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1. Abstract 
 

MAGED2 mutations cause a severe but transient form of antenatal Bartter syndrome, known as transient 

Bartter syndrome (tBS or Bartter type 5). This condition is characterized by significant renal salt wasting 

in affected fetuses and newborns, resulting in pronounced fetal urine production and excessive amounts of 

amniotic fluid leading to preterm birth, as well as increased perinatal mortality. Remarkably, all these 

symptoms resolve spontaneously starting at 30 weeks of gestational age. Given the physical interaction 

between Gαs and MAGED2, as well as the role of Gαs in activating the membrane-bound adenylyl cyclase, 

which subsequently generates cAMP and promotes renal salt reabsorption via protein kinase A (PKA), the 

impact of MAGED2 for the function of Gαs was investigated. These investigations were conducted under 

both normoxic and hypoxic conditions, considering that spontaneous recovery occurs alongside the 

developmental increase of renal oxygenation. In contrast to normoxia, physical and chemical hypoxia 

induced internalization of Gαs upon MAGED2 depletion in renal and cancer cell lines. This internalization 

was accompanied by a significant reduction in cAMP generation and PKA activity. Importantly, hypoxic 

internalization of Gαs was shown to require dynamin and was completely reversible upon re-oxygenation. 

The process was shown to be mediated by the ubiquitin E3 ligase MDM2, which ubiquitinates Gαs, 

resulting in its endocytosis. The latter was abrogated by mutating critical lysine-residues (ubiquitin receptor 

sites) of Gαs, by MDM2 inhibitors or knockdown of MDM2, respectively. Hence, MAGED2 is crucial 

under hypoxia to regulate Gαs endocytosis by blocking its MDM2-dependent ubiquitination, thereby 

maintaining proper induction of the cAMP/ PKA pathway. Reduced cAMP/ PKA activation upon 

MAGED2 depletion impaired HIF-1α induction. Notably, forskolin, a cAMP/ PKA activator acting 

downstream of Gαs rescued HIF-1α expression, highlighting the essential role of MAGED2 in Gαs 

functioning under hypoxic condition. Additionally, forskolin treatment increased the abundance of 

MAGED2 at both mRNA and protein levels. Interestingly, PKA type II specifically regulates the expression 

of HIF-1α and the latter reciprocally increases PKA activity under hypoxia and promotes MAGED2 

expression. Finally, MAGED-2 was identified as inhibitor of autophagy under various stress conditions. 

Induction of autophagy by depleting Gαs and its reversal by forskolin demonstrate the inhibitory role of the 

cAMP/ PKA pathway governed by MAGED2. In contrast to other MAGE family members, such as 

MAGEA3/A6 whose absence initiates autophagy, MAGED-2 specifically blocks autophagy under stress 

conditions. Given that autophagy (at least under hypoxia) is induced upon Gαs depletion and inhibited by 

the cAMP/ PKA activator forskolin, the context-dependent regulation of Gαs by MAGED2 could be the 

underlying molecular switch of autophagy induction. 
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2. Zusammenfassung 
 

Das transiente Bartter-Syndrom (tBS) ist die schwerste Form des renalen Salzverlustes, der sich bei den 
betroffenen Föten durch massives Polyhydramnion, Frühgeburtlichkeit und eine erhöhte perinatale 
Sterblichkeit bemerkbar macht. Bemerkenswert ist, dass sich alle Symptome spontan zurückbilden. tBS 
wird durch Mutationen in MAGED2 verursacht, das für das Melanom-assoziierte Antigen D2 kodiert. 
Angesichts der Interaktion zwischen Gαs und MAGED2 und der Rolle von Gαs bei der Aktivierung der 
membrangebundenen Adenylatzyklase, die anschließend cAMP erzeugt und die renale Salzrückresorption 
über Proteinkinase A (PKA)-abhängige Phosphorylierung von Salztransportern fördert, wurde die Rolle 
von MAGED2 für die Funktion von Gαs untersucht. Da die spontane Erholung mit dem 
entwicklungsbedingten Anstieg der Sauerstoffversorgung der Nieren einhergeht, wurden diese Studien 
unter normoxischen und hypoxischen Bedingungen durchgeführt. Im Gegensatz zu Normoxie verursachte 
physikalische und chemische Hypoxie bei Knockdown von MAGED2 in Nieren- und Krebszelllinien eine 
Internalisierung von Gαs, die mit einer signifikanten Verringerung der cAMP-Bildung und der PKA-
Aktivität einherging. Die Internalisierung von Gαs erforderte Dynamin und war durch erneute 
Sauerstoffzufuhr vollständig reversibel. Die Endozytose von Gαs erforderte die Ubiquitinierung durch die 
Ubiquitin-E3-Ligase MDM2, wie durch die Aufhebung der Wirkung der MAGED2-Depletion auf die 
Endozytose von Gαs 1) durch Mutation kritischer Lysinreste (Ubiquitin-Rezeptorstellen) von Gαs, 2) 
MDM2-Inhibitoren und 3) MDM2-Depletion gezeigt wurde. Daher ist MAGED2 unter Hypoxie 
entscheidend für die Regulierung der Gαs-Endozytose, indem es seine MDM2-abhängige Ubiquitinierung 
blockiert. Die gestörte HIF-1α-Induktion bei Abwesenheit von MAGED2 konnte durch Forskolin, das 
downstream von Gαs wirkt, wiederhergestellt werden, was die wesentliche Rolle von MAGED2 für die 
Funktion von Gαs unter hypoxischen Bedingungen unterstreicht. Ferner erhöhte Forskolin die Expression 
von MAGED2 auf mRNA- und Protein-Ebene. Interessanterweise reguliert PKA Typ II spezifisch die 
Expression von HIF-1α, und letzteres erhöht unter Hypoxie wechselseitig die PKA-Aktivität und fördert 
die MAGED2-Expression. Schließlich wurde gezeigt, dass MAGED2 auch unter einer Reihe von 
Stressbedingungen erforderlich ist, um Autophagie zu hemmen. Die Induktion der Autophagie durch Gαs-
Knockdown und ihre Umkehrung durch Forskolin zeigen die hemmende Rolle des von MAGED2 
gesteuerten cAMP/ PKA-Signalwegs. Analog zur kontextabhängigen Funktion von MAGED2 in Bezug auf 
die Endozytose von Gαs nur unter Hypoxie zeigt sich auch in Bezug auf die Autophagie, dass MAGED2 
nur unter Stressbedingungen benötigt wird, im Gegensatz zu den bisher bekannten Mitgliedern der MAGE-
Familie MAGEA3/A6, deren Verlust bereits in ungestressten Zellen Autophagie induziert. Da die Induktion 
der Autophagie auch durch Hypoxie und Depletition von Gαs induziert und durch den cAMP/ PKA-
Aktivator Forskolin gehemmt wird, könnte die kontextabhängige Regulation von Gαs durch MAGED2 der 
zugrunde liegender molekularer Schalter sein, der nur unter Stressbedingungen aktiviert wird. 
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3. Introduction 
 

3.1. Transient antenatal Bartter´s syndrome 
 

The kidneys, located along the posterior abdominal wall of the retroperitoneum, are vital organs 

that play essential roles in excretion of water-soluble waste products, maintenance of body fluids 

and electrolyte composition, acid-base balance, blood pressure regulation and production of 

hormones. The nephrons, approximately 1 million per kidney, constitute the functional units, each 

consisting of the renal corpuscle (including the glomerulus and Bowman's capsule) generating the 

ultrafiltrate and the renal tubule, which processes the ultrafiltrate. The renal tubule is divided into 

distinct sections with specific roles in reabsorption and secretion. These sections include the 

proximal tubule, the loop of Henle (comprising a thin descending limb, a hairpin turn, which 

ascends through the thin ascending limb into the thick ascending limb (TAL)), the distal 

convoluted tubule (DCT), and the collecting duct. Kidney diseases encompass a broad spectrum 

of conditions that can impair the normal functioning of these vital organs. One notable tubular 

condition is Bartter´s syndrome (BS), a rare genetic disorder, characterized by severe hypokalemia 

and metabolic alkalosis. Of note, patients have low to normal arterial blood pressure despite their 

hyperreninemic hyperaldosteronism [1, 2]. This syndrome is caused by mutations in genes coding 

for ion transporters and/ or regulatory subunits in TAL and/ or DCT, which impair renal electrolyte 

reabsorption. Mutations in SLC12A1 encoding for the luminal, furosemide-sensitive Na+- K+ - 2Cl- 

co-transporter NKCC2 cause BS1 (type 1) [3], while mutations in KCNJ1 encoding for the luminal 

K+ channel ROMK cause BS2 [4]. BS3 is caused by mutations in CLCNKB encoding for the 

basolateral Cl- channel [5, 6]. BS4a combined with sensorineural deafness, results from loss of 

function mutations in BSND, the regulatory β subunit of chloride channels, Barttin [7, 8] while 

simultaneous mutations in both CLCNKA and CLCNKB encoding for the basolateral Cl- channels 

lead to BS4b [9, 10]. Apart from BS3, the three other types of BS have a prenatal onset. A recently 

identified X-linked recessive form (“tBS5”) caused by mutations in MAGED2 (Melanoma-

Associated Antigen D2) [11] leads to intracellular retention of both the furosemide-sensitive Na+- 

K+ -2Cl- co-transporter NKCC2 and its close homologue the thiazide-sensitive Na+- Cl- co-

transporter NCC. Impairment of both salt-transport proteins explains the severe polyuria as it 
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corresponds to simultaneous inhibition of salt-transport with the diuretics furosemide and thiazide 

(so called “sequential nephron blockade”). 

