliter of chloroform (Sigma Aldrich) was added, samples were shaken and incubated for 4 min followed by centrifugation at 14,000 rpm (microcentrifuge from Thermo Fisher Scientific, 24 × 1.5/2.0 ml rotor) at 4°C for 12 min. The upper phase was transferred to a new Eppendorf tube, precipitated with 400 μl isopropanol (Sigma Aldrich) before stored at −20°C for 30 min before centrifugation. The supernatant was discarded, and the RNA pellet was washed three times in 75% ethanol (Sigma Aldrich) and spun for 5 min. During the second wash, DNase treatment (Thermo Fisher Scientific, DNase I, RNase Free, 1 U/μl) was added. Pellet air-dried for 15 min, before dissolved in 20 μl of RNAse-free water. Concentration was measure using a ND-1000 spectrophotometer (NanoDrop Technologies). cDNA synthesis: 2 μg RNA template was used; cDNA was synthesized with High Capacity RNA-to-cDNA kit (Applied Biosystems) according to manufacturer’s instructions. The samples were diluted to 10 ng/μl with sterile water.



Primer Design and Quantitative Real-Time PCR

Gene expression and expression changes were determined using quantitative real-time PCR (qRT-PCR). All primers were designed using Beacon Design 8 (Premier Biosoft) (Table 1).


TABLE 1. Primers for qRT-PCR. Name of the primers designed for mouse primary cortex cultures are marked with mm and dm for D. melanogaster.

[image: Table 1]Final volume for each qRT-PCR reaction was 10 μl (for qPCR using fly samples) or 20 μl (for qPCR using cell samples) consisting of: 3 μl cDNA (20 ng/μl) for primary cortex cultures and 2.5 μl cDNA (10 ng/ul) for flies, 0.05 μl of each primer (100 pmol/μl), 3.6 μl 10× DreamTaq buffer (Thermo Fischer Scientific), 0.2 μl of 25 mM dNTP mix (Thermo Fisher Scientific), 1 μl DMSO, 0.5 μl SYBR Green (Invitrogen) and 0.08 μl of Dream Taq (5 U/μl, Thermo Fisher Scientific). The volume was adjusted to final volume with sterile water. An iCycler real-time detection instrument (Bio-Rad) was used with the following settings: initial denaturation for 30 s at 95°C, 55 cycles of 10 s at 95°C, 30 s at 55–61°C (optimal temperature depending on primer) and 30 s at 72°C. A melting curve was generated by heating from 55 to 95°C with 0.5°C increment at 10 s dwell time and a plate read at each temperature. All qRT-PCR were run in triplicates and a negative control was included on each plate. All data was collected using the MyIQ (Bio-Rad Laboratories) software.



Analysis of qRT-PCR Data

Primer efficiency was calculated with LinRegPCR software, followed by Grubbs test (GraphPad software) to remove outliers before calculations were corrected for each primer based on primer efficiency. The GeNorm protocol (Vandesompele et al., 2002) was used to find stable housekeeping genes, see Table 1 for details about primers. The expression was then normalized using Geomean values from the stable housekeeping genes. In total three housekeeping genes were used and the same, species-specific housekeeping genes were used for all data sets (Mouse: Actinβ, Cyclo and Rpl19, D. melanogaster: Actin42A, Rp49 and Rpl11). The primer corrected and normalized mean (±SD for primary cortex cultures, ±SEM for flies) for each gene were calculated and plotted; heat-maps control set to 1, graphs control set to 100%. Outliers were removed using the Grubbs outlier test with α = 0.05 before proceeding with statistics. For primary cortex cultures, Mann–Whitney were performed for gene analysis of expression changes, where ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. For flies differences were calculated using Kruskal-Wallis test were performed and Mann–Whitney with Bonferroni’s multiple correction (adjusted p-values∗p < 0.0489, ∗∗p < 0.00995, ∗∗∗p < 0.00099). If only two biological replicates or less (e.g., Slc60a2 and Nrf2) provided a RFU (relative fluorescence unit) value, no statistic could be performed.

GENESIS version 1.7.6 was used to create heat-maps over the gene expression alterations as described in Hellsten et al. (2017). Briefly, the fold change was calculated between the control and the experimental groups. All genes were kept in the heat-map. Red gradient indicates the level of upregulation, blue gradient indicates the level of downregulation, while gray boxes represent missing values.



Fluorescent Immunocytochemistry

At the termination of the experiment, primary cortex cells for ICC were washed once with DPBS (Gibco, Invitrogen) and fixed using 4% Formaldehyde (Histolab) for 60 min. The cells were then washed 3 × 10 min with DPBS and stored in DPBS at 4°C until analysis. Immunocytochemistry (ICC) was performed with a set of antibodies against putative SLCs that have been verified elsewhere and that provided similar immunostaining patterns between the published ICCs (Perland et al., 2017c) and the ICCs performed in this study. Immunocytochemistry was performed as described in Lekholm et al. (2017) with antibodies for MFSD1 [SAB3500575, Sigma, (Perland et al., 2017b)] diluted 1:50 in Supermix blocking solution, SLC60A1 [SAB1305276, Sigma, (Perland et al., 2017c)] diluted 1:100, MFSD11 [Sc-243473, Santa-Cruz, (Perland et al., 2016)] diluted 1:80, MFSD14A [Ab103836, Abcam, (Lekholm et al., 2017)] diluted 1:100, MFSD14B [SAB2107506, Sigma, (Lekholm et al., 2017)] diluted 1:100, UNC93A [Ab69443, Abcam, (Ceder et al., 2017)] diluted 1:100 also in Supermix together with PAN diluted 1:200 (Millipore), GFAP diluted 1:200 (Abcam) and DAPI (Sigma Aldrich) diluted in PBS 1:15,000. For fluorescent quantification, images were taken using the same exposure settings for all pictures using an Olympus microscope BX53 with an Olympus DP73 camera and CellSens Dimension software. For each group, 6–10 pictures were taken with several cells in each picture. The images were processed in CellProfiler version 2.2.0. For details about pipline and images used, see Supplementary Data 2 and Figures 5, 6, 9. Identification of cellular compartments, nuclei (based on DAPI staining) and whole neuronal cytoplasm (based on PAN-neuronal staining) were performed. The mean pixel intensity in protein staining was measured in each subcellular compartment and the average fluorescent intensity per cell was calculated. Graphpad Prism version5 was used to generate graphs, mean (±SEM), and differences were calculated using unpaired t-test (∗ > 0.05, ∗∗ > 0.01, ∗∗∗ > 0.001).



Western Blot

Western blot analysis was performed as previously described in Lekholm et al. (2017); Hellsten et al. (2018). Briefly, cells were washed in PBS and lysed in 1000 μl of lysis buffer (150 mM NaCl, 50 mM Tris, 4 mM KCl, 1 mM MgCl2, 1 mM Na3VO4, 10% glycerol, 1% Nondiet P-40, and protease inhibitors). Total protein was quantified using the Bradford method (Bio-Rad), and equal concentrations of protein samples were prepared using 10 μl (∼9–11 μg) of protein samples were diluted in 15 μl of sample buffer [95% 2 × Lammeli’s sample buffer (Bio-Rad), 5% 2-mercaptoethanol (Sigma Aldrich)]. and separated on 10% Mini-PROTEAN® TGXTM Precast Protein Gels (Bio-Rad). Proteins were transferred to a 0.2 μm PVDF membrane using the Trans-Blot® TurboTM Mini PVDF Transfer Packs (Bio-Rad) in the Trans-Blot® TurboTM Transfer System for 10 min (Bio-Rad). Blots were blocked in BSA (5% w/v in PBS +0.1 % Tween 20) for 1 h at room temperature. The following primary antibodies were used according to the manufacturer’s instructions: mTOR (7C10 Rabbit mAb #2983, Cell Signaling) and β-actin (Sigma Aldrich) diluted 1:1000 in blocking buffer overnight at 4°C. The membrane was washed 3 × 10 min in TTBS before A HRP goat α-rabbit coupled secondary antibodies were used at 1:5000 (Cell signaling) and HRP goat α-mouse, diluted 1:10,000 (Invitrogen), for 1 h at room temperature. The membrane was developed using Clarity Western ECL Substrate (Bio-Rad) and visualized using a CCD camera (ChemiDoc, Bio-Rad) with ImageLab software for documentation. The western blots were quantified using ImageJ, Fiji edition (Schindelin et al., 2012) and the protein expression was normalized against β-actin. GraphPad Prism 5 (Graph Pad software) was used to generate graphs and for statistical calculations. Mann-Whitney was performed with significance levels (∗ ≤ 0.05, ∗∗ ≤ 0.01, ∗∗∗ ≤ 0.001).



RESULTS

Human transporters were phylogenetically analyzed regarding sequence relationships between them and their orthologues in M. musculus and D. melanogaster, Figure 1. Recently, fifteen of the putative “atypical” SLCs of MFS type, Mfsd2a (Slc59a1), Mfs2b (Slc59a2), Mfsd3 (Slc33a2), Mfsd4a (Slc60a1), Mfsd4b (Slc60a2), Mfsd5 (Slc61a1), Mfsd10 (Slc22a32), Sv2a (Slc22b1), Sv2b (Slc22b2), Sv2c (Slc22b3), Svop (Slc22b4), Svopl (Slc22b5), Spns1 (Slc63a1), Spns2 (Slc63a2), and Spns3 (Slc63a3) described in Perland and Fredriksson (2017); Perland et al. (2017a) were classified into different SLCs families1. Still, there are uncertainties about their function, expression and cellular role, hence, they were analyzed together with the remaining putative SLCs not yet placed in families. Furthermore, Slc49a3 (Mfsd7a) was included due to its similar properties to the rest of the Major facilitator superfamily domain containing proteins (MFSD).


[image: image]

FIGURE 1. Several human putative SLCs are conserved in M. musculus and D. melanogaster. The phylogenetic relationship for putative SLCs in humans (bold text), mouse (mm), and fruit flies (dm) were investigated. The human and mouse protein sequences were downloaded from uniport.org (UniProt, 2019), according to earlier publications (de la Cruz et al., 2003). The human protein sequences were then used to build a Hidden Markov Model (HMM; Duprat et al., 2007; Eddy, 2011) that was used to search for relative proteins in the fruit fly proteome. The sequences were then combined in a multiple protein alignment using MAFFT (Katoh et al., 2019) and mrBayes (Huelsenbeck et al., 2001) was used to generate the tree, with a branch length of 0.6. All human putative SLCs had an orthologue in mouse, while orthologous proteins in fruit flies were only identified for SLC22A32 (rtet), SLC22B1–3 (CG3168), SLC22B4–5 (CG4324), SLC63A1–3 (spin), MFSD1 (mrva, CG12194), MFSD6 (jef), MFSD8 (Cln7), MFSD11 (CG18549), MFSD14A–B (CG5078, CG11537, CG17637, CG18281), and UNC93A–B1 (CG4928). The HMM also identified other proteins in fruit fly that resembles the conserved motif (MFS motif) for the putative SLCs, however, none of these proteins clustered clearly with a human putative SLC. Protein sequences in blue are proteins that clustered close with the MFSD6 and MFSD6L, while protein sequences in red are proteins belonging to other SLC families of MFS type.


All human sequences had one orthologue in mice, while in flies, orthologues were not identified for SLC33A2, SLC59, SLC60, SLC61, MFSD9, MFSD12, and MFSD13A. Furthermore, three protein sequences in flies (CG31663, CG15706, and Sugb in green shade) were identified to share a common ancestor to the human MFSD6 and MFSD6L. In addition, six clusters of protein sequences (protein name in red shade) for D. melanogaster were identified by the Hidden Markov Model but none of them clustered together with a human sequence.

Since glucose has a central role in cell physiology, cells have evolved systems to regulate genes in response to glucose availability (Towle, 2005). The promoter region of the newly identified SLCs and putative transporters and 1000 base-pair (bp) upstream of the transcriptional start site (TSS) were analyzed for predicted regulatory motifs, Figure 2, as described in Ceder et al. (2017). Of the putative SLCs of MFS type 52% had one to four TATA-boxes, 65.5% had one to six CCAAT-boxes and in all sequences at least one GC-box was predicted, except for Slc63a3. There are several transcription factors known to be affected by macronutrient availability in the body. Atf4 (Averous et al., 2004; Dey et al., 2012) binding sites was present within the 1000 bp upstream of TSS for 69% of the sequences, while a majority had at least one copy of Cebpa or Cebpb (Ramji and Foka, 2002; Pedersen et al., 2007; Dey et al., 2012) binding sites. Binding sites for the cAMP-responsive element binding protein (Creb1) (Kim et al., 2016; Steven et al., 2017) was found in one or two copies in Mfsd6, Mfsd8, Mfsd11, and Unc93b1, three to four copies in Slc22a32, Slc22b5, Slc33a2, Slc59a1, Slc60a1, Slc60a2, Mfsd9, and Mfsd14a, seven to eight copies in Unc93a. The novel regulator of metabolism, E2f1 (Denechaud et al., 2017), had predicted binding sites in 20 out of 29 transporters and 60% of them had more than three copies present, with the highest amount of copies in Mfsd11. FoxO1 (Gross et al., 2008; Kousteni, 2012) binding sites was predicted to be present in all sequences except five; Slc22b5, Slc33a2, Slc59a1, Mfsd11, and Mfsd13b. A majority (96.5%) of the sequences harbored at least one copy of the carbohydrate-responsive element binding protein (Mlxipl) (Ma et al., 2006; Havula and Hietakangas, 2012, 2018) binding site, and all sequences had one of the elements responsible for regulating genes as a response to cellular glucose levels (Mlx and Mlxip) (Stoeckman et al., 2004; Havula and Hietakangas, 2012; Havula et al., 2013; Mattila et al., 2015). Mfsd1 was found to have the highest number of copies of the Mlx, Mlxip and Mlxipl binding motifs.


[image: image]

FIGURE 2. Promoter analysis of the putative SLCs using protein sequences from mouse. The gene sequence, 1000 base-pair upstream to 100 base-pair downstream of the transcription start site, for each SLCs and putative transporter were investigated, and data was collected from the Eukaryotic Promoter Database (EPD) (Cavin Perier et al., 1998). The promoter Motifs library was used to search for promoter sequences, while the JASPER CORE 2018 vertebrate library was used to search for transcription factor motifs. The transcription factor (TF) motifs investigated were Atf4, Cebpa and Cebpb, common amino acid sensing elements, Creb1, E2f1 and FoxO1, TFs known to react to and regulate genes involved in energy expenditure, and Mlx, Mlxip and Mlxipl, carbohydrate sensing elements. The color indicates the number of binding sites present for each motif for each putative SLCs; purple 1–2, blue 3–4, green 5–6, yellow 7–8, orange 9–10, red ≥11.


In order to monitor if the high prevalence of glucose and macronutrient sensing motifs affect the biological activity of these SLCs of MFS type, we looked both at the gene and protein expression of these transporters in mouse primary cultures and adult D. melanogaster subjected to different glucose concentrations. Cortex cultures from e15 embryos were set up, and after 9 days of culture, D-glucose was removed from the media (glucose starvation) for 3 or 12 h before RNA, protein and ICC samples were collected. In addition, two groups of primary cortex cultures subjected to D-glucose starvation were refed glucose, at standard media concentration of 4.5 g/l, for 12 h after their endpoint of starvation. The primary cortex cultures used were a heterogeneous mixture of cells, even though the culture protocol used favors neurons. The cellular expression of some of the new SLCs and putative transporters included in the study were not known to be neuronal or glial and hence a mixed culture was used. In addition, presence of astrocytes is known to influence glucose metabolism and function as a buffer for the neurons in times of hypoglycemia (Falkowska et al., 2015), and their presence in the cultures were verified. GFAP-positive cells were found in the culture, Supplementary Figure 1A, but were a minority among the cells where most cells stained positive for Pan neuronal cocktail.

Adult male flies were likewise subjected to starvation and refeeding and changes in gene expression for the SLCs were monitored. Due to the high degree of conservation found, D. melanogaster provide a good model for a whole biological system. Starvation is a biologically drastic state for both cell cultures and files, and to gain more precise information about glucose sensing, primary cortex cell cultures were also subjected to low glucose levels, at 1g/mL, and fruit flies were placed on different diets consisting of varying levels of sugars.


Glucose Starvation Alters mRNA Expression of Both Several Transporters and Metabolic Targets With Most Alteration Restored After Refeeding

New SLCs and putative transporters were analyzed for gene regulation, together with a selection of known transporters and general metabolic targets. In total 33 different targets were analyzed using qPCR and the results are depicted in a heat map, Figure 3A, with details in Supplementary Figures 2–4. Both upregulation and downregulation were seen for transporters and metabolic targets. Six putative transporters, Slc22a32, Slc22b2, Slc22b3, Unc93b1, Mfsd14a, and the known glucose transporter Slc60a2, responded to glucose starvation already after 3 h, Figure 3B. All putative transporters returned to the same expression levels as controls after refeeding by changing to media containing 4.5 g/l of glucose. Refeeding did also alter expression of three additional putative transporters (Slc37a3, Unc93a, and Mfsd11) and the mitochondrial transporter, Slc25a3 that were not altered by 3 h starvation.
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FIGURE 3. The mRNA expression regulation of putative SLCs and genes connected to glucose metabolism and stress after glucose starvation as well as glucose starvation and refeeding. Primary cortex cells from mice were either subjected to glucose starvation (S) or glucose starvation and refeeding (SR) for 3 and 12 h. The mRNA expression was measured using qRT-PCR (n = 5 or 6 per group) and the expression was normalized against five stable housekeeping genes. The control for each group was set to 1 and the mRNA expression for each group is relative to its control. GraphPad Prism version 5 was used to calculate differences in mRNA expression using Mann–Whitney (* > 0.05, ** > 0.01, *** > 0.001). The heatmap was generated using GENESIS version 1.7.6 using the differences in fold change between the experimental groups and controls; red = upregulation, blue = downregulation and gray = data missing. (A) The heatmap display the alteration in gene expression for 3 h S, 12 h S, 3 h SR and 12 h SR compared with its corresponding control in the primary cortex cells. The genes and experiments were hierarchical clustered. (B) The table summarize the p-values. For starved and refed samples of Slc60a2 and Nrf2, not enough replicates were successfully analyzed to perform statistics, indicated by “N/A” in the table.


The total number of genes responding to 12 h of starvation was higher. Nine putative transporters (Slc22b2, Mfsd8, Mfsd11, Slc22b3, Slc33a2, Slc37a3, Mfsd1, and Mfsd14b), and two known transporters, Slc6a7, Slc25a3 showed changes in expression levels, Figure 3B. Of these, Slc22b2 and Slc22b3 where the only ones affected both by 3 h and 12 h starvation with Slc22b2 downregulated at both time points and Slc22b3 downregulated at 3 h and upregulated after 12 h of starvation. While most reverted back to control levels after refeeding with glucose, Slc22b2 stayed downregulated even after refeeding and Slc25a3 stayed upregulated. Refeeding 12 h starved cells did upregulate expression of one additional putative transporter, Slc59a2, as well as a lactate transporter, Slc16a3.

In addition to SLCs and putative transporters, more general metabolism and stress markers were monitored: Glyceraldehyde-3-phosphate dehydrogenase (Gapdh), an important enzyme in glycolysis and energy production (Ramzan et al., 2013; Seidler, 2013), Glycogen synthase kinase 3b (Gsk3b), plays an important role in glycogen metabolism and insulin sensing (Cohen and Goedert, 2004), Ras homolog enriched in brain (Rheb) involved in energy sensing (Dibble and Cantley, 2015), NF-E2-related factor 2 (Nrf2), a master regulator in the antioxidant response system (Itoh et al., 1997; Huang et al., 2015), Tumor suppressor p53 (p53) regulates biological processes in response to stress (Madan et al., 2011; Liu et al., 2015; Humpton and Vousden, 2016), Glutamate cysteine ligase, catalytic subunit (Gclc) rate-limiting enzyme responsible for the production of glutathione (GSH) involved in antioxidant defense (Lu, 2009; Sikalidis et al., 2014), the eukaryotic translation initiation factor 2-alpha kinase 3 (Perk) (Shi et al., 1998; Cullinan et al., 2003), the alpha subunit of the eukaryotic translation-initiation factor 2 (EIF2) important for protein synthesis, the neuronal glucose transporter Slc2a3 (Nagamatsu et al., 1994; Fladeby et al., 2003), Slc6a7, a proline transporter (Nuttall et al., 2004; Pramod et al., 2013), a monocarboxylate transporter known to transport lactate Slc16a3 (Halestrap, 2013), and Slc25a3,a mitochondrial phosphate carrier (Baseler et al., 2012). Of these, Gsk3b and Nrf2 were affected at 3 h of glucose starvation, and while Nrf 2 reverted to control levels, Gsk3b stayed downregulated after glucose was refed to the culture. Gapdh was affected not by starvation, but by refeeding 3 h starved cells. After 12 h of starvation, Nrf2, was once again upregulated, while no mRNA expression could be found after refeeding, indicated by the gray box in Figure 3A. Refeeding cells after 12 h of starvation downregulated p53.

To ensure that glucose starvation and refeeding affected the metabolism in the primary cortex cultures, total mTOR was measured after 3 and 12 h glucose starvation and after refeeding for 12 h. During starvation for 3 and 12 h, the total mTOR protein expressions were downregulated and after the cells were refed with D-glucose, the expression of total mTOR went back to normal, Supplementary Figure 1B.



Glucose Starvation Causes Protein Expression of SLCs of MFS Type to Be Altered in Neurons

To monitor if the glucose starvation resulted in any protein expression or localization changes, ICC was performed for those targets for which there were verified antibodies available, Figures 4–6. As to not introduce bias in the evaluation of fluorescent signal and to be able to analyze a large sample size, a pipeline in CellProfiler was used to evaluate changes in fluorescent intensities and position in the cell compared to DAPI (nucleus staining) and Pan neuronal marker, staining soma, axons and dendrites of neurons. Fluorescent intensity in the cytoplasm was compared between control and starved or control and refed, Figure 4, and representative ICC images used during the analysis are found in Figures 5, 6. The transporters that were monitored were all found in neurons. The staining was monitored in the whole cell, the outer perimeter (including projections) and the core soma (excluding nucleus).
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FIGURE 4. Changes in protein expression of putative SLCs subjected to glucose starvation and glucose starvation and refeeding. Primary cortex cultures subjected to glucose starvation (S) and glucose starvation and refeeding (SR) for 3 and 12 h were used for immunocytochemistry (ICC). In total, six putative SLCs were investigated where at least one antibody has been verified previously and shown to work on primary cortex cultures; MFSD1, MFSD4A, MFSD11, MFSD14A, MFSD14B and UNC93A. Images were taken using the same exposure settings for all pictures for each transporter. For each group, 6–10 pictures were taken including several cells. The images were processed in CellProfiler version 2.2.0th Identification of cellular compartments, nuclei (based on DAPI staining) and whole neuronal cytoplasm (based on Pan-neuronal staining) were performed. Mean and differences (±SEM), were calculated using unpaired t-test (* > 0.05, ** > 0.01, *** > 0.001). Each graph contain data regarding the mean fluorescent intensity for whole (orange), outer (apricot), and core (yellow) staining. No difference in expression was observed for MFSD1 after (A) glucose S nor (B) glucose SR. (C) MFSD4A was found to be downregulated in all three compartments after 3 and 12 h S, except for the core compartment after 12 h. (D) No alteration was found after 3 h SR, no data was collected for 12 h samples in the same experiment. No difference in immunostaining was observed for MFSD11 after (E) 12 h S, no data collected for 3 h S. (F) Reduction in immunostaining was observed in the outer and core compartment after 3 h SR, and increased immunostaining was found after 12 h SR. (G) The immunostaining of MFSD14A was induced in the core compartment after 3 h S, while induced in all three compartments after 12 h S. (H) Meanwhile after 3 h SR, MFSD14A staining was increased after 3 h in all three compartments, and still increased in the outer and core compartments after 12 h SR. (I) No differences were found for MFSD14B after glucose starvation, while (J) the immunostaining was reduced after 3 h SR in the whole and outer compartments, and after 12 h SR in the core. (K) UNC93A immunostaining was reduced after 12 h S in all three compartments, while (L) no differences were observed in cells subjected to 3 and 12 h SR.
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FIGURE 5. Representative ICC images of the putative SLCs subjected to glucose starvation used for measuring changes in protein expression. Primary cortex cultures subjected to glucose starvation (S) for 3 and 12 h were used for immunocytochemistry. In total, six putative SLCs, where one antibody has been verified previously and shown to stain primary cortex cultures (Perland et al., 2016, 2017a,b,c; Ceder et al., 2017; Lekholm et al., 2017), were investigated; MFSD1, MFSD4A, MFSD11, MFSD14A, MFSD14B, and UNC93A. Images were taken using the same exposure settings for all pictures for each transporter, scale bar represents 20 μm. For each group, 6–10 pictures were taken including several cells. The putative SLC is labeled in green (FITC), the neuronal marker PAN in red (cyto) and the nucleus marker (DAPI) in blue. The panel consists of the representative ICC images of each target for both the (I) control and the (II) S condition; (A) MFSD1 3 h, (B) MFSD1 12 h, (C) MFSD4A 3 h, (D) MFSD4A 12 h, (E) MFSD11 12 h, (F) MFSD14A 3 h, (G) MFSD14A 12 h, (H) MFSD14B 3 h, (I) MFSD14B 12 h, (J) UNC93A 3 h, and (K) UNC93A 12 h.
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FIGURE 6. Representative ICC images of the putative SLCs subjected to glucose starvation and refeeding used for measuring alterations in protein expression. Primary cortex cultures subjected to glucose starvation and refeeding (SR) for 3 and 12 h were used for immunocytochemistry. Six putative SLCs were stained for: MFSD1, MFSD4A, MFSD11, MFSD14A, MFSD14B, and UNC93A. Images were taken using the same exposure settings for all pictures for each transporter, scale bar represents 20 μm. For each group, 6–10 pictures were taken including several cells. The putative SLC is labeled in green (FITC), the neuronal marker PAN in red (cyto) and the nucleus marker (DAPI) in blue. The panel consists of the representative ICC images of each target for both the (I) control and the (II) SR condition; (A) MFSD1 3 h, (B) MFSD1 12 h, (C) MFSD4A 3 h, (D) MFSD11 3 h, (E) MFSD11 12 h, (F) MFSD14A 3 h, (G) MFSD14A 12h, (H) MFSD14B 3h, (I) MFSD14B 12 h, (J) UNC93A 3 h, and (K) UNC93A 12 h.


For MFSD1, where mRNA upregulation could be seen after 12 h of glucose starvation, no alteration in protein expression was found to have taken place yet, while for MFSD4A (Slc60a1), protein expression was downregulated in the whole cell at both 3 and 12 h, Figure 4C, while no change in mRNA expression was seen at the same time point, Figure 3. MFSD11 staining intensity remained the same in the whole cell, however, a localization shift was seen after starvation and refeeding after both 3 and 12 h, Figure 4F. MFSD14A, which was transcriptionally upregulated after 3 h of starvation, had increased staining at 12 h in whole cell as well as the core and outer portions of the cell. Starving and refeeding glucose to cells strongly increased protein expression of MFSD14A in the whole, core and outer portions of the cells, Figures 4F,G. Refeeding glucose to starved cells likewise affected MFSD14B compared with controls, but in the opposite direction, with lower fluorescent intensity in the whole and outer portion of the cells at 3 h, and the core of the cell at 12 h, Figure 4J. Staining for UNC93A was lower after 12 h of starvation in all areas of the cells, while staining was at the same levels as controls after refeeding, Figures 4K,L.