MAGED2 mutations primarily affect males as the gene is located in Xp11.2, a region characterized 

as a hot spot for mental retardation. Intriguingly, tBS5 was also detected in 2 girls from the French 

cohort due to skewed X-inactivation. To date, 26 different MAGED2 mutations have been 

described [12], all of which cause polyhydramnios or Bartter syndrome. Of these, 19 functional 

knockouts comprising 2 entire gene deletion and 17 splice site, frameshift and nonsense mutations 

which result in premature termination codons (PTC) and potentially trigger a process known as 

nonsense-mediated decay (NMD). NMD serves as an important RNA quality control mechanism 

that removes PTC-containing mRNA transcripts, ensuring integrity and quality of the entire 

transcriptome [13]. The other seven mutations consist of three in frame deletions and four missense 

mutations, which ultimately reduce the stability of the protein. 

Compared to BS1-4, tBS completely resolves over time despite its marked polyuria and fetal 

macrosomia [2]. Because MAGED2 is constitutively expressed in the distal tubule from early fetal 

development into adulthood [14], it does not explain the spontaneous recovery from transient 

Bartter´s syndrome. Resolution of symptoms implies the involvement of external factors causing 

the termination of polyuria. In this research project, I studied the potential effects of hypoxia, a 

condition to which the fetal kidneys are subjected until the 30th week of gestation and which is 

essential for normal kidney nephrogenesis. This investigation is the result of the hypothesis that 

changes in the cellular microenvironment may be influenced by hypoxia, especially in cases of 

tBS, where the onset of spontaneous recovery coincides temporally with the cessation of hypoxia. 

 

3.2. Structure and biological functions of MAGED2 
 

MAGED2 is a member of the Melanoma associated antigen (MAGE) gene family, which is 

conserved across eukaryotes (~ 40 genes). This family is subdivided into two groups according to 

their tissue distribution [15]. Type I MAGEs (MAGEs A-C), also defined as cancer-testis antigens, 

are primarily expressed in the testis. Type II MAGEs (MAGEs D-G) are ubiquitously expressed 

[16]. MAGED2 encodes 11 exons in contrast to the majority of other family members containing 

one exon. This indicates MAGED2 to be the ancestral gene [17-19], from which the other members 
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were derived as “retrogenes”. At the structural level, all members of the MAGE-family share a 

common feature known as MAGE homology domain (MHD) which spans a stretch of ~200 amino 

acids [20]. The dynamic flexibility of the MHD provides unique binding preferences and enables 

MAGE proteins to exert their functions through binding to specific E3 ligases (both RING and 

HECT type ligases). These E3 ligases form a diverse group of over 700 proteins acting as scaffolds 

to facilitate ubiquitin transfer to client proteins, thereby modulating ubiquitination and deciding 

their fate [21, 22]. Ubiquitination is a posttranslational modification that involves the transfer of a 

highly conserved ubiquitously expressed protein hence called Ubiquitin (75 amino acids) in a 

multistep ATP-dependent manner to specific lysine-residues on target proteins in single or multi 

ubiquitin chains. This process requires three enzymes: an ubiquitin-activating enzyme (E1), an 

ubiquitin conjugating enzyme (E2) and an ubiquitin ligase (E3). Ubiquitination regulates, among 

other functions, endocytic removal of plasma membrane protein, trafficking, sorting or ubiquitin-

dependent degradation. Ubiquitin itself contains seven lysine residues (K6, K11, K27, K29, K33, 

K48, K63), each capable of forming isopeptide bonds with the COOH terminus of other ubiquitin 

molecules [23] As a result, various chains with different combinations of ubiquitin linkages can be 

formed, leading to diverse functional outcomes. For instance, K48-linked chains result in the 

proteasomal degradation of target proteins, while substrates conjugated with K63 chains are 

subjected to nonproteasomal processes. 

The MAGE family is engaged in diverse cellular functions and contribute to maintain normal 

physiology. Besides its role in ubiquitination regulation, numerous MAGE proteins have been 

implicated in transcriptional regulation, either through direct binding to the transcription factors 

or indirectly through regulating their cognate E3 ligases [24]. For example, MAGE-A3/6 and 

MAGE-C2 serve as specific regulators of the functional activity of TRIM28 in the context of 

transcriptional regulation, autophagy, apoptosis, and cell metabolism, thereby promoting cell 

growth and tumor survival [25-28]. Under genotoxic and nutritional stress, MAGE-A proteins are 

indispensable to maintain spermatogenesis [29]. Analogously, MAGE-B2/-b4 impede the 

formation of stress granule and enhance cellular stress tolerance, providing a growth advantage to 

cancer cells and heat tolerance to male germ cells [30]. Furthermore, MAGE-G1 is essential to 

preserve genome stability, insofar as missense mutations in MAGE-G1 are associated with lung 

disease immunodeficiency and chromosome breakage syndrome [31]. MAGE-L2 regulates 

endosomal protein trafficking and its variations contribute to the neurodevelopmental disorder 
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[32]. MAGE-D1 is required for orchestrating apoptosis during embryonic development and 

neurogenesis [33]. Lastly, MAGE-F1 emerges as a key player in regulating the cytosolic iron-

sulfur (Fe-S) assembly (CIA) pathway [34]. 

MAGED2 localizes to the cytoplasm, nucleoplasm, and nucleoli, which changes throughout the 

cell cycle and in response to cellular stress [35]. Under conditions of genotoxic or nucleolar stress, 

MAGED2 is translocated from nucleoli to the nucleoplasm as a result of destabilization of the 

nucleoli. This exclusion process is dependent on the phosphorylation activity of mitogen-activated 

protein kinases (MAPKs) and indicates a potential role of MAGED2 in the regulation of cell cycle 

[35], similar to MAGED1, which was earlier reported to regulate cell cycle and proliferation [20, 

36]. Additionally, DNA lesions following camptothecin treatment in MAGED2 depleted U2OS 

cells revealed its role in the DNA damage response (DDR). ATM (Ataxia-telangiectasia mutated) 

and ATR (ATM-and Rad3-Related) kinases are the key upstream transducers of the DDR cascade. 

These kinases transmit signals to mediators and effectors that govern various cellular processes 

including cell cycle arrest, DNA repair, regulation of transcription factors, and initiation of 

apoptosis. MAGED2 modulates phosphorylation of specific downstream targets of these kinases, 

and plays a crucial role in regulating the levels of two major cyclin-dependent kinase inhibitors 

p21 and p27, which are essential for facilitating cell cycle arrest [37]. These roles provide valuable 

insights into the significance of MAGED2 in maintaining genome stability. 

Moreover, MAGED2 protein is upregulated in colorectal cancer and correlates positively with the 

occurrence of metastasis in the liver [38]. It was suggested to be a potential biomarker for assessing 

the malignant characteristics of gastric cancer (GC), both in gastric tissues and serum samples 

[39]. MAGED2 was further reported to be upregulated following a mineral dust-induced gene 

(mdig)-knockout in triple-negative breast cancer TNBC MDA-MB-231 cells. The acquisition of 

the metastatic potential and the epithelial-mesenchymal transition (EMT) characteristics of the 

cancer cells is suggested to occur due to increased enrichment of histone H3 lysine 36 

trimethylation (H3K36me3) on the genome and specific genes, including MAGED2. Importantly, 

depletion of MAGED2 through siRNA silencing resulted in a reduction of the invasive potential 

of the mdig-KO cells, indicating that MAGED2 might be a positive regulator for the invasive 

migration, motility, or metastatic capabilities of the mdig-KO cells [40]. 
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MAGED2 was found to interact physically with p53, the known regulator of apoptosis or cell cycle 

arrest, and impair its transcriptional activity in human cancer cells [41]. The p53 protein is 

classified as a tumor suppressor, characterized by its possession of domains responsible for 

transcriptional activation, DNA binding, and oligomerization. Its role in suppressing tumorigenesis 

is realized through the initiation of a diverse array of effector pathways [42]. In response to diverse 

cellular stressors, including DNA damage, oxidative stress, and aberrant oncogenic signaling, p53 

undergoes activation. This activation transforms p53 into a transcription factor, instigating a series 

of events that encompass DNA repair, cell cycle arrest, programmed cell death, and cellular 

senescence [43]. MAGED2 interaction with p53 is cell-specific and dependent on the cellular 

microenvironment [41]. Additionally, MAGED2 negatively regulates the expression of tumor 

necrosis factor-related apoptosis-inducing ligand (TRAIL), thereby protecting melanoma cells 

from TRAIL-induced apoptosis [44].  