Starvation Affect the Transporter Orthologous in D. melanogaster

To monitor if changes in gene expression also occurs as an effect of sugar availability in a multicellular model organism, we turned to the well-studied D. melanogaster (Jennings, 2011). Not all putative SLCs included in the study were conserved in flies, however, a few of them had a clear orthologue to the human and mouse sequences: Mfsd1 (mrva and CG12194), Mfsd6 (jef), Mfsd8 (Cln7), Slc22a32 (rtet), Mfsd11 (CG18549), Mfsd14a (CG11537), and Unc93a (CG4928). General markers known to be involved in metabolism and sugar pathways were also studied; Akh, AkhR (Galikova et al., 2015), Gapdh1, Gapdh2 (Sun et al., 1988; Wojtas et al., 1992), Ilp5 (Semaniuk et al., 2018), Ilp6 (Bai et al., 2012) and InR (Chen et al., 1996; Li et al., 2014), Figures 7A,B and Supplementary Figure 7. Adult male flies were subjected to 0 h (controls), 3 h and 12 h of starvation as well as refeeding after 3 h and 12 h of starvation. A majority of the SLC and putative SLC orthologues, as well as metabolic targets (CG18549, Akh, jef, AkhR, InR, CG12194, and CG11537) were affected after 3 h of starvation and were mostly downregulated except for CG18594 which was upregulated. Refeeding returned the expression back to normal for CG18549, jef and CG12194, as well as for metabolic target Akh. Two targets, AkhR and InR, both receptors involved in glucose homeostasis, remained downregulated even after refeeding the starved flies. Eight targets were affected by 12 h of starvation, and only two Gapdh1 and CG18594 were upregulated, while the rest were downregulated. Refeeding starved flies after 12 h of starvation caused normalization of Gapdh1, Akh and jef. Meanwhile AkhR, InR and rtet were still downregulated after refeeding, and CG18549 still upregulated. Cln7 switched from being downregulated after 12 h of starvation to upregulated after refeeding, compared with the control. No significant changes in expression were found for Ilp5, Ilp6, Gapdh2, mrva, and CG4928, Figure 7. For four of the new SLCs and putative transporters, a response was seen both in glucose starved cell cultures and starved adult flies. Mfsd1 (CG12194), Mfsd8 (Cln7), Mfsd11 (CG18549), and Mfsd14a (orthologue CG11537) were all affected by starvation, summary in Figure 12A.
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FIGURE 7. Gene regulation of putative SLCs and genes involved in metabolism in D. melanogaster. Four groups of adult male flies, aged 5 days, were subjected to starvation for 0 h (control), 3 and 12 h, two of the groups (n = 6–8, with 10 flies in each) were euthanized immediately after starvation, while two groups (n = 8, with 10 flies in each) were refeed with Jazz Mix Standard food for 12 h before euthanized. Samples were used to measure the mRNA expression via qRT-PCR and the expression was normalized against three stable housekeeping genes. The control was set to 1 and the mRNA expression for each group is relative to the control group (0 h of starvation). GraphPad Prism version 5 was used to calculate differences in mRNA expression using Kruskal–Wallis with Mann–Whitney as a post-hoc test with Bonferroni’s correction (*p < 0.0489, **p < 0.00995, ***p < 0.00099). The heatmap was generated using GENESIS version 1.7.6 using the differences in fold change between the experimental groups and the control; red = upregulation, blue = downregulation, black = no change. The genes and experiments were hierarchical clustered. (A) The heatmap display alterations in gene expression for 0 h S, 3 h S, 12 h S, 3 h SR and 12 h SR flies. (B) The table summarize the p-values.




Primary Cultures Subjected to Glucose Deprivation Alter Gene Expression of Several Transporters of MFS Type

Glucose starvation of cortex cultures yielded changes in expression for some of the new SLCs and putative transporters, but not all, and by far fewer than were expected based on the presence of glucose sensing motifs. Total glucose starvation is a high stress metabolic state for cell cultures that rely heavily on glucose for energy. Likewise, total starvation for adult flies represents a high stress state where not only glucose metabolism is affected. To focus more on regulation based on glucose availability, gene regulation changes were monitored under conditions of low glucose (1g/L) in cell cultures and in flies fed both low and high sugar foods.

In primary cortex cultures, glucose deprivation affected more than double the targets than glucose starvation did. Eighteen of 33 targets were affected after 3 h and 16 targets after 12 h of glucose deprivation. Mfsd14a, Mfsd14b, and Unc93a were upregulated at 3 h of deprivation, while Gsk3, Mfsd13a, Slc22b4, Slc22b2, Slc16a3, p53, Slc6a7, Slc37a3, Slc22b3, Slc22b1, Gclc, Nrf2, Slc22a32, Mfsd11, and Rheb where all downregulated, Figures 8A,B and Supplementary Figures 5, 6. After 12 h of glucose deprivation upregulated gene expression was seen for: Slc33a2, Mfsd9, Mfsd1, Mfsd14a, Mfsd14b, Gapdh, Slc25a3, Gclc, Slc22a32, Mfsd11, Slc60a1, Rheb, and the important neuronal glucose transporter Slc2a3. Downregulation was seen for just three targets, Slc6a7, Slc37a3 and Perk.
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FIGURE 8. The mRNA and protein expression regulation of putative SLCs and genes connected to glucose metabolism and stress after glucose deprivation. Primary cortex cells from mice were subjected to glucose deprivation (D) for 3 and 12 h. The mRNA expression was measured using qRT-PCR (n = 6 per group) and the expression was normalized against five stable housekeeping genes. The control for each group was set to 1 and the mRNA expression for each group is relative to its control. GraphPad Prism version 5 was used to calculate differences in mRNA expression using Mann–Whitney (* > 0.05, ** > 0.01, *** > 0.001). The heatmap was generated using GENESIS version 1.7.6 using the differences in fold change between the experimental groups and controls; red = upregulation, blue = downregulation, black = no change and gray = data missing. The genes and experiments were hierachical clustered. (A) The heatmap display alterations in gene expression for 3 and 12 h glucose deprived cells compared with its corresponding control. (B) The table summarize the p-values. Primary cortex cultures subjected to glucose deprivation for 3 and 12 h were used for immunocytochemistry (ICC). Six putative SLCs were investigated; MFSD1, MFSD4A, MFSD11, MFSD14A, MFSD14B, and UNC93A. Images were taken using the same exposure settings for all pictures. For each group, 6–10 pictures were taken. The images were processed in CellProfiler version 2.2.0. Identification of cellular compartments, nuclei (based on DAPI staining) and whole neuronal cytoplasm (based on Pan-neuronal staining) were performed. The mean pixel intensity in protein staining was measured in each subcellular compartment and the average fluorescent intensity per cell was calculated. GraphPad Prism version5 was used to generate graphs, mean and differences (±SEM), were calculated using unpaired t-test (* > 0.05, ** > 0.01, *** > 0.001). Each graph contain data regarding the mean fluorescent intensity for whole (orange), outer (apricot), and core (yellow) staining. (C) No differences in immunostaining was observed for MFSD1, MFSD11, MFSD14A and MFSD14B, while the immunostainings for MFSD4A and UNC93A were induced in all three compartments after 3 h glucose deprivation.


A few new SLCs and putative transporter genes responded both at 3 and at 12 h, and for both Slc22a32 and Mfsd11, gene expression decreased after 3 h of glucose deprivation but increased beyond controls after 12 h again. In contrast, the gene expression of both Mfsd14a and Mfsd14b significantly increased at 3 h and stayed upregulated even at 12 h, compared with controls. The known transporters, Slc6a7 and Slc37a3 were both downregulated at both time points. Putative SLC genes that did not respond to the glucose deprivation in the media were: Unc93b1, Mfsd6, Slc59a2, Slc61a1, Mfsd8, and Slc59a2, Figure 8, and overview in Figures 11, 12.



Protein Expression of Some SLCs of MFS Type Are Altered Depending on the D-Glucose Availability

For a few of the putative transporters, antibodies yielding good quality staining were found and fluorescent intensity was again monitored using the CellProfiler pipeline, Figure 8C, with representative ICC images used for the analysis in Figure 9. MFSD1 expression, which had an upregulated gene expression after 12 h of deprivation, was seen to increase in the outer portions of neurons after 12 h of glucose deprivation, Figure 8C. MFSD4A, also with an increased gene expression (Slc60a1) after 12 h of deprivation, had higher fluorescent staining in the whole, outer and core parts of the cells already after 3 h. MFSD11 staining was found to increase in the core of neurons after 3 h of deprivation, as did the expression of UNC93A. UNC93A staining was also seen to increase in the whole and outer parts of the neurons after just 3 h of deprivation, mirroring the increased gene expression seen at 3 h. For both MFSD14A and MFSD14B, no change in protein expression could be seen, Figure 8C, while the gene expression was increased for both transporters at both time points, Figure 8A.
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FIGURE 9. Representative ICC images of the putative SLCs subjected to glucose derpivation used for measuring changes in protein expression. Primary cortex cells from mice were subjected to glucose deprivation (D) for 3 and 12 h were used for immunocytochemistry. MFSD1, MFSD4A, MFSD11, MFSD14A, MFSD14B, and UNC93A were stained for. Images were taken using the same exposure settings for all pictures for each transporter, scale bar represents 20 μm. For each group, 6–10 pictures were taken including several cells. The putative SLC is labeled in green (FITC), the neuronal marker PAN in red (cyto) and the nucleus marker (DAPI) in blue. The panel consists of the representative ICC images of each target displaying both the (I) control and the (II) glucose deprivation; (A) MFSD1 3 h, (B) MFSD1 12 h, (C) MFSD4A 3 h, (D) MFSD4A 12 h, (E) MFSD11 3 h, (F) MFSD11 12 h, (G) MFSD14A 3 h, (H) MFSD14A 12h, (I) MFSD14B 3h, (J) MFSD14B 12 h, (K) UNC93A 3 h, and (L) UNC93A 12 h.




Deprivation and High Intake of Sugar Affect the Transporter Orthologous in D. melanogaster

Focusing on effects caused by sugars and not just general starvation, adult males were feed various concentrations of sugars and yeast to mimic fluctuating sugar availability in the body. Flies were feed a normal (10:10 g/dl sugar:yeast (S:Y)), low calorie (2.5:2.5 g/dl S:Y), low sugar (2.5 g/dl S:Y) and sugar enriched (40:10 g/dl S:Y) diets for 5 days before RNA was isolated. Decreasing both sugar and yeast to a low-calorie diet, increased the expression of CG18549 (the orthologue to Mfsd11), while decreasing both Gapdh1 and CG11537 (the orthologue to Mfsd14a), Figure 10. Decreasing just the sugar content while keeping the protein content at normal level, produced the highest gene expression shift seen yet, with nine of 15 targets affected and all of the genes affected were upregulated, Figure 10. Interestingly, increasing just the sugar content only affected two genes, CG18549 and Gapdh1, Figures 10, 12B. CG18549 (orthologue to Mfsd11) showed changed expression in all three diets compared with controls, increased in both a general low-calorie diet and a low sugar diet while decreased in the high sugar diet.
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FIGURE 10. Gene regulation of putative SLCs and metabolic genes after feeding fruit flies different diets. Adult male flies (n = 6 with 10 flies in each), aged 5 days, were maintained for 5 days on low calorie (2.5 g:2.5 g sugar:yeast), low sugar (2.5 g:10 g sugar yeast), normal sugar (10 g:10 g sugar:yeast) (control), and high sugar (40 g:10 g sugar:yeast) diets. The mRNA expression was measured via qRT-PCR and the expression was normalized against three stable housekeeping genes. The control was set to 1 and the mRNA expression for each group is relative to the control group (10:10). GraphPad Prism version 5 was used to calculate differences in mRNA expression using Kruskal–Wallis with Mann–Whitney as a post-hoc test with Bonferroni’s correction (*p < 0.0489, **p < 0.00995, ***p < 0.00099). The heatmap was generated using GENESIS version 1.7.6 using the differences in fold change between the experimental groups and the control group; red = upregulation, blue = downregulation, black = no change. The genes and experiments were hierarchical clustered. (A) The heatmap display the alteration in gene expression for flies subjected to low calorie, low sugar, high sugar and control diet. (B) The table summarize the p-values.




DISCUSSION

Here we have used two model systems to study the effects that total glucose/nutrient starvation and low/high glucose levels have on a group of SLCs and putative transporters. One model was made from mouse primary cortex cultures, and the other was adult male D. melanogaster. The cell cultures were composed of a mixture of cells, where the presence of both astrocytes and neurons were verified, and our findings are compared with normal culturing protocols where non-physiological concentrations of glucose (4.5 g/l) is used. However, the energy consumption of multicellular organisms is regulated by hormones and polypeptides e.g., insulin and glycogen, a tribute that the unicellular systems largely miss. Using these two systems together, information of both specific and overall regulation of these putative transporters was collected and while we did find comparable reactions in both systems for some targets, some were different. Based on the glycemic need of the neurons, most protocols suggest a glucose concentration of 4.5 g/l to sustain neuronal culture (Bottenstein and Sato, 1979; Brewer et al., 1993), hence, the cell cultures were grown in this glucose concentration until day 10 and control cells in this experimental setup was continued on 4.5 g/l of glucose and deprived using1 g/l of glucose. However, it is important to understand that the deprived condition, where the media contain 1 g/l glucose (5.5 mM), is similar to the in vivo physiological concentration of glucose. Interestingly, this concentration has been shown to sustain neuronal metabolism as well (Kleman et al., 2008). Therefore, the model used here to study deprivation can be questioned as comparable to in vivo settings (Buchakjian and Kornbluth, 2010), and instead the regulation that we observe are a comparison representing the gene and protein expression of these putative SLCs during “normal” physiological glucose concentrations and a high glucose concentration (25 mM). Importantly, the results in this paper are always compared to controls with 4.5 g/l glucose. Hence, the results might not mirror the regulation in the brain during glucose deprivation (Sunwoldt et al., 2017), but it provides information about how the gene and protein expression of putative SLCs are affected in altering glucose levels.

The newly identified SLC and putative transporters that were included here have been found to be mostly neuronal (Perland et al., 2016, 2017c; Ceder et al., 2017; Lekholm et al., 2017), and the staining found here was also localized to neurons in the mixed cultures used. Glucose is mainly used to provide the neurons with one highly important product, energy in the form of ATP, a task performed in the cytosol and within the mitochondria (Jonckheere et al., 2012). The ATP is used to fuel action potentials but also to maintain ion gradients and neuronal membrane potentials. In addition, glucose is used to both drive the production, and as a precursor for, biosynthesis of neurotransmitters (Dienel, 2012; Harris et al., 2012; Mergenthaler et al., 2013). A majority of the SLCs act as cotransporters or exchangers, where ions are needed to maintain the transport, meaning that both nutrient and ion levels affect their activity and function (Cesar-Razquin et al., 2015; Perland and Fredriksson, 2017; Zhang et al., 2018). In addition, since these reactions take place at different sites of the cells, transport through membranes are needed not just for glucose, but for additional substrates and byproducts of glucose metabolism.

Based on the gene regulation changes found in both primary cortex cultures and in adult D. melanogaster, subjected to no or low glucose availability, many of the newly identified SLCs and putative transporters have a potential to be involved in nutrient intake and maybe also metabolism. However, the magnitude of up- and downregulation presented in Figure 3A does not match the level of significance in Figure 3B. This is not surprising giving the rather high expression variance for some of the targets not evident in the heatmaps but affecting the conclusions that can be drawn from the gene regulation changes. A higher n number might have resolved this issue. Moreover, due to the lack of knowledge about exact cellular localization and transported substrate of many of the SLCs included in this study, more work is necessary to pin-point their exact contribution. An overview of the targets, orthologues, and gene regulation after glucose starvation, deprivation, and different diets can be found in Figures 11, 12. Not all new SLCs and putative transporters were found to be conserved in the fly, but for 14 of the targets included, one orthologue was found. Perhaps the conservation between these 14 implies a general basal function for cells. For one of these, no mRNA expression was detected in the adult flies included in our study. Similarly, some of the transporters were not found to be expressed in the mouse primary cortex cultures that were used (lack of information indicated by gray squares in Figure 11A). Equating mouse primary cortex cultures and adult flies is not a balanced comparison, but it does reveal that some transporters, and putative transporters, do react in a similar fashion. This was especially apparent when comparing glucose deprived primary cortex culture and the low sugar diets in the flies.
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FIGURE 11. Summarizing of the results from in vitro and in vivo experiments. (A) Tabulated summary of results regarding the putative SLCs obtained from mouse primary cortex cultures and fruit fly; displaying the presence of carbohydrate sensing motifs (Yes/No), identified orthologues and their name, gene and protein regulation for the three diets performed in primary cultures (starved, starved+refed, and deprived), gene regulation for fruit flies subjected to different diets [starved, starved+refed, low calorie (LC), low sugar (LS) and high sugar (HS)]. Red box indicate upregulation, blue box indicate downregulation, white box illustrates no regulation observed and gray box display where information is not obtained. (B) Tabulated summary of metabolic and stress targets in primary cortex cells and fruit flies. Red box indicate upregulation, blue box indicate downregulation, white box illustrates no regulation observed and gray box display where information is not obtained.
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FIGURE 12. Illustrating similarities between starved and deprived of the results from in vitro and in vivo experiments. (A) Venn diagram displaying similarities and dissimilarities in gene regulation between starved and deprived cortex cultures and fruit fly. (B) Venn diagram illustrating gene regulation similarities and dissimilarities between the diets (low calorie, low sugar, and high sugar) performed in D. melanogaster.


Upregulation in cells and flies due to low glucose availability were observed for Mfsd1 (and orthologue CG12194), Slc22a32 (orthologues rtet), Mfsd11 (orthologue CG18549), Mfsd14a and Mfsd14b (with common orthologue CG11537), and Unc93a (with orthologue CG4928), Figures 7, 10, with summary in Figure 11. All of these, apart from Mfsd11, were only upregulated in D. melanogaster by the low sugar diet, not the low-calorie diet, which suggest that they are possibly regulated by factors that response to sugar levels rather than an overall low level of nutrient. The responsiveness of the putative transporters included in our study, became more evident by re-introducing glucose to the cell cultures or refeeding the flies after total starvation. A few normalized their expression to control levels after introduction of glucose, for summary see Figures 13A,B. A 3-h lack of glucose in cell media, or a complete lack of food for adult flies, followed by refeeding normalized the expression of Slc60a2, Mfsd14a and CG18549 back down to normal levels. Conversely, Unc93a, Unc93b1, Slc22b2, Slc22b3, CG12194 and jef were all downregulated and then restored after refeeding. This indicates a rather quick and dynamic modulation due to energy availability. After 12 h of starvation and subsequent refeeding, Mfsd1, Slc32a2, Mfsd14b, Slc22b3, Slc6a7, and Slc37a3 were all upregulated and then stabilized. Mfsd8, Slc22a32, Mfsd11 and jef were instead downregulated and then returned to normal levels.
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FIGURE 13. Graphical illustration of gene regulation in in vitro and in vivo. The gene regulation for each putative SLC and metabolic target measured in both primary cortex cultures and fruit flies were summarized in two graphical illustrations; one for each timepoint; no regulation (black), no regulation at 12 h S and upregulation at 12 h SR (purple), upregulation for both experimental groups (red), no regulation at 12 h S and downregulation at 12 h SR (yellow), downregulation at 12 h S and no regulation at 12 h SR (orange), downregulation at 12 h S and upregulation at 12 h SR (light blue), downregulation for both experimental groups (blue). (A) Display gene regulation after 3 h starved and starved+refed. (B) Display gene regulation after 12 h starved and starved+refed.


From predictions of modulatory binding sites upstream of the transcription site, Figure 2missing, Mfsd1 was predicted to contain one of the highest number of carbohydrate sensing motifs docking sequences, with over nine sites of Mlx, Mlxip and Mlxipl, key regulators of metabolic adaptations to glucose (Stoeckman et al., 2004; Havula and Hietakangas, 2012, 2018; Havula et al., 2013) and was one of the putative transporters that reacted to total lack of glucose in the cell media as well as starvation in the flies where the Mfsd1 orthologue, mrva, has recently been found to be a key regulator for O-glycosylation of proteins (Valoskova et al., 2019). The other transporters seen to modulate their gene expression likewise had predicted carbohydrate sensing motifs in their promotor regions, though not as numerous as Mfsd1. The cellular localization of MFSD1 are contradicting, studies done in mice found it to be a lysosomal protein (Massa Lopez et al., 2019), while Perland et al. (2017b) identified MFSD1 to be a plasma membrane bound protein in primary cortex cells from mice. MFSD1 has been found to be tightly connected to Glycosylated Lysosomal Membrane Protein (GLMP) where the loss of MFSD1 causes severe liver disease in MFSD1-knockout mice. Despite the clear physiological effect of the loss of Mfsd1, the precise function or transported substrate was not found even though several different amino acids were tested (Massa Lopez et al., 2019). Slc22a32 (previously named Mfsd10 before inclusion into the Slc22 family) was also one of the strongly regulated targets in our study and has an unknown function but a structure that resembles that of other transporters. Recently, Mfsd10 has been identified as a protein expressed at the nuclear envelope, possibly involved in transport of toxic material out from the nuclear environment (Cheng et al., 2019). In our experiments, Slc22a32 (Mfsd10) was downregulated during glucose starvation in cortex cells, and in starved adult flies, while upregulated during glucose deprivation in both cells and flies. Mfsd11 (CG18549) was the only target upregulated by both a low sugar and low-calorie diet in the flies, and conversely, downregulated by a high sugar diet. Mfsd11 was also predicted to have the highest number of gene modulation sites associated with whole body energy, Figure 2. Not much is known about MFSD11, however, in a study performed using the mouse hypothalamic cell line, N25/2, Mfsd11 was seen to be upregulated by serum and amino acid starvation (Hellsten et al., 2017), while in our setting, Mfsd11 expression was decreased after 12 h of glucose starvation. A general role in metabolism is a high probability. Recently, MFSD11 was identified as a novel candidate linked to intellectual disability (Anazi et al., 2017). Mfsd6 (with orthologue jef), was the only target that was not altered in our primary cortex cultures but downregulated in starved adult flies. Mfsd6 has been found to be downregulated in whole brain slices from mice fed a high calorie diet as well as in brains from mice placed on starvation (Bagchi et al., 2020), so using primary cortex cultures to study this putative transporter is likely not the best option. While Mfsd6 expression was found in our cells, other factors available in a whole biological system that are not present in a cell culture are needed for its regulation. However, it might also be un-affected by glucose availability, but rather depend on another macronutrient. Two putative transporters whose expression were found to be highly dynamic in our setting were Mfsd14a and Mfsd14b, along with their common orthologue CG11537, Figures 11–13. They were both upregulation due to glucose starvation in cell cultures while they were both downregulated in starved flies. They were both upregulated during low glucose conditions (glucose deprivation) in the cell cultures, and after low sugar diet in the fly, while no change was seen after a low calorie or high sugar diets. The gene expression was normalized after refeeding. The function of MFSD14A and MFSD14B is unclear, however, MFSD14A has been linked to infertility in male mice due to a marked reduction of spermatozoa possibly due to faulty glycosylation (Doran et al., 2016), and both have been found to be intracellular proteins most located to the Golgi and endoplasmic reticulum, respectively (Lekholm et al., 2017). Interestingly, the protein expression of MFSD14A was upregulated in the glucose starved cells as well as after glucose refeeding. MFSD14A was the only putative transporter that is suggested to be intracellularly that displayed an increase in the whole cytoplasm, suggesting that this transporter, not only increase in expression, but also potentially move from its location. The Golgi apparatus harbors mechanisms that can sense nutrient availability and regulate cellular processes through O-GlcNAcylation of proteins, and re-stacking of the Golgi apparatus can aid in autophagy (Zhang and Wang, 2018). The increased protein expression seen for MFSD14A after starvation, in Figure 4, could be due to a restacking of the Golgi apparatus and increased autophagy taking place during starvation.

Similar gene regulation changes were seen for members of the SV2 family, Slc22b1, Slc22b2, Slc22b3 and its relative Slc22b4. These genes code for synaptic vesicle glycoproteins, present on synaptic vesicle of neurons (Buckley and Kelly, 1985; Bajjalieh et al., 1994). All isoforms were seen to respond in a similar fashion during glucose deprivation in the cell cultures, where a transient downregulation was seen at 3 h and normal mRNA levels found at 12 h, perhaps due to a slower vesicle recycling needed during low glucose availability. During total glucose starvation, the major isoform Slc22b1, was not affected. SV2A, the protein of Slc22b1, is known to harbor important function during normal neurotransmission but has in recent years also been implicated as a galactose transporter (Madeo et al., 2014). SV2B (Slc22b2) and SV2C (Slc22b3) were however both affected by a total lack of glucose. The function of these two proteins is not as vigorously studied as that of SV2A, however, they also perform functions connected to synaptic transmission. An interesting feature that all four isoforms share is a possible binding site for adenine nucleotides such as ATP and NAD+ (Yao and Bajjalieh, 2008, 2009). ATP binding and modulating of transport function has been found for the glucose transporter Glut1 (SLC2A1), where ATP binding affects transport activity (Levine et al., 2002) and SV2 proteins could also be regulated by the presence of ATP providing a connection between cellular metabolism, neurotransmission and vesicle recycling.

The putative transporter UNC93A has previously been found to react to nutrient availability, both in mice subjected to complete starvation for 24 h and in cell cultures subjected to amino acid starvation (Ceder et al., 2017). Our results suggest that UNC93A expression is also affected by glucose availability. However, the mRNA expression in both mice cell cultures and fly were not affected by starvation, but rather by deprivation (upregulated) and glucose refeeding after starvation (downregulated) in cells and flies. UNC93A has been suggested to be a regulator of Twik-related acid potassium 1 (TASK1) channels in C. elegans (de la Cruz et al., 2003), that are known to be important for the resting potential in neurons (Duprat et al., 1997, 2007; Karschin et al., 2001). The difference in regulation between no glucose and low glucose could point to this function. Hence, the upregulation during deprivation could be due to e.g., glucose transport and a reaction to insulin secretion, since these three molecules are tightly connected (Palmer and Clegg, 2016), while the downregulation after refeeding could possibly be an attempt to reduce the loss of potassium since starvation often cause the ion storage depletion and after refeeding the depleted storage is quickly used up.