 

3.3. G-alpha-S 
 

Heterotrimeric guanine-nucleotide-binding regulatory proteins (G-proteins) are essential 

mediators of communication between external stimuli and intracellular responses. They primarily 

convey the signals from G-protein-coupled receptors (GPCRs) activated by diverse ligands, 

thereby acting as versatile molecular switches to regulate a variety of cellular activities, including 

neurotransmission, hormone signaling, cell proliferation and immunological responses [46-48]. G-

proteins comprise 3 subunits: α, β and γ. Gα subunit consists of two domains: a Ras-like GTPase 

domain (RasD) and an α-helical domain (AHD). In between lies a deep cleft where GDP or GTP 

tightly binds, representing inactive / active states, respectively, based on the ligand binding to the 

receptor (antagonists, inverse agonists, or agonists) [49]. There are 4 types of Gα subunits: Gαs 

(stimulating adenylate kinase), Gαi (inhibiting adenylate kinase), Gαq, and Gα12 according to the 

sequence and functional similarities. The Gαs family has 2 members; Gαs, which is expressed in 

most cells and Gαolf, which is specific for the olfactory sensory neurons. Both β and γ are closely 

associated as one functional dimer Gβγ [50]. The crystal structure of Gβγ demonstrates that Gβ 

folds into 7 blades of β-propeller, where each blade consists of four-stranded β-sheets. The α-

helical segment in the N-terminal of Gβ establish a tight coiled-coil interaction with the α-helical 
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segment in the N-terminal of Gγ subunit while the C-terminal Gγ α helix interacts with the face of 

Gβ subunit propeller. Upon agonist binding, GPCRs acts as (GEF) guanine nucleotide exchange 

factors accelerating the release of the bound guanosine diphosphate (GDP) from Gα and its 

replacement by guanosine triphosphate (GTP) in a process defined as switch [51, 52]. This 

conformational change leads to Gα dissociation from Gβγ, and initiates the downstream signals. 

Both the α subunit and the βγ dimer can independently interact with various effector molecules, 

such as adenylyl cyclases, ion channels, or phospholipases, thereby initiating downstream 

signaling pathways. The signaling of Gα is terminated by the intrinsic Gα-GTPase activity which 

hydrolyzes the bound GTP to GDP. Interestingly, GDP re-association also ends the signaling of 

Gβγ. The well-established function of Gαs, our main focus, is to stimulate the membrane-bound 

adenylyl cyclases to convert ATP into cAMP, which results in activation of protein kinase A (PKA), 

EPAC (a GEF for Rap small GTP-binding proteins), and cyclic nucleotide-gated channels [53]. In 

contrast, Gαi inhibits specific isotypes of adenylyl cyclases, while the Gαq family on the other 

hand activates the β-isoforms of phospholipase C (β1–4) [54]. 

Previous studies have revealed the importance of Gαs in promoting salt reabsorption. Specifically, 

heterozygous loss of Gαs reduced the expression of NKCC2 total protein by 50 % [55]. 

Conversely, activation of the cAMP/ PKA pathway was observed to promote the cell-surface 

expression of NKCC2 [56] and enhance the activity of NCC [57]. The severity of symptoms 

associated with tBS and its spontaneous resolution paralleled by a developmental increase of renal 

oxygenation could point to impaired Gαs signaling under hypoxic stress as a consequence of 

MAGED2 mutations. In support of a potentially protective role of MAGED2 against hypoxic 

stress, recent studies demonstrated that the MAGE family protects against diverse forms of stress 

(radiation, genotoxic, and nutritional stress) [15]. Concurring with this notion, the expression of 

MAGED2 is upregulated in murine kidneys in response to AKI caused by an overdose of folic acid 

[58]. 

 

3.4. Hypoxic induction of HIF-1α  
 

Hypoxia-inducible factor 1 (HIF-1) is a transcription factor which has critical roles in the cellular 

responses to hypoxia, as well as in a variety of physiological and pathological circumstances 
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(myocardial and cerebral ischemia, and tumor angiogenesis) [59]. It consists of a constitutively 

expressed HIF-1β and an oxygen-regulated HIF-1α subunit [60]. Under normoxic conditions, HIF-

1α is hydroxylated by prolyl hydroxylases (PHDs), resulting in its recognition by the von Hippel-

Lindau tumor suppressor protein (pVHL), an E3 ubiquitin-ligase subunit, which targets HIF-1α 

for proteasomal degradation [61]. Under hypoxic conditions, PHDs are inactivated [62] leading to 

HIF-1α stabilization and translocation along with HIF-1β into the nucleus. The dimer binds to 

specific DNA sequences, defined as hypoxia response elements (HREs), located in the promoters 

of genes responsible for orchestrating adaptive responses to oxygen deprivation; the vascular 

endothelial growth factor (VEGF) which promotes vasculogenesis [63] and erythropoietin (EPO) 

which stimulates red-cell production. Moreover, under hypoxic condition, HIF-1α modulates 

metabolism by targeting glucose transporters (GLUT1, GLUT3) and glycolytic enzymes, which 

elicits a switch from oxidative to glycolytic metabolism. Additionally, HIF-1α upregulates the 

expression of pyruvate dehydrogenase kinase 1 (PDK1) to suppress the mitochondrial oxidative 

metabolism [64]. During gestation, HIF-1α is of great importance considering the potential 

exacerbation of fetal hypoxia caused by a variety of internal (maternal anemia, placental 

insufficiency, umbilical cord pre-eclampsia, cardiac and pulmonary disease) and external factors 

(smoking, environmental pollutants, and living at high altitude ~140 million people worldwide). 

In this study, the potential role of MAGED2 on HIF-1α induction was investigated based on the 

finding of PKA-dependent phosphorylation which stabilizes HIF-1α [65]. 

 

3.5. Stress-induced autophagy 
 

Autophagy is a lysosome-based highly conserved catabolic process to ensure cellular homeostasis 

by efficient recycling of cellular components. The term "autophagy" originates from the Greek 

words αὐτό (self) and φαγος (devouring). It is a fundamental process to eliminate damaged 

organelles, protein aggregates, and pathogens, thus serving as the major stress-induced quality 

control machinery [66]. This role is in tandem with the ubiquitin–proteasome system (UPS), which 

is in charge of small, short-lived proteins [67]. Autophagy enables cells to adapt to metabolic 

stresses, and facilitates renovation during development and cellular differentiation [68]. 

Dysregulation of autophagy is linked to various diseases including neurodegeneration and 

cardiovascular disorders, infectious diseases, immune response malfunction and aging [69-73].  
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The molecular mechanisms of autophagy have been comprehensively studied and involve a series 

of tightly controlled steps. The core machinery is driven by ATGs (autophagy related genes) and 

the induction is initiated by Atg1 complex (mammalian complex ULK) [74, 75]. The mechanistic 

target of rapamycin complex 1 (mTORC1), which senses nutrients and cellular stress, is an 

upstream negative regulator of this complex [76]. Upon numerous cellular stresses, ULK1 is 

activated, resulting in the phosphorylation of multiple downstream factors, thereby triggering the 

autophagy cascade. Proteins and lipids are then recruited to the phagophore formation site (PAS) 

through the activation of a phosphatidylinositol 3-kinase (PtdIns3K) complex which consists of 

the lipid kinase Vps34 together with the regulator proteins Beclin-1, Vps15, and Atg14 [77]. 

Membranes emerging at PAS expand by receiving a supply from the ER or circulating vesicles. 

Most of the intracellular organelles, including the ER, Golgi, endosomes, mitochondria and the 

plasma membrane have been reported to contribute to the formation of autophagosomes [78-82]. 