Subjecting mouse embryonic cortex cultures to glucose starvation or deprivation also affected general metabolism targets, as did starvation and nutrient restriction in the flies. Nrf2, involved with antioxidant defense mechanisms (Itoh et al., 1997; Lu, 2009; Sikalidis et al., 2014; Huang et al., 2015) was increased during total lack of glucose, but normalized after refeeding. Glucose starvation and deprivation also downregulated general responses in pathways coupled to metabolisms, such as Gsk3b, important in glycogen metabolism and insulin sensing (Cohen and Goedert, 2004) while Rheb, involved in energy sensing (Dibble and Cantley, 2015) was only affected by glucose deprivation in the cell cultures. Also, more affected by low levels of glucose rather than none, was Gapdh, where an upregulation was seen after 12 h (Seidler, 2013). In D. melanogaster, two variants of Gapdh are present and Gapdh1 was upregulated after total starvation in the adult flies, while downregulation was seen after the low calorie and high sugar diet, summary in Figure 11B. Gapdh2, meanwhile, was only upregulated during low sugar conditions. These alterations serve as a verification that the time points and glucose levels used in the set up are sufficiently long to elicit a response in the two models used. For the primary cortex cultures, deprivation seems to induce more targets involved in metabolism than starvation, correlating with the higher number of putative transporters also affected by this condition. A known neuronal glucose transporter that was also affected by glucose deprivation, rather than no glucose, was Slc2a3. The regulation of Slc2a3 due to glucose deprivation had already been shown in primary neuronal cultures from rat embryos, where cultures deprived for 48 h caused a 4-fold increase of gene expression (Nagamatsu et al., 1994). Here, gene expression of Slc2a3 increased after 12 h, while no difference could be seen after 3 h. For this transporter, 3 h of glucose deprivation is too short to elicit a response, while 12 h is just enough. This could well be true for other putative transporters included here, meaning that even though some transporters were not found to react in this setting, they might well be involved in glucose metabolism and regulated by it.

Several known SLCs that were monitored also increased by a lack of glucose in the cortex cell cultures, Slc6a7, Slc25a3, Slc37a3, and Slc16a3. These SLCs are not directly involved in glucose transport but connected to general metabolism and delivers information about how other SLCs react to no or low glucose and nutrient levels. For example, SLC6A7 transports proline, an important molecule for several cellular aspects e.g., protein synthesis and metabolism as well as antioxidative reactions and immune responses (Bagchi et al., 2020). The increase in expression observed for Slc6a7 could be a secondary effect due to the glucose starvation i.e., the cell turns to other nutrients in an attempt to increase the energy status to maintain important functions (Buckley and Kelly, 1985; Bajjalieh et al., 1994; Li et al., 2014; Doran et al., 2016; Zhang and Wang, 2018), or it shows that the cells have altered antioxidative reactions and stress.

Our findings demonstrate how tightly connected and regulated the metabolic pathways are within both unicellular and multicellular life-forms. Several genes are regulated simultaneously maybe to activate alternative metabolic pathways as a response to fluctuating nutrient levels or just as a response of other upstream genes. Our results establish that SLCs of MFS type are regulated by glucose availability and could be involved in several cellular aspects that are regulated by glucose and/or its metabolites. The recently classified and putative SLCs that we have monitored in this study have a probability of being necessary for normal neuronal function during fluctuating energy and glucose availability. However, establishing their exact core function during these glucose conditions remains. The fact that almost one third of transporters and transporter-related proteins remain orphans with unknown, or contradictive, location and function, establishes the need for further research about them to fully understand their mechanistic role and their impact on cellular conditions.



DATA AVAILABILITY STATEMENT

The datasets that contain protein sequences and the script presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material. All images used for protein expression and localization analysis can be received upon request to the corresponding author.



ETHICS STATEMENT

The animal study was reviewed and approved by All procedures involving mice were approved by the local ethical committee in Uppsala (Uppsala Djurförsöksetiska Nämnd, Uppsala District Court, permit number C39/16, C67/13 and C419/12) in unity with the guidelines of European Communities Council Directive (2010/63).



AUTHOR CONTRIBUTIONS

MC planned and performed diet experiments in primary cells, RNA extractions, cDNA synthesis, primer design, qPCR, ICC and imaging, diet experiments in D. melanogaster, cDNA synthesis and qPCR on flies, phylogenetic and promoter analysis. Analyzed qPCR, protein expression. Compiled figures and drafted the manuscript. EL planned and performed diet experiments in primary cells, RNA extractions, cDNA synthesis, qPCR, WB, ICC, imaging, set up pipeline in Cellprofiler, aided in the analysis of qPCR results drafted the manuscript. AK set up pipeline in Cell profiler, drafted part of the manuscript. RT performed and analyzed western blot results, drafted parts of the manuscript. NS performed diet experiments in primary cultures, prepared ICC samples, aided in RNA extractions and cDNA synthesis. LW performed primer optimization, qPCR for the starved and starved+refed primary cortex cells. SP aided in fly experiments, collection of male flies and RNA extractions of fly samples. RF aided in the planning of experiments, interpretation of results, performed cell analyzing, drafted parts and proofing of the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by the Swedish Research Council (grant number 2016-01972), The Swedish Brain Foundation (grant number FO2018-0130), The Swedish Society for Medical Research (grant number 201507), The Novo Nordisk Foundation (grant number 34224), Åhlens Foundation (grant number 193027), Engkvist Foundation (grant number 20160614), Thurings Foundation for Metabolic Research, and Magnus Bergvall Foundation (grant number 201601754).



ACKNOWLEDGMENTS

The authors would like to thank Frida Lindberg for setting up breedings for the primary cortex cultures, Sofie V. Hellsten, Tanya Aggarwal, Kimya Tahan, and Matti Tindwa Ahokas for their help with preparations of experiments, and Ola Söderberg for the assistance in set up of Cell profiler analysis. Imaging was performed with support of the Science for Life Lab BioVis Platform, Uppsala.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2020.00579/full#supplementary-material


FOOTNOTES

1
http://slc.bioparadigms.org/


REFERENCES

Ames, A. III (2000). CNS energy metabolism as related to function. Brain Res. Brain Res. Rev. 34, 42–68. doi: 10.1016/s0165-0173(00)00038-2

Anazi, S., Maddirevula, S., Salpietro, V., Asi, Y. T., Alsahli, S., Alhashem, A., et al. (2017). Expanding the genetic heterogeneity of intellectual disability. Hum. Genet. 136, 1419–1429.

Arsov, T., Mullen, S. A., Damiano, J. A., Lawrence, K. M., Huh, L. L., Nolan, M., et al. (2012). Early onset absence epilepsy: 1 in 10 cases is caused by GLUT1 deficiency. Epilepsia 53, e204–e207. doi: 10.1111/epi.12007

Averous, J., Bruhat, A., Jousse, C., Carraro, V., Thiel, G., and Fafournoux, P. (2004). Induction of CHOP expression by amino acid limitation requires both ATF4 expression and ATF2 phosphorylation. J. Biol. Chem. 279, 5288–5297. doi: 10.1074/jbc.m311862200

Bagchi, S., Perland, E., Hosseini, K., Lundgren, J., Al-Walai, N., Kheder, S., et al. (2020). Probable role for major facilitator superfamily domain containing 6 (MFSD6) in the brain during variable energy consumption. Int. J. Neurosci. 130, 476–489. doi: 10.1080/00207454.2019.1694020

Bai, H., Kang, P., and Tatar, M. (2012). Drosophila insulin-like peptide-6 (dilp6) expression from fat body extends lifespan and represses secretion of Drosophila insulin-like peptide-2 from the brain. Aging Cell 11, 978–985. doi: 10.1111/acel.12000

Bajjalieh, S. M., Frantz, G. D., Weimann, J. M., McConnell, S. K., and Scheller, R. H. (1994). Differential expression of synaptic vesicle protein 2 (SV2) isoforms. J. Neurosci. 14, 5223–5235. doi: 10.1523/jneurosci.14-09-05223.1994

Baseler, W. A., Thapa, D., Jagannathan, R., Dabkowski, E. R., Croston, T. L., and Hollander, J. M. (2012). miR-141 as a regulator of the mitochondrial phosphate carrier (Slc25a3) in the type 1 diabetic heart. Am. J. Physiol. Cell Physiol. 303, C1244–C1251.

Ben-Zvi, A., Lacoste, B., Kur, E., Andreone, B. J., Mayshar, Y., Yan, H., et al. (2014). Mfsd2a is critical for the formation and function of the blood-brain barrier. Nature 509, 507–511. doi: 10.1038/nature13324

Bottenstein, J. E., and Sato, G. H. (1979). Growth of a rat neuroblastoma cell line in serum-free supplemented medium. Proc. Natl. Acad. Sci. U.S.A. 76, 514–517. doi: 10.1073/pnas.76.1.514

Brewer, G. J., Torricelli, J. R., Evege, E. K., and Price, P. J. (1993). Optimized survival of hippocampal neurons in B27-supplemented Neurobasal, a new serum-free medium combination. J. Neurosci. Res. 35, 567–576. doi: 10.1002/jnr.490350513

Bruce-Keller, A. J., Keller, J. N., and Morrison, C. D. (2009). Obesity and vulnerability of the CNS. Biochim. Biophys. Acta 1792, 395–400.

Buchakjian, M. R., and Kornbluth, S. (2010). The engine driving the ship: metabolic steering of cell proliferation and death. Nat. Rev. Mol. Cell Biol. 11, 715–727. doi: 10.1038/nrm2972

Buckley, K., and Kelly, R. B. (1985). Identification of a transmembrane glycoprotein specific for secretory vesicles of neural and endocrine cells. J. Cell Biol. 100, 1284–1294. doi: 10.1083/jcb.100.4.1284

Cavin Perier, R., Junier, T., and Bucher, P. (1998). The Eukaryotic Promoter Database EPD. Nucleic Acids Res. 26, 353–357. doi: 10.1093/nar/26.1.353

Ceder, M. M., Lekholm, E., Hellsten, S. V., Perland, E., and Fredriksson, R. (2017). The neuronal and peripheral expressed membrane-bound UNC93A respond to nutrient availability in mice. Front. Mol. Neurosci. 10:351. doi: 10.3389/fnmol.2017.00351

Cesar-Razquin, A., Snijder, B., Frappier-Brinton, T., Isserlin, R., Gyimesi, G., Bai, X., et al. (2015). A call for systematic research on solute carriers. Cell 162, 478–487. doi: 10.1016/j.cell.2015.07.022

Chen, C., Jack, J., and Garofalo, R. S. (1996). The Drosophila insulin receptor is required for normal growth. Endocrinology 137, 846–856. doi: 10.1210/endo.137.3.8603594

Cheng, L. C., Baboo, S., Lindsay, C., Brusman, L., Martinez-Bartolome, S., Tapia, O., et al. (2019). Identification of new transmembrane proteins concentrated at the nuclear envelope using organellar proteomics of mesenchymal cells. Nucleus 10, 126–143. doi: 10.1080/19491034.2019.1618175

Chomczynski, P., and Sacchi, N. (1987). Single-step method of RNA isolation by acid guanidinium thiocyanate-phenol-chloroform extraction. Anal. Biochem. 162, 156–159. doi: 10.1006/abio.1987.9999

Cohen, P., and Goedert, M. (2004). GSK3 inhibitors: development and therapeutic potential. Nat. Rev. Drug Discov. 3, 479–487. doi: 10.1038/nrd1415

Cullinan, S. B., Zhang, D., Hannink, M., Arvisais, E., Kaufman, R. J., and Diehl, J. A. (2003). Nrf2 is a direct PERK substrate and effector of PERK-dependent cell survival. Mol. Cell. Biol. 23, 7198–7209. doi: 10.1128/mcb.23.20.7198-7209.2003

de la Cruz, I. P., Levin, J. Z., Cummins, C., Anderson, P., and Horvitz, H. R. (2003). sup-9, sup-10, and unc-93 may encode components of a two-pore K+ channel that coordinates muscle contraction in Caenorhabditis elegans. J. Neurosci. 23, 9133–9145. doi: 10.1523/jneurosci.23-27-09133.2003

Denechaud, P. D., Fajas, L., and Giralt, A. (2017). E2F1, a novel regulator of metabolism. Front. Endocrinol. 8:311. doi: 10.3389/fendo.2017.00311

Dey, S., Savant, S., Teske, B. F., Hatzoglou, M., Calkhoven, C. F., and Wek, R. C. (2012). Transcriptional repression of ATF4 gene by CCAAT/enhancer-binding protein beta (C/EBPbeta) differentially regulates integrated stress response. J. Biol. Chem. 287, 21936–21949. doi: 10.1074/jbc.m112.351783

Dibble, C. C., and Cantley, L. C. (2015). Regulation of mTORC1 by PI3K signaling. Trends Cell Biol. 25, 545–555.

Dienel, G. A. (2012). Fueling and imaging brain activation. ASN Neuro 4:e00093.