Two ubiquitin-like (Ubl) conjugation systems, Atg8 and Atg12, play essential roles in vesicle 

expansion and completion. Atg8 becomes conjugated to the lipid phosphatidylethanolamine (PE), 

while Atg12 forms a complex with Atg5. When the autophagosome is completed and sealed, it 

fuses with the lysosome to form an autolysosome, where the sequestered cytosolic cargos are 

degraded. In this work, we addressed the potential effects of MAGED2 depletion on stress-induced 

autophagy, considering the general role of the MAGE-protein family in protection against 

numerous stress conditions [15]. For instance, impaired spermatogenesis in response to nutritional 

or genotoxic stress was reported in MAGE-A2/A6/A8 knockout (KO) mice [29]. Furthermore, 2 

members of the family, namely MAGEA3 and MAGEA6, inhibit autophagy. Their expression is 

confined to germline cells but they are reactivated in tumor cells following demethylation of the 

promoter. They are essential for the viability of cancer cells by triggering proteasomal degradation 

of AMPK via the E3 ubiquitin ligases TRIM28. The latter blocks AMPK-dependent autophagy, 

enhancing proliferation downstream of mTORC1, and promoting tumorigenicity [83]. The effects 

of MAGED2 depletion on the induction of autophagy were analyzed in vitro using 3 different cell 

lines exposed to a number of stress conditions; physical hypoxia, oxidative stress, ER stress 

(brefeldin A and tunicamycin), genotoxic stress and nutritional stress. 
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4. Results 
 

4.1. MAGED2 is required for Gαs localization at the plasma membrane under 
hypoxic conditions 

 

Immunocytochemistry was used to monitor the distribution of endogenous and transiently 

expressed Gαs (the stimulatory subunit of G-protein), in control and MAGED2 depleted HeLa and 

HEK293 cells. Under normoxia, MAGED2 depletion had no effect on the localization of Gαs at 

the cell surface. However, when the cells were exposed to physical hypoxia or treated with CoCl2 

(Cobalt chloride, a hypoxia mimetic which inhibits prolyl hydroxylase activity [84]), the depletion 

of MAGED2 resulted in a striking change in the subcellular localization of Gαs. Upon 

reoxygenation for 2 h and treatment with cycloheximide, a protein synthesis inhibitor which is 

used to eliminate the potential involvement of newly synthesized proteins, the colocalization of 

Gαs at the plasma membrane was restored. The specificity of MAGED2´s effect on Gαs trafficking 

was further analyzed by examining the distribution of a prototypical member of GPCRs, the β2-

adrenergic receptor (β2AR), which is well-known to interact physically and functionally with Gαs. 

Immunocytochemistry and biotinylation assays were used to evaluate the cell surface expression 

of endogenous and transiently expressed β2AR. Indeed, MAGED2 depletion did not affect the 

distribution of β2AR under both normoxic and hypoxic conditions as evident by colocalization 

with biotinylated plasma membrane proteins and by immunoblotting against the endogenous 

β2AR which revealed no difference in localization between control and MAGED2 depleted cells 

under the same condition. Of note, the degree of internalized β2AR was significantly higher for 

both control and MAGED2 depleted cells under hypoxia. This observation has already been made 

and explained by the activation of the β2-adrenergic receptor in response to hypoxia [85, 86]. 

 

4.2. MAGED2 depletion promotes endocytosis of Gαs mediated by MDM2-
dependent ubiquitination 

 

The internalization of Gαs under hypoxia may be attributed to endocytosis following MAGED2 

depletion. To investigate this possibility, HeLa cells were treated with dynasore, a small molecule 

acting as GTPase inhibitor of dynamin-mediated endocytosis, which fully blocked the 
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internalization of Gαs. Hence, we hypothesized that the inhibitory effect of MAGED2 on Gαs 

endocytosis could result from inhibition of MDM2 (ubiquitin E3 ligase from the RING family) in 

response to the hypoxic stress [87, 88] given that MAGED2 interacts with both of Gαs [14, 45, 

89] and the ubiquitin E3 ligase MDM2 [90, 91], with the latter known to regulate Gαs [89]. 

Co-immunoprecipitation (Co-IP) experiments were initially conducted to confirm the 

aforementioned interactions and MAGED2 pulled down both Gαs and MDM2. Next, we addressed 

the question regarding the potential increase of MDM2-dependent ubiquitination of Gαs following 

MAGED2 depletion. Indeed, immunoprecipitation (IP) revealed enhanced ubiquitination of Gαs 

in MAGED2 depleted HEK293 cells compared to control cells. In further support of the 

hypothesis, immunocytochemistry demonstrated that MDM2 silencing by siRNA or chemical 

inhibition (using either HLI-373 or Sp-141 [92]), blocked endocytosis of Gαs in MAGED2 

depleted HeLa cells and Gαs colocalized at the biotinylated plasma membrane. Finally, we mutated 

the 5 (out of 13) most exposed lysine residues of Gαs, which are thought to be the acceptor sites 

for ubiquitin based on their accessibility, and substituted them with arginine. Compared to the 

internalization of overexpressed wildtype (WT) Gαs, endocytosis of mutated Gαs, triggered by 

hypoxia upon MAGED2 depletion, was blocked in HeLa cells as judged by immunocytochemistry. 

Notably, cholera toxin, which activates Gαs by directly catalyzing ADP ribosylation of arginine 

201 residue, causing its internalization [95], was used to verify the internalization of our mutated 

Gαs construct to exclude the possibility that mutating the lysine residues locks mutated Gαs 

irreversibly in the membrane. 

 

4.3. Consequences of Gαs internalization on cAMP/ PKA pathway and downstream 
substrates 

 

Upon agonist binding to GPCRs, a conformational change allows the receptor to interact with the 

heterotrimeric G protein, triggering its activation. The Gα subunit dissociates then from the Gβγ 

dimer and, in the case of Gαs, it stimulates the membranous adenylate cyclase, which catalyzes 

the conversion of ATP to cAMP. Gαs internalization and subcellular localization upon MAGED2 

depletion is predicted to impair the cAMP generation. Therefore, cAMP levels and PKA activity 

(downstream of Gαs) were assayed using ELISA and PepTag nonradioactive protein kinase assay, 
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respectively. Under hypoxia, reduced basal levels of cAMP in both HeLa and HEK293 cell lines 

following MAGED2 depletion were observed combined with lower PKA activity. IBMX, a 

phosphodiesterase inhibitor, failed to abrogate the reduction while FSK reversed it implying that 

the observed reduction originates from impaired Gαs signaling and not due to defects in the 

enzymes adenylyl cyclase or phosphodiesterase. 

Considering that the cAMP/ PKA pathway phosphorylates and as a result stabilizes HIF-1α, 

thereby enhancing its transcriptional activity [65, 96], we hypothesized that reduced PKA activity 

following MAGED2 depletion might impair the induction of HIF-1α in response to hypoxia. 

Immunoblots of MAGED2 depleted HeLa and HEK293 cells demonstrated a significant reduction 

of HIF-1α protein abundance compared to control. Since PKA phosphorylation was reported to 

stabilize HIF-1α by suppressing its proteasomal degradation [65], cells were treated with the 

proteasome inhibitor MG132 in order to validate the link between impaired hypoxic induction of 

HIF-1α and decreased PKA activity. Indeed, MG132 neutralized the reduction of HIF-1α protein 

to control levels. Impaired induction of HIF-1α in MAGED2 depleted cells was independently 

verified for its functional importance by quantifying the mRNA level of HIF-1α transcriptional 

target GLUT1, which showed a lower quantity compared to control cells [97]. In further support 

of our hypothesis, Gαs depletion also reduced the hypoxic induction of HIF-1α. 

 

4.4. cAMP/ PKA pathway activation downstream of Gαs reverses the impact of 
MAGED2 depletion on hypoxic HIF-1α induction 

 

To independently determine whether the effect of MAGED2 knockdown on HIF-1α expression is 

mediated by Gαs, hypoxic MAGED2 depleted HeLa and HEK293 cells were treated with two 

activators of cAMP/ PKA pathway. Isoproterenol, a β2AR agonist which operates upstream of 

Gαs, and forskolin acting downstream of Gαs as direct activator of adenylyl cyclase. While 

forskolin significantly reversed the impaired induction of HIF-1α, isoproterenol failed to induce 

HIF-1α expression, thereby confirming that the essential regulation of MAGED2 on HIF-1α 

induction in response to hypoxia is mediated by Gαs. 

Interestingly, forskolin treatment promoted not only the expression of HIF-1α but also that of 

MAGED2. Since the promoter of MAGED2 contains four CREB1 (cAMP responsive element 
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binding protein 1) binding sites [98], FSK treatment and subsequent cAMP/ PKA activation was 

thought to trigger binding of the transcription factor CREB to the corresponding CREB1 sites. 

MAGED2 mRNA levels were quantified by qPCR and confirmed higher gene transcription upon 

FSK treatment. 

The primary cellular mediator of cAMP is protein kinase A (PKA), which is assembled as an 

inactive tetrameric holoenzyme composed of two regulatory (R) and two catalytic (C) subunits. 

The activation of PKA occurs upon cAMP binding to two sites on each of the R subunits, leading 

to holoenzyme dissociation and subsequent activation of the phosphorylation activity of the 

catalytic subunits [99]. There are two distinct types of R subunits, namely RI and RII, and each 

type has two isoforms: RIα, RIβ, RIIα, and RIIβ. Holoenzymes containing either RI or RII subunits 

are referred to as PKA type I or type II, respectively. The key difference between RI and RII lies 

in the inhibitory sequence (IS) which affect the holoenzyme assembly and the activity inhibition. 

RII subunits can be autophosphorylated, whereas RI subunits function as pseudosubstrates [100]. 

We next investigated which PKA isoform was responsible for activating HIF-1α expression using 

two PKA inhibitors. We used (Rp-8-Br-cAMPs), a selective inhibitor for type I which activates 

PKA type II [101] and the non-selective Rp-cAMPs, which inhibits both type I and II. Treatment 

with Rp-8-Br-cAMPs significantly induced HIF-1α expression as evidenced by immunoblotting 

while the unselective Rp-cAMPs slightly lowered it. To further validate our findings, 

immunoblotting against the regulatory subunits RIIα and RIIβ was performed. Both RIIα and RIIβ 

were downregulated under hypoxic Rp-8-Br-cAMPs treatment reflecting higher PKA II activation. 