Doran, J., Walters, C., Kyle, V., Wooding, P., Hammett-Burke, R., and Colledge, W. H. (2016). Mfsd14a (Hiat1) gene disruption causes globozoospermia and infertility in male mice. Reproduction 152, 91–99. doi: 10.1530/rep-15-0557

Duprat, F., Lauritzen, I., Patel, A., and Honore, E. (2007). The TASK background K2P channels: chemo- and nutrient sensors. Trends Neurosci. 30, 573–580. doi: 10.1016/j.tins.2007.08.003

Duprat, F., Lesage, F., Fink, M., Reyes, R., Heurteaux, C., and Lazdunski, M. (1997). TASK, a human background K+ channel to sense external pH variations near physiological pH. EMBO J. 16, 5464–5471. doi: 10.1093/emboj/16.17.5464

Eddy, S. R. (2011). Accelerated profile HMM searches. PLoS Comput. Biol. 7:e1002195. doi: 10.1371/journal.pcbi.1002195

Falkowska, A., Gutowska, I., Goschorska, M., Nowacki, P., Chlubek, D., and Baranowska-Bosiacka, I. (2015). Energy metabolism of the brain, including the cooperation between astrocytes and neurons, especially in the context of glycogen metabolism. Int. J. Mol. Sci. 16, 25959–25981. doi: 10.3390/ijms161125939

Ferreira, J. M., Burnett, A. L., and Rameau, G. A. (2011). Activity-dependent regulation of surface glucose transporter-3. J. Neurosci. 31, 1991–1999. doi: 10.1523/jneurosci.1850-09.2011

Fladeby, C., Skar, R., and Serck-Hanssen, G. (2003). Distinct regulation of glucose transport and GLUT1/GLUT3 transporters by glucose deprivation and IGF-I in chromaffin cells. Biochim. Biophys. Acta 1593, 201–208. doi: 10.1016/s0167-4889(02)00390-7

Galikova, M., Diesner, M., Klepsatel, P., Hehlert, P., Xu, Y., Bickmeyer, I., et al. (2015). Energy homeostasis control in drosophila adipokinetic hormone mutants. Genetics 201, 665–683. doi: 10.1534/genetics.115.178897

Gross, D. N., van den Heuvel, A. P., and Birnbaum, M. J. (2008). The role of FoxO in the regulation of metabolism. Oncogene 27, 2320–2336. doi: 10.1038/onc.2008.25

Halestrap, A. P. (2013). The SLC16 gene family - structure, role and regulation in health and disease. Mol. Aspects Med. 34, 337–349. doi: 10.1016/j.mam.2012.05.003

Harris, J. J., Jolivet, R., and Attwell, D. (2012). Synaptic energy use and supply. Neuron 75, 762–777. doi: 10.1016/j.neuron.2012.08.019

Havula, E., and Hietakangas, V. (2012). Glucose sensing by ChREBP/MondoA-Mlx transcription factors. Semin. Cell Dev. Biol. 23, 640–647. doi: 10.1016/j.semcdb.2012.02.007

Havula, E., and Hietakangas, V. (2018). Sugar sensing by ChREBP/Mondo-Mlx-new insight into downstream regulatory networks and integration of nutrient-derived signals. Curr. Opin. Cell Biol. 51, 89–96. doi: 10.1016/j.ceb.2017.12.007

Havula, E., Teesalu, M., Hyotylainen, T., Seppala, H., Hasygar, K., Auvinen, P., et al. (2013). Mondo/ChREBP-Mlx-regulated transcriptional network is essential for dietary sugar tolerance in Drosophila. PLoS Genet. 9:e1003438. doi: 10.1371/journal.pgen.1003438

Hellsten, S. V., Lekholm, E., Ahmad, T., and Fredriksson, R. (2017). The gene expression of numerous SLC transporters is altered in the immortalized hypothalamic cell line N25/2 following amino acid starvation. FEBS Open Bio 7, 249–264. doi: 10.1002/2211-5463.12181

Hellsten, S. V., Tripathi, R., Ceder, M. M., and Fredriksson, R. (2018). Nutritional stress induced by amino acid starvation results in changes for Slc38 transporters in immortalized hypothalamic neuronal cells and primary cortex cells. Front. Mol. Biosci. 5:45. doi: 10.3389/fmolb.2018.00045

Hoffmann, U., Sukhotinsky, I., Eikermann-Haerter, K., and Ayata, C. (2013). Glucose modulation of spreading depression susceptibility. J. Cereb. Blood Flow Metab. 33, 191–195. doi: 10.1038/jcbfm.2012.132

Horiba, N., Masuda, S., Ohnishi, C., Takeuchi, D., Okuda, M., and Inui, K. (2003a). Na(+)-dependent fructose transport via rNaGLT1 in rat kidney. FEBS Lett. 546, 276–280. doi: 10.1016/s0014-5793(03)00600-8

Horiba, N., Masuda, S., Takeuchi, A., Takeuchi, D., Okuda, M., and Inui, K. (2003b). Cloning and characterization of a novel Na+-dependent glucose transporter (NaGLT1) in rat kidney. J. Biol. Chem. 278, 14669–14676. doi: 10.1074/jbc.m212240200

Huang, Y., Li, W., Su, Z. Y., and Kong, A. N. (2015). The complexity of the Nrf2 pathway: beyond the antioxidant response. J. Nutr. Biochem. 26, 1401–1413. doi: 10.1016/j.jnutbio.2015.08.001

Huelsenbeck, J. P., Ronquist, F., Nielsen, R., and Bollback, J. P. (2001). Bayesian inference of phylogeny and its impact on evolutionary biology. Science 294, 2310–2314. doi: 10.1126/science.1065889

Humpton, T. J., and Vousden, K. H. (2016). Regulation of cellular metabolism and hypoxia by p53. Cold Spring Harb. Perspect. Med. 6:a026146. doi: 10.1101/cshperspect.a026146

Itoh, K., Chiba, T., Takahashi, S., Ishii, T., Igarashi, K., Katoh, Y., et al. (1997). An Nrf2/small Maf heterodimer mediates the induction of phase II detoxifying enzyme genes through antioxidant response elements. Biochem. Biophys. Res. Commun. 236, 313–322. doi: 10.1006/bbrc.1997.6943

Jennings, B. H. (2011). Drosophila – a versatile model in biology & medicine. Mater. Today 14, 190–195. doi: 10.1016/s1369-7021(11)70113-4

Jonckheere, A. I., Smeitink, J. A., and Rodenburg, R. J. (2012). Mitochondrial ATP synthase: architecture, function and pathology. J. Inherit. Metabolic Dis. 35, 211–225. doi: 10.1007/s10545-011-9382-9

Kapogiannis, D., and Mattson, M. P. (2011). Disrupted energy metabolism and neuronal circuit dysfunction in cognitive impairment and Alzheimer’s disease. Lancet Neurol. 10, 187–198. doi: 10.1016/s1474-4422(10)70277-5

Karschin, C., Wischmeyer, E., Preisig-Muller, R., Rajan, S., Derst, C., Grzeschik, K. H., et al. (2001). Expression pattern in brain of TASK-1, TASK-3, and a tandem pore domain K(+) channel subunit, TASK-5, associated with the central auditory nervous system. Mol. Cell. Neurosci. 18, 632–648. doi: 10.1006/mcne.2001.1045

Katoh, K., Rozewicki, J., and Yamada, K. D. (2019). MAFFT online service: multiple sequence alignment, interactive sequence choice and visualization. Brief. Bioinform. 20, 1160–1166. doi: 10.1093/bib/bbx108

Kim, S. H., Trinh, A. T., Larsen, M. C., Mastrocola, A. S., Jefcoate, C. R., Bushel, P. R., et al. (2016). Tunable regulation of CREB DNA binding activity couples genotoxic stress response and metabolism. Nucleic Acids Res. 44, 9667–9680.

Kleman, A. M., Yuan, J. Y., Aja, S., Ronnett, G. V., and Landree, L. E. (2008). Physiological glucose is critical for optimized neuronal viability and AMPK responsiveness in vitro. J. Neurosci. Methods 167, 292–301. doi: 10.1016/j.jneumeth.2007.08.028

Kousteni, S. (2012). FoxO1, the transcriptional chief of staff of energy metabolism. Bone 50, 437–443. doi: 10.1016/j.bone.2011.06.034

Lekholm, E., Perland, E., Eriksson, M. M., Hellsten, S. V., Lindberg, F. A., Rostami, J., et al. (2017). Putative membrane-bound transporters MFSD14A and MFSD14B are neuronal and affected by nutrient availability. Front. Mol. Neurosci. 10:11. doi: 10.3389/fnmol.2017.00011

Levine, K. B., Cloherty, E. K., Hamill, S., and Carruthers, A. (2002). Molecular determinants of sugar transport regulation by ATP. Biochemistry 41, 12629–12638. doi: 10.1021/bi0258997

Li, C., Guo, D., and Pick, L. (2014). Independent signaling by Drosophila insulin receptor for axon guidance and growth. Front. Physiol. 4:385. doi: 10.3389/fphys.2013.00385

Lin, L., Yee, S. W., Kim, R. B., and Giacomini, K. M. (2015). SLC transporters as therapeutic targets: emerging opportunities. Nat. Rev. Drug Discov. 14, 543–560. doi: 10.1038/nrd4626

Liu, J., Zhang, C., Hu, W., and Feng, Z. (2015). Tumor suppressor p53 and its mutants in cancer metabolism. Cancer Lett. 356(2 Pt A), 197–203. doi: 10.1016/j.canlet.2013.12.025

Lu, S. C. (2009). Regulation of glutathione synthesis. Mol. Aspects Med. 30, 42–59. doi: 10.1016/j.mam.2008.05.005

Ma, L., Robinson, L. N., and Towle, H. C. (2006). ChREBP∗Mlx is the principal mediator of glucose-induced gene expression in the liver. J. Biol. Chem. 281, 28721–28730. doi: 10.1074/jbc.m601576200

Madan, E., Gogna, R., Bhatt, M., Pati, U., Kuppusamy, P., and Mahdi, A. A. (2011). Regulation of glucose metabolism by p53: emerging new roles for the tumor suppressor. Oncotarget 2, 948–957. doi: 10.18632/oncotarget.389

Madeo, M., Kovacs, A. D., and Pearce, D. A. (2014). The human synaptic vesicle protein, SV2A, functions as a galactose transporter in Saccharomyces cerevisiae. J. Biol. Chem. 289, 33066–33071. doi: 10.1074/jbc.c114.584516

Massa Lopez, D., Thelen, M., Stahl, F., Thiel, C., Linhorst, A., Sylvester, M., et al. (2019). The lysosomal transporter MFSD1 is essential for liver homeostasis and critically depends on its accessory subunit GLMP. eLife 8:e50025.

Mattila, J., Havula, E., Suominen, E., Teesalu, M., Surakka, I., Hynynen, R., et al. (2015). Mondo-Mlx mediates organismal sugar sensing through the Gli-similar transcription factor sugarbabe. Cell Rep. 13, 350–364. doi: 10.1016/j.celrep.2015.08.081

Mergenthaler, P., Lindauer, U., Dienel, G. A., and Meisel, A. (2013). Sugar for the brain: the role of glucose in physiological and pathological brain function. Trends Neurosci. 36, 587–597. doi: 10.1016/j.tins.2013.07.001

Nagamatsu, S., Sawa, H., Inoue, N., Nakamichi, Y., Takeshima, H., and Hoshino, T. (1994). Gene expression of GLUT3 glucose transporter regulated by glucose in vivo in mouse brain and in vitro in neuronal cell cultures from rat embryos. Biochem. J. 300(Pt 1), 125–131. doi: 10.1042/bj3000125

Nguyen, L. N., Ma, D., Shui, G., Wong, P., Cazenave-Gassiot, A., Zhang, X., et al. (2014). Mfsd2a is a transporter for the essential omega-3 fatty acid docosahexaenoic acid. Nature 509, 503–506. doi: 10.1038/nature13241

Nuttall, F. Q., Gannon, M. C., and Jordan, K. (2004). The metabolic response to ingestion of proline with and without glucose. Metabolism 53, 241–246. doi: 10.1016/j.metabol.2003.09.013

Palmer, B. F., and Clegg, D. J. (2016). Physiology and pathophysiology of potassium homeostasis. Adv. Physiol. Educ. 40, 480–490. doi: 10.1152/advan.00121.2016

Pedersen, T. A., Bereshchenko, O., Garcia-Silva, S., Ermakova, O., Kurz, E., Mandrup, S., et al. (2007). Distinct C/EBPalpha motifs regulate lipogenic and gluconeogenic gene expression in vivo. EMBO J. 26, 1081–1093. doi: 10.1038/sj.emboj.7601563

Perland, E., Bagchi, S., Klaesson, A., and Fredriksson, R. (2017a). Characteristics of 29 novel atypical SLCs of MFS type: evolutionary conservation, predicted structure and neuronal co-expression. Open Biol. 7:170142. doi: 10.1098/rsob.170142

Perland, E., and Fredriksson, R. (2017). Classification systems of secondary active transporters. Trends Pharmacol. Sci. 38, 305–315. doi: 10.1016/j.tips.2016.11.008

Perland, E., Hellsten, S. V., Lekholm, E., Eriksson, M. M., Arapi, V., and Fredriksson, R. (2017b). The novel membrane-bound proteins MFSD1 and MFSD3 are putative SLC transporters affected by altered nutrient intake. J. Mol. Neurosci. 61, 199–214. doi: 10.1007/s12031-016-0867-8

Perland, E., Hellsten, S. V., Schweizer, N., Arapi, V., Rezayee, F., Bushra, M., et al. (2017c). Structural prediction of two novel human atypical SLC transporters, MFSD4A and MFSD9, and their neuroanatomical distribution in mice. PLoS One 12:e0186325. doi: 10.1371/journal.pone.0186325

Perland, E., Lekholm, E., Eriksson, M. M., Bagchi, S., Arapi, V., and Fredriksson, R. (2016). The putative SLC transporters Mfsd5 and Mfsd11 are abundantly expressed in the mouse brain and have a potential role in energy homeostasis. PLoS One 11:e0156912. doi: 10.1371/journal.pone.0156912

Pramod, A. B., Foster, J., Carvelli, L., and Henry, L. K. (2013). SLC6 transporters: structure, function, regulation, disease association and therapeutics. Mol. Aspects Med. 34, 197–219. doi: 10.1016/j.mam.2012.07.002

Ramji, D. P., and Foka, P. (2002). CCAAT/enhancer-binding proteins: structure, function and regulation. Biochem. J. 365(Pt 3), 561–575. doi: 10.1042/bj20020508

Rampersaud, E., Damcott, C. M., Fu, M., Shen, H., McArdle, P., Shi, X., et al. (2007). Identification of novel candidate genes for type 2 diabetes from a genome-wide association scan in the Old Order Amish: evidence for replication from diabetes-related quantitative traits and from independent populations. Diabetes 56, 3053–3062. doi: 10.2337/db07-0457

Ramzan, R., Weber, P., Linne, U., and Vogt, S. (2013). GAPDH: the missing link between glycolysis and mitochondrial oxidative phosphorylation? Biochem. Soc. Trans. 41, 1294–1297. doi: 10.1042/bst20130067

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., et al. (2012). Fiji: an open-source platform for biological-image analysis. Nat. Methods 9, 676–682. doi: 10.1038/nmeth.2019

Seidler, N. W. (2013). GAPDH and intermediary metabolism. Adv. Exp. Med. Biol. 985, 37–59. doi: 10.1007/978-94-007-4716-6_2

Semaniuk, U. V., Gospodaryov, D. V., Feden’ko, K. M., Yurkevych, I. S., Vaiserman, A. M., Storey, K. B., et al. (2018). Insulin-like peptides regulate feeding preference and metabolism in Drosophila. Front. Physiol. 9:1083. doi: 10.3389/fphys.2018.01083

Shi, Y., Vattem, K. M., Sood, R., An, J., Liang, J., Stramm, L., et al. (1998). Identification and characterization of pancreatic eukaryotic initiation factor 2 alpha-subunit kinase, PEK, involved in translational control. Mol. Cell. Biol. 18, 7499–7509. doi: 10.1128/mcb.18.12.7499

Sikalidis, A. K., Mazor, K. M., Lee, J. I., Roman, H. B., Hirschberger, L. L., and Stipanuk, M. H. (2014). Upregulation of capacity for glutathione synthesis in response to amino acid deprivation: regulation of glutamate-cysteine ligase subunits. Amino Acids 46, 1285–1296. doi: 10.1007/s00726-014-1687-1

Simpson, I. A., Carruthers, A., and Vannucci, S. J. (2007). Supply and demand in cerebral energy metabolism: the role of nutrient transporters. J. Cereb. Blood Flow Metab. 27, 1766–1791. doi: 10.1038/sj.jcbfm.9600521

Steven, A., Leisz, S., Wickenhauser, C., Schulz, K., Mougiakakos, D., Kiessling, R., et al. (2017). Linking CREB function with altered metabolism in murine fibroblast-based model cell lines. Oncotarget 8, 97439–97463. doi: 10.18632/oncotarget.22135

Stoeckman, A. K., Ma, L., and Towle, H. C. (2004). Mlx is the functional heteromeric partner of the carbohydrate response element-binding protein in glucose regulation of lipogenic enzyme genes. J. Biol. Chem. 279, 15662–15669. doi: 10.1074/jbc.m311301200

Sun, X. H., Tso, J. Y., Lis, J., and Wu, R. (1988). Differential regulation of the two glyceraldehyde-3-phosphate dehydrogenase genes during Drosophila development. Mol. Cell. Biol. 8, 5200–5205. doi: 10.1128/mcb.8.12.5200

Sunwoldt, J., Bosche, B., Meisel, A., and Mergenthaler, P. (2017). Neuronal culture microenvironments determine preferences in bioenergetic pathway use. Front. Mol. Neurosci. 10:305. doi: 10.3389/fnmol.2017.00305

Thorens, B., and Mueckler, M. (2010). Glucose transporters in the 21st Century. Am. J. Physiol. Endocrinol. Metab. 298, E141–E145.

Towle, H. C. (2005). Glucose as a regulator of eukaryotic gene transcription. Trends Endocrinol. Metab. 16, 489–494. doi: 10.1016/j.tem.2005.10.003

UniProt, C. (2019). UniProt: a worldwide hub of protein knowledge. Nucleic Acids Res. 47, D506–D515.

Valoskova, K., Biebl, J., Roblek, M., Emtenani, S., Gyoergy, A., Misova, M., et al. (2019). A conserved major facilitator superfamily member orchestrates a subset of O-glycosylation to aid macrophage tissue invasion. eLife 8:e41801.

Vandesompele, J., De Preter, K., Pattyn, F., Poppe, B., Van Roy, N., De Paepe, A., et al. (2002). Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes. Genome Biol. 3:RESEARCH0034.

Vishwakarma, P., Banerjee, A., Pasrija, R., Prasad, R., and Lynn, A. M. (2018). Phylogenetic and conservation analyses of MFS transporters. 3 Biotech 8:462.

Volkenhoff, A., Hirrlinger, J., Kappel, J. M., Klambt, C., and Schirmeier, S. (2018). Live imaging using a FRET glucose sensor reveals glucose delivery to all cell types in the Drosophila brain. J. Insect Physiol. 106(Pt 1), 55–64. doi: 10.1016/j.jinsphys.2017.07.010

Williams, M. J., Perland, E., Eriksson, M. M., Carlsson, J., Erlandsson, D., Laan, L., et al. (2016). Recurrent sleep fragmentation induces insulin and neuroprotective mechanisms in middle-aged flies. Front. Aging Neurosci. 8:180. doi: 10.3389/fnagi.2016.00180

Wojtas, K. M., von Kalm, L., Weaver, J. R., and Sullivan, D. T. (1992). The evolution of duplicate glyceraldehyde-3-phosphate dehydrogenase genes in Drosophila. Genetics 132, 789–797.

Yao, J., and Bajjalieh, S. M. (2008). Synaptic vesicle protein 2 binds adenine nucleotides. J. Biol. Chem. 283, 20628–20634. doi: 10.1074/jbc.m800738200

Yao, J., and Bajjalieh, S. M. (2009). SVOP is a nucleotide binding protein. PLoS One 4:e5315. doi: 10.1371/journal.pone.0005315

Yates, B., Braschi, B., Gray, K. A., Seal, R. L., Tweedie, S., and Bruford, E. A. (2017). Genenames.org: the HGNC and VGNC resources in 2017. Nucleic Acids Res. 45, D619–D625.

Zhang, X., and Wang, Y. (2018). The Golgi stacking protein GORASP2/GRASP55 serves as an energy sensor to promote autophagosome maturation under glucose starvation. Autophagy 14, 1649–1651. doi: 10.1080/15548627.2018.1491214

Zhang, Y., Zhang, Y., Sun, K., Meng, Z., and Chen, L. (2018). The SLC transporter in nutrient and metabolic sensing, regulation, and drug development. J. Mol. Cell Biol. 11, 1–13. doi: 10.1093/jmcb/mjy052


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Ceder, Lekholm, Klaesson, Tripathi, Schweizer, Weldai, Patil and Fredriksson. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fcell-08-00579-g012.jpg
A Venn diagram illustrating mRNA regulation similarities of putative SLCs and metabolic targets between
3 h starved, 3 h deprived, 12 h starved and 12 h deprived in M. musculus and D. melanogaster

3 h starved 12 h starved

mmSic60a2
mmMfsd8

dmCG11537 mmSic60a1

mmUnc93b1 dmCG12194
dmGapdh1 dmCin7
dmCG18549
dmAkh dminR

dmAkhR dmjef

dmrtet
mmbinc s mmSic33a2
mmGsk3b | mmNrf2
.mmSIic22b3
mmSIc22b2 mmtsdi
mmSic16a3 mmMfsd11
\. mmSic22a32
mmGclc = mmMfsd14b
mmMfsd13a /£ mmSicé6a7
/ mmSlc2a3 mmSic37a3
mmMfsd14a mmMfsd9 [ mmGapdh
| mmRheb
3hdeprived P 3 mmsic22p4 12 h deprived
\ mmPerk
mmSic22b1
B Venn diagram illustrating mRNA regulation similarities of putative SLCs and metabolic targets

between low calorie, low sugar and high sugar diets in D. melanogaster

Low calorie (2.5:2.5) High sugar (40:10)

dmCG18549

dmGapdh1

dmmrva dmCin7
dmGapdh2 dmlip6

dmCG11537 dmCG4928

Low sugar (2.5:10)






OPS/images/fcell-08-00579-g013.jpg
A Schematic summary of gene regulation comparing 3 h starved and 3 h starved+refed
in M. musculus and D. melanogaster

3 h starved l 3 h starved + refed

mmSic37a3
B mmGsk3b

mmSic60a2, mmMfsd14a, mmNrf2; dnCG18549

dmGapdh1

mmMfsd1, mmSic59a1, mmSic59a2, mmSic33a2,

mmSIic60a1, mmSic61a1, mmMfsd6, mmMfsd8, mmMfsd9,
mmSic22a32, mmMfsd13a, mmMfsd14b, mmSic22b1,
mmSic22b4, mmGclc, mmp53, mmPerk, mmRheb, mmSic2a3,
mmSic6a7, mmSIic16a3; dmmrva, dmCin7, dmCG4928
dmGapdh2, dmlip5, dmlip6

mmUnc93a, mmUnc93b1, mmSic22b2, mmSic22b3;
dmCG12194, dmjef, dmAkh

mmMfsd11, mmGapdh, mmSIc25a3; dmrtet
dmCG11537, dmAkhR, dminR

B Schematic summary of gene regulation comparing 12 h starved and 12 h starved+refed
in M.musculus and D. melanogaster

12 h starved 12 h starved + refed _mmSIc25a3; dnCG18549
i mmSic59a2, mmSic16a3
dmCin7

mmMfsd1, mmSic33a2, mmMfsd14b, mmSic22b3,

mmSIic6a7, mmSic37a3; dmGapdh1

mmSic59a1, mmSic60a1, mmSIic60a2, mmSic61a1,

mmMfsd6, mmMfsd9, mmMfsd13a, mmMfsd14a,

mmUnc93a, mmUnc93b1, mmSic22b1, mmSic22b4,

mmGapdh, mmGclc, mmGsk3b, mmPerk, mmRheb, mmSic2a3;

dmmrva, dmCG12194, dmCG11537, dmCG4928, dmGapdh2, dmllp5, dmllp6

mmMfsd8, mmSic22a32, mmMfsd11; dmjef

mmp353
mmsSic22b2; dmrtet, dmAkhR, dminR






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Glucose Availability Alters Gene and Protein Expression of Several Newly Classified and Putative Solute Carriers in Mice Cortex Cell Culture and D. melanogaster



		INTRODUCTION



		MATERIALS AND METHODS



		Phylogenetic Analysis



		Promoter Sequences Analysis



		Animals



		Cell Culture



		Glucose Starvation and Starvation and Refeeding and Deprivation in Primary Cortex Cells







		Fly Stocks and Maintenance



		Sugar Starvation in Adult Male Flies



		Sugar Diets in Adult Male Flies



		RNA Preparation and cDNA Synthesis



		Primer Design and Quantitative Real-Time PCR



		Analysis of qRT-PCR Data



		Fluorescent Immunocytochemistry



		Western Blot







		RESULTS



		Glucose Starvation Alters mRNA Expression of Both Several Transporters and Metabolic Targets With Most Alteration Restored After Refeeding



		Glucose Starvation Causes Protein Expression of SLCs of MFS Type to Be Altered in Neurons



		Starvation Affect the Transporter Orthologous in D. melanogaster



		Primary Cultures Subjected to Glucose Deprivation Alter Gene Expression of Several Transporters of MFS Type



		Protein Expression of Some SLCs of MFS Type Are Altered Depending on the D-Glucose Availability



		Deprivation and High Intake of Sugar Affect the Transporter Orthologous in D. melanogaster







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

Glucose Availability Alters Gene
and Protein Expression
of Several Newly Classified
and Putative Solute Carriers
in Mice Cortex Cell Culture
and D. melanogaster









OPS/images/logo.jpg
’ frontiers
in Cell and Developmental Biology





OPS/images/fcell-08-00579-g007.jpg
12h S

3 h SR

12h SR @

Gapdh1
CG18549
Cin7
mrva

llp5

llp6

Akh

Jef

AKhR

InR

rtet
CG12194
CG11537
Gapdh?2
CG4928

B
Control vs 3h S | Control vs 3 h SR|Control vs 12 h S | Control vs 12 h SR
Gapdh1 0.0022
CG18549| 0.0293 0.0043 0.0087
Cin7 0.0411 0.0411
mrva
lIp5
lip6
Akh 0.0051 0.0159
jef 0.0177 0.0303
AKhR 0.0012 0.0012 0.0087 0.0043
InR 0.0200 0.0260 0.0043 0.0173
rtet 0.0087 0.0411 0.0087
CG12194| 0.0221
CG11537| 0.0140 0.0411
Gapdh2
CG4928






OPS/images/fcell-08-00579-g008.jpg
Cc

Mean fluorescent intensity

Mean fluorescent intensity

Q
o
—
(0]
o

per cell

3hD

12h D

B Control vs 3 h deprivation | Control vs 12 h deprivation
Slc33a2 0.0043
Mfsd9 0.0022
Mfsd1 0.0050
Sic60a2 N/A N/A
Mrsd14a 0.0043 0.0022
Mfsd14b 0.0043 0.0022
Sic33a2 Unc93a 0.0043
%;gg? Unc93b1
weole? ok
S 0.0022
Ursalid  [Sice9az
{ncosbt  [Msd73a 0.0087
sk3b Slc22b4 0.0087
WeorA2  [Sic2zb2 0.0043
g}gggg‘z’ Sic16a3 0.0381
Sici6a3  |p53 0.0087
3}53637 Sic6a7 0.0087 0.0173
Sg?]a:” Sic37a3 0.0303 0.0087
Sic61at Perk 0.0080
Gapdh [SIc6Ta
Slc2a3 Gapdh 0.0087
3% |Whsds
gezdas  [Sic2a3 0.0041
Nif2 Slc22b3 0.0476
WRerAP?  [Siczen 0.0087
g;gggg? Slc25a3 0.0152
Rheb Gclc 0.0087 0.0411
N2 0.0260
Sic22a32 0.0043 0.0152
Mfsd11 0.0022 0.0022
Slc59a2
Slc60at 0.0260
Rheb 0.0260 0.0022

Measurement of whole, outer and core cytoplasmic immunostaining of putative SLCs subjected to glucose

deprivation
Anti-MFSD1 immunostaining

0.25

0.20

0.15

0.101 [

i Tl

0.004— t t t t t
3h 12hf [8h 12h| [3h 12h
Whole Outer Core

Anti-MFSD14A immunostaining

0.04

0.03

0.02

0.01

0.00

3h 12h

3h 12h

3h 12h

Whole

Outer

Core

Mean fluorescent intensity

Mean fluorescent intensity

per cell

Anti-MFSD4A immunostaining

3

Kk

Anti-MFSD14B immunostaining

0.08

3h 12h

3h 12h

Mean fluorescent intensity

3h 12h

Whole

Outer

Core

0.061

o

(=

=
L

0.02

0.00

2
)
c
QL
£
€
©
(8]
(7]
H |‘ o
9]
=
S
c
@©
o]
} f } } } } s
3h 12h| [8h 12h| |83h 12h
Whole Outer Core

per cell

per cell

Anti-MFSD11 immunostaining

0.008
x et
0.006+ F [] peprived
0.004
0.002-
0.000-4—+ T t t T t
3h 12h| 13h 12h| [83h 12h
Whole Outer Core
Anti-UNC93A immunostaining
0.020 1z = I:I Ctrl
0.015 ’_‘ " [] Deprived
0.010 ’—‘
0.005 T
0.000- TS 1 t T
3h 12h| [83h 12h| [3h 12h
Whole Outer Core






OPS/images/fcell-08-00579-g005.jpg
2
’
;
; 4
] .
T age
Y
.