In line with this notion, MAGED2 silencing in hypoxic HEK293 increased RIIα and RIIβ levels 

confirming the reduction of PKA type II activity. 

 

4.5. HIF-1α enhances MAGED2 expression under hypoxic condition 
 

PKA type II promotes HIF-1α expression and conversely, HIF-1α increases the activity of PKA 

under hypoxic conditions [102]. Moreover, under hypoxia, PKA activation induced by FSK 

treatment augmented both mRNA and protein levels of MAGED2. We evaluated the effect of HIF-

1α depletion under hypoxia on MAGED2 transcriptional and protein levels and observed a 

significant decrease in MAGED2 levels following HIF-1α silencing in HEK293 cells. 



15 
 

4.6. MAGED2 depletion promotes stress-induced autophagy 
 

Based on the established functional roles of MAGE family genes and their reported protective 

effects against stress, together with our recent finding concerning the fundamental role of 

MAGED2 in activating the cAMP/ PKA pathway and its corresponding protection from hypoxic 

stress, we sought to investigate the effect of MAGED2 depletion on autophagy, the major quality 

control stress-induced pathway, responsible for cell homeostasis. 

The autophagic response was primarily investigated in the renal cell line HEK293 by 

immunoblotting against p62/SQSTM1 (a classical selective autophagy receptor), ATGs 

(autophagy related genes) and LC3B (a standard marker for autophagosome). Additionally, 

immunocytochemistry was used to monitor the LC3B puncta, not only in HEK293 but also in 

HeLa and U2OS cells. Unlike HeLa and HEK293, U2OS harbors functional p53. 

Under normoxic condition, MAGED2 depletion had no effect neither on ATG5-ATG12 complex 

levels, which alongside ATG16 are crucial for autophagosome formation, nor on the conversion to 

the lipidated form LC3II. In contrast, physical hypoxia or oxidative stress induced by CoCl2 in 

MAGED2 depleted cells led to a statistically significant increase in ATG5-ATG12 complex, and 

LC3II levels. The autophagy flux was further assayed using p62 and the leupeptin based assay. As 

a protease inhibitor, leupeptin blocks the deterioration of autophagy substrates and allows 

monitoring of LC3B turnover. MAGED2 depletion associated with reduced p62 levels in addition 

to the highest accumulation of LC3II when treated with leupeptin, which confirmed a higher 

induction of the autophagy machinery. 

The quantities of ATG5 and ATG12 mRNA levels were confirmed to be upregulated in MAGED2-

depleted hypoxic HeLa and HEK293 cells by qPCR. Concurringly, immunocytochemistry in all 

three cell lines exposed to hypoxia, revealed a markedly higher accumulation of LC3B puncta in 

MAGED2 depleted cells. 
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4.7. ER stress, genotoxic stress and nutritional stress induce autophagy upon 
MAGED depletion 

 

Both the physical hypoxia and the CoCl2-induced oxidative stress display a common characteristic 

of provoking endoplasmic reticulum stress. This observation may indicate that other ER promoting 

stressors could potentially trigger autophagy significantly upon MAGED2 depletion. We 

investigated numerous stressors, namely; 

- Tunicamycin (Tun), which disturbs the secretory pathway by inhibiting N-linked 

glycosylation of membrane- and secreted proteins 

- Brefeldin A (BFA), which blocks the exit of secretory proteins from the ER by 

disintegrating the Golgi-apparatus [104]. 

-  Camptothecin (CPT), which stabilizes the topoisomerase I cleavage complex [105] and 

induces cellular stress beyond DNA damage. It is known to elevate ER stress in various 

cancer cell lines [106, 107] and promote G2/M phase cell cycle arrest mediated by reactive 

oxygen species (ROS) [108]. 

- 2-Deoxy-D-glucose (2-DG), a glucose analog that triggers nutritional stress by inhibiting 

glycolysis [109, 110], thus reducing cellular ATP levels. As a consequence of its structural 

similarity with mannose, it also interferes with oligosaccharide synthesis causing abnormal 

N-linked glycosylation and hence ER stress [111]. 

All three cell lines treated with the aforementioned stressors exhibited increased autophagy as 

shown by reduced p62 levels, upregulated ATG5-ATG12 conjugate and higher LC3II abundance 

in MAGED2 depleted cells. 

 

4.8. Depletion of Gαs promotes autophagy while forskolin activation of the cAMP/ 
PKA pathway inhibits it 

 

Given that MAGED2 regulates Gαs and, consequently, the cAMP/ PKA pathway, we investigated 

whether Gαs depletion would induce autophagy under hypoxic stress. As expected, reduced levels 

of p62 in conjugation with elevated expression of ATG5-ATG12 complex and LC3II turnover were 

detected upon Gαs depletion similar to MAGED2 knockdown. Interestingly, the induction was 
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abrogated by forskolin which was accompanied by a reduction in LC3B expression and a 

diminished autophagic turnover as evident by immunoblotting and immunocytochemistry. 

 

 

 

 

Figure.1 A model illustrates MAGED2 roles under hypoxic stress (generated using BioRender.com.) 

MAGED2 is essential under hypoxia to inhibit endocytosis of Gαs mediated by MDM2. This inhibition secures cAMP 

generation and subsequent PKA activation. PKA II stabilizes HIF-1α by inhibiting its proteasomal degradation, the 

latter reciprocally augments the transcription of MAGED2. Endocytosis of Gαs upon MAGED2 depletion reduces 

cAMP/ PKA pathway activation, impairs HIF-1α induction, and promotes stress induced autophagy in response to 

hypoxia. Reduced expression of the salt transporters NKCC2 and NCC and hence salt-reabsorption in transient 

Bartter´s syndrome may result from impaired cAMP generation and/ or from enhanced autophagy of the transporters 

under hypoxia, which may explain the transient nature of the disease. 
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5. Discussion 
 

MAGED2 mutations cause massive polyuria and acute early-onset polyhydramnios, a condition 

observed in fetuses and newborns. It is a rare X-linked recessive renal tubular disorder 

characterized by excessive urine production and significant renal salt wasting, due to impaired salt 

reabsorption specifically in the TAL and DCT [14]. Notably, extreme prematurity and elevated 

perinatal mortality rates are associated with the syndrome [14]. It is known as transient Bartter 

syndrome (tBS), because the marked renal salt wasting gradually resolves around the 30th week 

of gestation despite the continuous expression of MAGED2 in the distal tubule, persisting from 

early fetal development through to adulthood. This resolution suggests involvement of external 

factors that determines the phenotype of transient Bartter syndrome, ultimately terminating the 

polyuria. In this thesis, the significance of hypoxia, a crucial determinant during kidney 

development, was addressed given that the onset of recovery from polyuria coincides with 

increased renal oxygenation.  

The key observation of our study was endocytosis of Gαs under hypoxia upon MAGED2 

depletion. The exact mechanisms governing Gαs dissociation from the plasma membrane was 

previously unknown. One of the proposed mechanisms include its depalmitoylation, followed by 

simple diffusion through the cytosol [117]. Accordingly, a diffuse cytosolic pattern of Gαs upon 

stimulation with agonists has been reported [118, 119]. However, association with intracellular 

vesicles has also been observed [120-122]. Here, we report the MDM2-dependent ubiquitination 

of Gαs and its subsequent endocytosis, demonstrating for the first-time ubiquitination of Gαs as a 

signal for endocytosis. This mechanism relies most likely on the MHD domain, which allows 

MAGEs to exert their functions through interactions with E3 ligases, thereby modulating the 

ubiquitination of target proteins and guiding their fate [21]. In particular, MAGED2 was reported 

to interact with both Gαs [14, 45, 89] and MDM2 [90, 91], the latter of which has already been 

shown to promote proteasomal degradation of Gαs [89]. Our finding of increased non-degradative 

ubiquitination and concurrent endocytosis of Gαs upon MAGED2 silencing, suggest a regulatory 

role of MAGED2 similar to other members of the MAGE family, such as MAGEA2 and 

MAGEC2, which inhibit the ligase activity of MDM2 [27, 123]. Alternatively, physical shielding 

of Gαs by sequestering MDM2 might be a mechanism by which MAGED2 controls the 

localization of membrane proteins.  
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Of interest, a recent study showed that the MHD-domain of MAGED2 promotes closing of the 

alpha helical domain of Gαs upon binding of GTP, which occurs subsequently to activation of 

GPCR. However, it was not shown in this study whether the closed state of the alpha helical 

domain of Gαs promotes downstream-signaling of Gαs [116]. 