=






OPS/images/fcell-08-00579-g006.jpg
.
.
.
I
.
.
.
El
4 -
.
B
11"
.
4 4
I
.
) " B
v
.
.. 7 b






OPS/images/fcell-08-00579-g003.jpg
3hS

12h S

— 3 hSR

12 h SR

Slc37a3
Slc60a2
Slc16a3
Slc59a2
Slc25a3
Unc93b1
Slc33a2
Slc2a3
Mfsd1
Nrf2
Gsk3b
Mfsd14a
Unc93a
Slc22b4
Slc6a7
Mfsd14b
Slc22b3

Slc22a32
Slc59a1
Slc61a1

Controlvs 3h S

Control vs 3 h SR

Controlvs 12h S

Control vs 12 h SR

Slc37a3

0.0022

0.0087

Slc60a2

0.0357

N/A

Sic16a3

0.0357

Sicb9a2

0.0238

Slc25a3

0.0022

0.0317

0.0159

Unc93b1

0.0050

Slc33a2

0.0159

Slc2a3

Mfsd1

0.0087

Nrf2

0.0043

0.0043

N/A

Gsk3b

0.0022

0.0022

Mfsd14a

0.0347

Unc93a

0.0286

Slc22b4

Sic6a7

0.0304

Mfsd14b

0.0317

Slc22b3

0.0304

0.0119

Gclc

Mfsd11

0.0260

0.0347

Mfsd6

Mfsd8

0.0190

p53

0.0381

Sic22b2

0.0022

0.0087

0.0381

Mfsd9

Mfsd13a

Slc22b1

Gapdh

0.0411

Slc60a1

Slc22a32
Slc59a1

0.0411

Slc61a1

Perk

Rheb






OPS/images/fcell-08-00579-g004.jpg
>

Anti-MFSD1 immunostaining
Glucose starved

[t
[ starved

[CJctd
[] starved

[t
[] starved

Clcti
[ starved

D Ctrl
[ starved

0.08
=
z T T
L 0064
e a1 T It T T
3 il oc
0° 0,04 Jd
D = i
08
S
= 0.02-
c
®
(O]
= 000
S Z 1 3h 12h 3h 12h
Whole Outer Core
C Anti-MFSD4A immunostaining
Glucose starved
> 0008
B
o
£ 0.0061 l
“E:
(D]
(0]
O 2 0.004- e
» O
§Q. . X% *x —-r—
= 0.002- '_l l_| I—‘
- =]
®
: i
= 0.000-+— } ! t
3h 12h 3h 12h 3h 12h
Whole Outer Core
E Anti-MFSD11 immunostaining
Glucose starved
> 0.003
B
(o=
§)
[
== 0002+ ‘
03
5 0.001-
G
[
®
2
0.000
12 h 12 h 12 h
Whole Outer Core
G Anti-MFSD14A immunostaining
Glucose starved
> 0.015 -
= 1
c | I
B
= 1
=__0.0104
o
3 1
S 0.005- 1
G
C *%
: [ fFr O [
0.0004— . . .
3h  12h 3h 12h 3h 12h
Whole Outer Core
| Anti-MFSD14B immunostaining
Glucose starved
0.04
>
B
o
£ 0.03- T
58 =
0° 0.02-
3] 1
S
P ﬁl‘ ﬂ“
c
[4v}
(0]
= o004 . .
3h 12h 3h 12h 3h 12h
Whole Outer Core
K Anti-UNC93A immunostaing
Glucose starved
> 0.05 =]
& 0041
£
= 0.03-
08 0.02-
@]
3
G
c  0.011 H-l ""l i
®
g |
=R | . .
3h 12h 3h 12h 3h 12h
Whole Outer Core

[t
[] starved

B Anti-MFSD1 immunostaining
Glucose starved and refed
= 0.05
B
S 0.04-
E T TT 17 T
E@ 0.034 L 145 1l
32 0o
S
= 001
(4]
()
= 000
3h 12h 3h 12h 3h 12h
Whole Outer Core
D Anti-MFSD4A immunostaining
Glucose starved and refed
> 0.008

1

[t

[] starved+Refed

[t

[C] starved+Refed

D Ctrl

[ Starved+Refed

."%
c
(0]
S 0.0061
‘E:
03
7 0.0041
oa
O
=)
= 0.002-
c
®
(O]
= 0.000 . !
3h 3h 3h
Whole Outer Core
F Anti-MFSD11 immunostaining
Glucose starved and refed
.. 0008
:"(%
T L T
< 0.006- " S
3! ; 0.004
Ry
(@]
=)
= 0.002-
c 'ﬁlj\
0.000 . .
3h 12h 3h  12h 3h  12h
Whole Outer Core
H Anti-MFSD14A immunostaining
Glucose starved and refed
.. 0030
2 0.025- 9
9
-E 0.020
C=
()]
f © 00154
@8 0.015%
(@] =
S 0.010
= ek K
& 0005 |_I
g o - [
= =] A
0.000 4+ . ——— . .
3h  12h 3h 12h 3h  12h
Whole Outer Core
J Anti-MFSD14B immunostaining

Glucose starved and refed

[Jctn

[ starved+Refed

[t

[ starved+Refed

[ ctr

[] Starved+Refed

0.06
>
s X
9 T
= 0041
o
g8
g
S 0.02 "“I m |xl
= ﬁ‘]
©
(0]
E 000 1 1 1 1
3h 12h 3h 12h 3h 12h
Whole Outer Core
L Anti-UNC93A immunostaining
Glucose starved and refed
0.020
2>
(0]
2 0015 I
< T
o~
o8 I l
o2 0.010 T
02
(@]
=}
= 0.0051
c
©
(O]
= 0.000 | !
3h 12h 3h 12h 3h 12h
Whole Outer Core





OPS/images/fcell-08-00579-g001.jpg
UNC93B G"92<9

MFSD11

= ll-n C63A3
Imspin spNSa

18!

dm
dmCG4 7%(7;8249 = &
i

&g@

4630

0.6

5

SLC22B

)

’l;\gag
RS
o

e

9

b
28

U

'| 0.
o

SLC

fs

arTG
We,
Q.

SLC22B

am,
dm¢c
Jor
dmc,

9 %90"

dmCG70g49mBalat

dmCG559

zvzu :

W3

AR
g

N
W
&

92
198"

oG8yl





OPS/images/fcell-08-00579-g002.jpg
Mfsd1
Slc59a1
Sic59a2
Slc33a2
Slc60a1
Sic60a2
Sic61at

Mfsd6

Mfsd6l
Sic49a3
Mfsd8
Mfsd9
Slc22a32
Mfsd11
Mfsd12
Mfsd13a
Mfsd13b
Mfsd14a

Mrsd14b||

Unc93a
Unc93b1
Slc63a1
Sic63a2
Slc63a3
Slc22b1
Slc22b2
Sic22b3
Slc22b4
Sic22b5

Amino acids Whole body energy  Carbohydrates

TATA-box CCAAT-box GC-box| Atf4 Cebpa Cebpb |Creb1 E2f1 FoxO1 | Mix Mixip Mixipl
I N I |
I N N . ]

Number of binding sites

o
| 1-2
34
[s5-6
C_17-8
910
=11






OPS/images/cross.jpg
3,

i





OPS/images/fcell-08-00579-g009.jpg





OPS/images/fcell-08-00579-g010.jpg
2.5:10

10:10

2.5:2.5

Cin7
Gapdh2
CG18549
InR

llp5
CG12194
mrva
AKhR
Akh
Gapdh1
rtet

llp6

Jef

CG115637
CG4928

B
10:10 vs 2.5:2.5 | 10:10 vs 2.5:10 | 10:10 vs 40:10
Cin7 0.0159
Gapdh2 0.0159
CG18549 0.0317 0.0079 0.0317
InR 0.0159
lIp5 0.0079
CG12194 0.0159
mrva 0.0159
AkhR
Akh
Gapdh1 0.0317 0.0317
rtet
llp6 0.0317
jef
CG11537 0.0159
CG4928 0.0079






OPS/images/fcell-08-00579-g011.jpg
A Tabulated summary of mMRNA and protein regulation of putative SLCs in
M. musculus and D. melanogaster
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B Tabulated summary of mMRNA and protein regulation of metabolic and stress markers
in M. musculus and D. melanogaster
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Dmmrva
Dmrtet
dmActin42A
dmRp49
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dmRpl13A

Forward

Gacctctgtaaggatctg
Catgccctggatcatcttct
Cgtccaggtggaacaaagtt
Acaggaaatgcagctctect
Gcaaggcttctggeatca
Ctgcagcgggactttatcte
Tottgggtgtcatacaage
Caactcaccagattccta
Attctaatactgccattca
Tggtgtcttgttcagagt
Cctgtctgtggaaatggt
Tgtggagtatgcctcact
Ctgtgcctgtgectttatga
Gettcttcttatacctcagaca
Ctgaaaactactcactgcca
Tccactggtactgacaatct
Cacactcctgggcatcctat
Tgtcetgtgtgtectgette
Tgaatgtggaaaggggagag
Gttacagcagggggtttcaa
Tegccagagegtttatttet
Gectteegtgttectace
Geaccatcacttcattccce
Ttctccgacegtgtgtgtaa
Acatggagcaagtttggcag
Aaacgcttcgagatgttccg
Ctgattggaaggtcatggeg
Gatggagcagcttcacaagg
Atgaagtccctggteccttg
Cgtccacgaatccagtacct
Acggctggtttcataacaagg
Gaagatggcgttcgtggttt
Cccagcecccacagttaagta

Ccttcttgggtatggaatcctgtg

Agtgctectcttctacag
Tttgggaaggtgaaagaagg
Ccttgtgggtctgtttga
Aatcgccaatgccaactc
Tagtgctgtgttaattac
Aggagcgactttgatgag
Cggattcgttattgccta
Gacatctggggccgaaagttt
Ctttcctttegtggcetettg
Tgttcgtctttacggceattce
Gctegetttgaaaccaaaag
Gccaaaactatcgtacaa
Ctagccaaaactatcgta
Gaggcaccttgggcctattc
Gtccaaagtcctgetagtect
Caagccgttegtecate
Tggcaacaacaagtctgctc
Cactcgttcgcagaaattga
Tgcagttgctcaatttttcg
Acaacacttccgctcctt

tgt
9

Ccatcggtatctatggtctgga

Cacaccaaatcttac

tcaacaaaatcatcaaatcctac

Reverse

Tgctataatacaaaggaaagg
Gtgagcegctgagtagggaac
Acaaaggccacaacataggc
Ctcaccaaggccatgatgtg
Gtaacaggacatttgttcctect
Ctgtaccccaggccaactta
Ggtctagcacaggtgtce
Cctacttactccttcacaa
Ttctaatactgccattca
Tgtgtaagcaaatctccta
Cagtgtctctggcaagaa
Ttcagaaagtcattcccaga
Cgtaggaggcgaagactgac
Atgccaaggactgctatg
Gtgcaggaagcgaacagg
Aggaggaagccacaagaa
Tgctccatccacaggtatga
Caggaagccaaaggcagtag
Getgcaaataacgtgagcaa
Aaaatctgecttgtgetget
Ctatgggcagaaagcaggag
Gcectgcttcaccaccttc
Cgatgccggatgtttcttgt
Aagtctttcgcacggcaatt
Tggagaggatgctgctgaaa
Gtagactggccecttettggt
Ttegtctcccaaggcttett
Acccctgacccaaatgacat
Agagccttccaacctcagac
Gceactggagaacctggtage
Ccaatggcactggagaactt
Gggcaatgtcagcgaagaat
Catgcgacagaggcttcatc
Cagcactgtgttggcatagagg
Tatctccgtggtaagtge
Acagaaggaatggtttgatgg
Cagttggatgtccttggg
Ggaatggacagtcacagg
Ttcattctgagttctatg
Tcecgtagcagtagatgaa
Agtacagccagcagcagaatg
Aagaaccaccacgtattgatgg
Cacattccttccgaccttgt
Gtgtagcectcacccttgaa
Ggtacgcacttgttgaggt
Gctttgegtaattatgge
Tagctttgegtaattatg
Catgtggtgagattcggaget
Tetgttcgtattcegtgggtg
Tcattccaaagtcaggaa
Caacaagctctgecattca
Cactgaccagttggatgtgg
Aacaaacgtgtccgagaacc
Gaacacaatatggtttgcttatgc
Aatccggccttgcacatg
Catcgtatttctgctggaacca
Catctgaacgtatgtaattctg

Housekeeping genes are marked in red and they housekeeping genes that were
used for normalization in bold.