Our finding corroborates the previously described activity of MDM2 in regulating the distribution 

of GPCRs, where MDM2-dependent ubiquitination of β-Arrestins (ARRB2) -proteins, which turn 

off G-protein signaling- mediates the endocytosis of the β2 adrenergic receptor under normoxia 

[124]. We also reveal the specificity of MAGED2´s activity, considering that the intracellular 

trafficking of Gαs did not correlate with internalization of the β2 adrenergic receptor. Of note, 

compared to normoxia, hypoxia decreased β2AR protein abundance at the cell surface regardless 

of MAGED2 depletion, consistent with previous reports of β2AR activation in response to hypoxia 

[85, 125]. Remarkably, the activity of MDM2 is not only substrate specific but also responsive to 

changes in the cellular microenvironment: MAGED2 depletion under hypoxia leads to 

internalization of Gαs, while during reoxygenation, Gαs rapidly colocalizes at the plasma 

membrane. These observations suggest the presence of a molecular switch potentially mediated 

by posttranslational modifications of MDM2 and/or its interacting partners. 

Internalization of Gαs in MAGED2-depleted cells under hypoxia, reduced cAMP generation and 

PKA activity and impaired the induction of the downstream target HIF-1α. HIF-1α induction in 

response to hypoxic environment is critical to activate the transcription of many essential genes 

involved in adaption of oxygen deprivation. During gestation, the reabsorption of salt and water 

from the renal medulla, which has lower oxygen tension in comparison to the renal cortex [103, 

126-128], is very crucial. This is evident by loss of function mutations in NKCC2, a protein 

expressed in the medulla and accounts for 30% of filtered sodium reabsorption, leading to 

profound renal salt wasting [129].  

Similar to MAGED2 depletion, Gαs silencing impaired the full induction of HIF-1α under hypoxia 

emphasizing our findings with regard to MAGED2´s essential role for Gαs localization and cAMP 

generation. The impairment was fully reversed by forskolin, the adenylyl cyclase activator, acting 

downstream of Gαs in contrast to the lack of effect of isoproterenol, which acts upstream of β2AR. 

Next, using specific inhibitors, PKA type II was identified, to be the isoform engaged in this 

regulation, consistent with its broad expression in the majority of organs [130, 131], in contrast to 
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PKA type I which is primarily expressed in the brain [132].Concurringly, MAGED2 depletion 

caused upregulation of the regulatory subunits RIIα and RIIβ indicating a lower induction of PKA 

type II in agreement with others [102]. 

Of note, HIF-1α promotes expression of MAGED2 and vice versa. This conclusion is deduced 

from the decrease in both MAGED2 mRNA and protein levels following HIF-1α silencing. Given 

that MAGED2 promoter does not have HRE elements, the possibility of direct transcriptional 

activation by HIF-1α is excluded. Alternatively, the cAMP/ PKA pathway mediated regulation 

provides a plausible explanation, knowing that the promoter of MAGED2 has four CREB1 binding 

sites [98]. A reduction in cAMP generation and PKA activity subsequent to HIF-1α depletion may 

explain the observed downregulation of MAGED2 expression. 

Interestingly, more than 40 years ago, β-blockers, which reduce generation of cAMP, were found 

to reduce the expression of erythropoietin, a transcriptional target of HIF-1α. Additional studies 

characterized the links between HIF-1α and the cAMP/PKA pathway: A hypoxia-specific 

phosphorylation of the β2 receptor is critical for HIF-1α activation [86], PKA phosphorylation 

stabilizes HIF-1α [65, 96], HIF-1α induces the transcription of adenylyl cyclase VI and VII taking 

into consideration the essential contribution of adenylyl cyclase VI in NKCC2 and NCC 

expression and phosphorylation [133, 134], and hypoxia increases PKA activity [102, 135]. In this 

study, we reported interdependent regulation of MAGED2 and HIF-1α via PKA type II under 

hypoxic conditions and introduced an amplification loop governed by MAGED2 as a master 

regulator, thereby extending the unidirectional links between cAMP/PKA and HIF-1α and vice 

versa. 

Although our work was conducted in cell culture, the reciprocal regulation is likely to occur in 

native tissues, especially the kidney. While MAGED2 protein is constitutively expressed in the 

distal tubule [14, 58], HIF-1α protein is absent in adult kidneys. However, both proteins are 

induced in the distal tubule of the kidney in rodent models of AKI [58, 136]. Additionally, HIF-

1α protein has been observed in humans post-engraftment biopsies following renal transplantation 

[137], and the exogenous activation of HIFs by small molecules or genetic techniques has been 

reported to confer protective effects in animal models of AKI [138]. Targeting MAGED2 as a 

master regulator could serve as a potential intervention to promote HIF-1α induction, which might 

be beneficial in acute renal failure. 
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The links between the key players MAGED2, cAMP/PKA and HIF-1α yield further insights into 

the transient nature of Bartter syndrome and the severe renal salt wasting attributed to the 

impairment of salt-transporters NKCC2 and NCC.` These findings align with a prior report 

emphasizing the importance of Gαs in promoting salt reabsorption and its significance for NKCC2 

total protein expression [55]. Furthermore, the generation of cAMP induced by hormones like 

vasopressin, triggers renal tubular salt and water reabsorption [139] and the activation of the 

cAMP/ PKA pathway serves as a key regulator of cell surface expression of NKCC2 [56] and 

enhances NCC activity [57]. However, this may not explain entirely the profound salt wasting 

related to post-Golgi regulation of NKCC2 and NCC and shuttling both to the cell surface. Other 

cellular mechanisms engaged in homeostasis may come into play under hypoxic stress, such as ER 

retention and associated degradation of the cotransporters (ERAD). In this regard, we previously 

demonstrated that the export of proteins from the ER is essential for NKCC2 maturation and 

distribution to the cell surface. This process is subjected to alterations particularly under ER stress 

conditions [140-144]. Of note, ER stress may also result from the transient overexpression of 

proteins [145] especially transmembrane proteins [146]. The severity of ER stress in MAGED2 

depleted cells could potentially explain the impairment in NKCC2 and NCC maturation arguing 

for a protective role of MAGED2 [14]. 

Based on the notion of stress protection conferred by the MAGE family and the reported 

involvement of 2 members, namely MAGEA3 and MAGEA6, in autophagy inhibition, the effect 

of MAGED2 silencing on autophagy was investigated. Inhibition of the ligase activity of MDM2 

by MAGED2 shown in our study, and by MAGEA2 and MAGEC2 in other studies, may increase 

p53 levels, which could affect important experimental readouts, namely adaption to hypoxia and 

regulation of autophagy. p53 is the cellular “gatekeeper” which regulates autophagy either 

positively through transcription-dependent or -independent fashion [148] or negatively, depending 

on its subcellular localization [149]. Hence, the experiments were carried out in permanent cell 

lines with either inactive p53 (HEK293 and HeLa) or functional wildtype p53 (U2OS). Our data 

disclosed inhibition of stress-induced autophagy mediated by MAGED2 in various cell lines 

independent of p53. By validating MAGED2´s crucial role for Gαs localization particularly under 

hypoxia while being dispensable under normoxia, we expanded the range of stressors (nutritional, 

genotoxic, oxidative and ER stress) and demonstrated that all induced autophagy in MAGED2 

depleted cells. This induction aligns with the protective role of MAGED2 in response to stress but 
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differs from other studies which have reported induction of autophagy in unstressed, (HeLa, 

U2OS) and (A549, H1299), cells upon MAGEA3/A6 deletion [83] and/or MAGED1-depletion 

[150] respectively. It is conceivable that the ER-stressors are triggering endocytosis of Gαs, similar 

to hypoxic stress, and presumably the MDM2-dependent ubiquitination of Gαs upon MAGED2 

depletion is the switch activated by all stressors in this study. Forskolin, the cAMP/ PKA cascade 

activator, reversed the observed induction of autophagy in MAGED2 depleted cells exposed to 

physical hypoxic or treated with tunicamycin. Its activation rescued LC3II accumulation and 

diminished the abundance of LC3 puncta. This may explain why the induction of autophagy is 

stress related, unlike unstressed conditions seen in MAGEA3/A6 knockout or MAGED1 depleted 

cells. 

In further support of cAMP/ PKA implication, depletion of Gαs induced the autophagy machinery 

under hypoxic conditions, in agreement with a previous study showing GPCRs regulation of 

autophagy through ubiquitination and proteasomal degradation of Atg14L (mammalian ortholog 

of yeast Atg14) controlled by ZBTB16-Cullin3-Roc1 E3 ubiquitin ligase complex. Knocking 

down Gαs increased the levels of ATG14L and autophagic flux [151]. Furthermore, the effects of 

cAMP on autophagy are cell-type specific. While in yeast, high glucose levels which promote 

cAMP production, inhibit autophagy by the phosphorylation of Atg1 and Atg9, two key activators 

of macroautophagy [152], in mammalian cells, cAMP can either inhibit [153, 154] or promote 

autophagy [155, 156] depending on the cell type. One study stated that the differential effects of 

cAMP on the regulation of autophagy are based on cell-type specific compartmentalization of PKA 

activity [157]. Intriguingly, it was reported that only displacement of PKA type II (but not of PKA 

type I) reversed the effect of cAMP on autophagy, which aligns with our previous finding that 

MAGED2 regulates PKA type II. Because the effects of MAGED2 depletion on autophagy did not 

differ in cells with (U2OS) or without wildtype p53 (HEK293, HeLa), it was concluded that p53 

is probably not playing a major role downstream of MAGED2 in our experimental setting.  

While autophagy is currently considered insignificant for kidney development [158, 159], it plays 

an important role in maintaining the integrity and normal physiology of various adult kidney cells, 

including glomerular mesangial and endothelial cells, podocytes, and proximal tubule epithelial 

cells [160]. AQP2 has already been shown to be regulated by autophagy and its autophagic 

degradation was observed in hypokalemia-induced diabetes in rats [162], as proven by the 
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detection of AQP2 in autophagosomes in the inner medullary collecting duct (IMCD) cells of 

potassium-deprived rats using immunogold electron microscopy. Given that AQP2 is positively 

regulated by cAMP fits with our observation that induced autophagy and thus potentially 

autophagic degradation of APQ2, could be halted by activators of the cAMP/PKA pathway. A 

direct link between enhanced autophagy and the aberrant expression of the salt transporters 

NKCC2 and NCC in transient Bartter´s syndrome is absent. However, lysosomal degradation of 

NCC is compatible with a role of autophagy in the regulation of this transporter [163]. It is worth 

noting that, induction of autophagy by rapamycin, which inhibits mTOR [69], has been reported 

to alleviate hypertension in Dahl salt sensitive rats [164] and the deletion of PKA phosphorylation 

substrate Raptor, which functions downstream of mTOR and inhibits autophagy, causes a Bartter´s 

syndrome/ furosemide-like renal phenotype including the massive polyuria and hypercalciuria 

[165]. 

A very recent study revealed MAGED2 inhibition of SARS-CoV-2 genome replication in an RNA-

dependent manner. The inhibition occurs through its interaction with SARS-CoV-2 nucleocapsid 

protein, which is essential for coronavirus genome replication and subgenomic RNA transcription. 

MAGED2 disrupts the association of the nucleocapsid protein (N protein) with the viral genome, 

thereby inhibiting viral replication [146]. Previous studies on MAGED2 were performed 

addressing cell proliferation and tumor biology [39, 44]. MAGED2 is expressed in many human 

cancers and has been linked to a poor prognosis [103, 166-169]. The hypoxic microenvironment 

within cancer cells is a crucial factor that influences the cellular expression program, ultimately 

leading to chemotherapy resistance [170]. Considering the well-known roles of Gαs and HIF-1α 

as oncoproteins in malignant processes [171-173], it is reasonable to propose that MAGED2 

contributes to tumorigenesis by enhancing the cAMP/PKA-HIF-1α pathway.  

Because MAGED2´s roles in cell-biology and tumorigenesis are complex, additional research 

under various experimental conditions (normoxia, hypoxia, oxidative stress, etc.) to unravel the 

context-dependent functions of MAGED2 is fundamental: Multiple insights have been gained 

from MAGED2 depletion in cells subjected to normoxic condition; the significant upregulation of 

AQP2 expression upon MAGED depletion in (mpkCCD) cells [161] or the reduction of the 

invasive potential of the mdig-KO triple negative breast cancer TNBC MDA-MB-231 cells after 

MAGED2 depletion [40]), which might be different under hypoxia. 
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In terms of therapeutic approaches, targeting the cAMP/PKA cascade downstream of Gαs emerges 

as a potential treatment strategy for patients with transient Bartter syndrome. Enhancing salt 

reabsorption will prevent perinatal death and the complications originated from excess amniotic 

fluid production such as intracerebral hemorrhage which leads to preterm delivery. Although 

maternal hyperoxia may potentially stimulate the cAMP/PKA pathway [174], generation of 

reactive oxygen species precludes its use. Hence, we introduce forskolin as a direct cAMP/ PKA 

activator for further studies in models of transient Bartter syndrome. It can be orally administrated 

and has already been involved in former human clinical studies [175-179]. 

In conclusion, MAGED2 plays a crucial role in controlling the cAMP/PKA pathway under 

hypoxic conditions by regulating Gαs membrane localization, which may explain both the altered 

expression of salt transporters as well as the transient nature of the syndrome. Hence, forskolin, a 

cAMP/PKA cascade activator acting downstream of Gαs, is a promising potential intervention in 

transient Bartter´s syndrome. MAGED2 is also involved in the interdependent regulation of HIF-

1α, influencing its induction and stabilization in renal and cancer cells. This suggests potential 

therapeutic applications in hypoxic tumors. Furthermore, MAGED2 inhibits autophagy, with its 

depletion promoting autophagy in response to various stressors. The inhibitory effect of MAGED2 

on autophagy is dependent on the activation of the cAMP/PKA pathway, highlighting its 

significance in cancer development and kidney function. Understanding the multifaceted roles of 

MAGED2 in different cellular pathways under various stress conditions provides valuable insights 

into related diseases and offers potential avenues for therapeutic strategies. 
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7. Appendix 
 

7.1. List of abbreviations 
 

MAGED2 _ Melanoma-associated antigen D2 

tBS _ Transient antenatal Bartter syndrome  

Gαs _ G-alpha-S 

cAMP _ Cyclic adenosine monophosphate 

PKA _ Protein kinase A 

TAL _ Thick ascending limb 

DCT _ Distal convoluted tubule 

BS _ Bartter´s syndrome 

NKCC2 _ Na+- K+ -2Cl- cotransport 

ROMK _ Renal outer medullary (K) channel 

NCC _ Na+- Cl- cotransporter  

PTC _ Premature termination codons 

NMD _ Nonsense-mediated decay 

MHD _ MAGE homology domain 

RING _ Really Interesting New Gene 

HECT _ Homologous to E6-AP COOH terminus 

ATP _ Adenosine triphosphate 

E1 _ Ubiquitin-activating enzyme 

E2 _ Ubiquitin conjugating enzyme 

E3 _ Ubiquitin ligase 

G1/S _ Gap 1, DNA synthesis 

ATM _ Ataxia-telangiectasia mutated 

ATR _ ATM-and Rad3-Related 

GC _ Gastric cancer 

MDIG _ Mineral dust-induced gene 
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TNBC _ Triple-negative breast cancer 

EMT _ Epithelial-mesenchymal transition 

H3K36me3_ Histone H3 lysine 36 trimethylation 

KO _ Knockout 

TRAIL _ Tumor necrosis factor-related apoptosis-inducing ligand 

GPCRs _ G-protein-coupled receptors 

RasD _ Ras-like GTPase domain 

AHD _ α-helical domain 

GDP _ Guanosine diphosphate 

GTP _ Guanosine-5'-triphosphate 

GEF _ Guanine nucleotide exchange factor 

EPAC _ a GEF for Rap small GTP-binding proteins 

AKI _ Acute kidney injury 

HIF-1 _ Hypoxia-inducible factor 1 

PHDs _ Prolyl hydroxylases 

VHL _ von Hippel-Lindau tumor suppressor protein 

HREs _ Hypoxia response elements 

VEGF _ Vascular endothelial growth factor 

EPO _ Erythropoietin 

GLUT _ Glucose transporters  

PDK1 _ Pyruvate dehydrogenase kinase 1 

αὐτό _ Self 

φαγος _ Devouring 

UPS _ Ubiquitin–proteasome system  

ATGs _ Autophagy related genes 

mTORC1 _ Mechanistic target of rapamycin complex 1 

PAS _ Phagophore formation site 

PtdIns3K _ Phosphatidylinositol 3-kinase 
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Vps _ Vacuolar protein sorting 

Beclin-1 _ Mammalian ortholog of the yeast autophagy-related gene 6 (Atg6) 

ER _ Endoplasmic reticulum 

PE _ Phosphatidylethanolamine 

AMPK _ AMP-activated protein kinase 

TRIM28 _ Tripartite motif-containing 28 

β2AR _ β2-adrenergic receptor 

Co-IP _ Co-immunoprecipitation 

MDM2 _ Murine double minute 2 

IBMX _ 3-isobutyl-1-methylxanthine 

FSK _ Forskolin 

ELISA _ Enzyme-linked immunoassay 

CREB1 _ cAMP responsive element binding protein 1 

qPCR _ Quantitative polymerase chain reaction 

IS _ Inhibitory sequence 

R _ Regulatory subunit 

C _ Catalytic subunit 

p62/SQSTM1 _ Sequestosome1 

LC3B _ Microtubule-associated protein 1A/1B-light chain 3 

Tun _ Tunicamycin 

BFA _ Brefeldin A 

CPT _ Camptothecin 

2-DG _ 2-Deoxy-D-glucose 

G2/M _ Gap 2, Mitosis 

EGFR _ Epidermal growth factor receptor 

ARRB2 _ β-Arrestins 

ERAD _ Er retention and associated degradation 

SARS-CoV-2 _ Severe acute respiratory syndrome coronavirus 2 
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N protein _ Nucleocapsid protein 

ZBTB16-Cullin3-Roc1 _ Phosphorylating zinc finger and BTB domain-containing protein 16- 
Cullin3- Regulator of cullins-1 

AQP2 _ Aquaporin-2 

IMCD _ Inner medullary collecting duct () 

RAPTOR _ Regulatory associated protein with Mtor 

WT _ Wild type 
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Inhibiting MDM2-Dependent Endocytosis of G-Alpha-S
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Abstract: Mutations in MAGED2 cause transient Bartter syndrome characterized by severe renal
salt wasting in fetuses and infants, which leads to massive polyhydramnios causing preterm labor,
extreme prematurity and perinatal death. Notably, this condition resolves spontaneously in parallel
with developmental increase in renal oxygenation. MAGED2 interacts with G-alpha-S (Gαs). Given
the role of Gαs in activating adenylyl cyclase at the plasma membrane and consequently generating
cAMP to promote renal salt reabsorption via protein kinase A (PKA), we hypothesized that MAGED2
is required for this signaling pathway under hypoxic conditions such as in fetuses. Consistent with
that, under both physical and chemical hypoxia, knockdown of MAGED2 in renal (HEK293) and
cancer (HeLa) cell culture models caused internalization of Gαs, which was fully reversible upon
reoxygenation. In contrast to Gαs, cell surface expression of the β2-adrenergic receptor, which
is coupled to Gαs, was not affected by MAGED2 depletion, demonstrating specific regulation of
Gαs by MAGED2. Importantly, the internalization of Gαs due to MAGED2 deficiency significantly
reduced cAMP generation and PKA activity. Interestingly, the internalization of Gαs was blocked
by preventing its endocytosis with dynasore. Given the role of E3 ubiquitin ligases, which can be
regulated by MAGE-proteins, in regulating endocytosis, we assessed the potential role of MDM2-
dependent ubiquitination in MAGED2 deficiency-induced internalization of Gαs under hypoxia.
Remarkably, MDM2 depletion or its chemical inhibition fully abolished Gαs-endocytosis following
MAGED2 knockdown. Moreover, endocytosis of Gαs was also blocked by mutation of ubiquitin
acceptor sites in Gαs. Thus, we reveal that MAGED2 is essential for the cAMP/PKA pathway under
hypoxia to specifically regulate Gαs endocytosis by blocking MDM2-dependent ubiquitination of
Gαs. This may explain, at least in part, the transient nature of Bartter syndrome caused by MAGED2
mutations and opens new avenues for therapy in these patients.

Keywords: MAGED2; hypoxia; G-alpha-S; MDM2; Bartter

1. Introduction

Mutations in MAGED2 associate with marked renal salt wasting in affected fetuses
and newborns leading to extreme prematurity and increased perinatal mortality. Renal
salt wasting is accompanied by massive polyuria and caused by defective salt reabsorption
in the thick ascending limb of the loop of Henle and is referred to as transient Bartter
syndrome (or Bartter V). Intriguingly, although patients with Bartter V are characterized
by the most severe presentation due to profound excess fetal urine production causing
preterm delivery, renal salt and water wasting resolves rapidly and completely starting at
late gestation (30 weeks of gestational age) [1]. The reason for the spontaneous recovery,
which occurs despite continuous expression of MAGED2 in the distal tubule from early
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fetal development into adulthood, is not known, suggesting that spontaneous recovery
is triggered by an external factor or factors. Resolution of hypoxia may be the relevant
external factor [1], because kidneys (both in utero as well as in extremely preterm babies)
are subjected to hypoxia as evidenced by the expression of the hypoxia inducible factor
(HIF-1α) until approximately the 30th week of gestation [2–5]. The renal medulla, where
NKCC2, one of the key salt transport proteins (mutated in Bartter I) is expressed, has a
low oxygen tension, which is further exacerbated during pregnancy in utero. Remarkably,
this period coincides with the onset of recovery from salt and water wasting in transient
Bartter syndrome. Furthermore, the notion that the function of MAGED2 is to protect renal
salt transport against hypoxic stress is consistent with recent studies demonstrating that
MAGE proteins protect against diverse forms of stress (radiation, genotoxic, and nutritional
stress) [6] by regulating the activity of ubiquitin E3 ligases [7], of which ca. 650 members
are known. E3 ligases are the ultimate enzymes involved in the transfer of ubiquitin
to substrate proteins, a process that determines the fate of the modified protein. In this
regard, it is worth noting that E3 ligases can promote not only the ubiquitination-dependent
degradation of client proteins but also a non-degradative ubiquitination pathway involved
in the regulation of proteins’ endocytosis and trafficking [8].

We and others have recently demonstrated that MAGED2 protein interacts with
Gαs [1,9]. Gαs transmits activation of G-protein coupled receptors (GPCR) resulting in
activation of membranous adenylate cyclase and hence cAMP formation [10]. In the kidney,
cAMP generation is downstream of vasopressin and other hormones promoting renal
tubular salt and water reabsorption [11]. Of note, NKCC2 (mutated in Bartter I) and NCC
are two important renal salt transporters, whose intrarenal expression and function are
greatly reduced in Bartter V [1] and are stimulated by cAMP [11].

In this study, we hypothesized that the interaction of MAGED2 and Gαs is essential
under hypoxic conditions such as in fetal kidneys to allow for sufficient cAMP generation
and hence activation of the PKA pathway to promote salt reabsorption. We therefore
examined the effects of MAGED2 knockdown on the intracellular localization of Gαs,
and the cAMP/PKA pathway with and without physical and chemical hypoxia in a renal
cell culture system (HEK293) and in a human cancer cell line (HeLa). We found that,
under hypoxia, MAGED2 prevents translocation of Gαs from the plasma membrane to the
cytosol by blocking the E3 ligase MDM2, which triggers endocytosis of Gαs. Accordingly,
MAGED2 depletion impaired cAMP generation and PKA activity. Thus, we demonstrated
that MAGED2 is required for the activation of the cAMP/PKA pathway under hypoxic
conditions to regulate Gαs endocytosis via MDM2-dependent ubiquitination, thereby
explaining, at least in part, the transient nature of transient Bartter syndrome.

2. Materials and Methods
2.1. Plasmid Constructions and Site Directed Mutagenesis

The V5 tagged Gαs was generated by Site-Directed Mutagenesis using the long isoform
as template according to the Q5® Site-Directed Mutagenesis Kit protocol. To generate
K28R, K53R, K88R, K300R, and K305R mutations, the site-directed mutagenesis method
was performed using wild-type Long Gαs-HA construct as a template according to the
QuikChange Multi Site-Directed Mutagenesis Kit protocol. All mutations were confirmed
by sequencing.

2.2. Cell Culture

Human Embryonic Kidney (HEK293) and HeLa cells (Table 1) were grown in DMEM
Glutmax complemented with 10% fetal bovine serum superior (Sigma-Aldrich, Schnelldorf,
Germany), penicillin (100 units/mL), and streptomycin (100 units/mL) at 37 ◦C in a
humidified atmosphere containing 5% CO2. For chemical treatment experiments, the
media of confluent cells was changed to DMEM serum free for 14–16 h. Cells for control
and experimental groups are always derived from the same flask and passage and studied
on the same day.
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Table 1. Reagent and tools.

Reagent or Resource Source Identifier

Antibodies

Anti-HIF-1α rabbit Cell Signaling 14179

Anti-MAGED2 rabbit This paper

Anti-beta 2 Adrenergic Receptor antibody Abcam ab182136

Anti-Gαs Sigma Aldrich 06-237

Anti-HA tag mouse Thermo Fisher Scientific 26183

V5-Tag antibody Bio-rad MCA1360GA

Monoclonal ANTI-FLAG® M2 antibody produced in mouse Sigma-Aldrich F3165

Goat anti-Mouse IgG (H + L), Alexa Fluor Plus 555 Thermo Fisher Scientific A32727

Streptavidin, Alexa Fluor™ 488 conjugate Thermo Fisher Scientific S11223

StarBright Blue 520 Goat Anti-Rabbit IgG Bio-rad 12005869

StarBright Blue 700 Goat Anti-Mouse IgG Bio-rad 12004158

Chemicals, Peptides, and Recombinant Proteins

EZ-Link™ Sulfo-NHS-LC-Biotin Thermo Fisher Scientific 21335

Critical Commercial Assays

PepTag® Non-Radioactive Protein Kinase Assays Promega V5340

cAMP Assay Kit (Competitive ELISA) abcam Ab133051

Q5® Site-Directed Mutagenesis Kit New England Biolabs’ E0554S

QuikChange Multi Site-Directed Mutagenesis Kit Agilent Technologies 200515

Experimental Models: Cell Lines

HEK293 ATCC CRL1573

HeLa Gift from Dr. Vijay Renigunta

Oligonucleotides

ON-TARGETplus Non-targeting Control Pool Dharmacon D-001810-10-05

UGGUUUACAUGUCGACUAA

UGGUUUACAUGUUGUGUGA

UGGUUUACAUGUUUUCUGA

UGGUUUACAUGUUUUCCUA

ON-TARGETplus Human MAGED2 siRNA—SMARTpool Dharmacon L-017284-01-0005

GGACGAAGCUGAUAUCGGA

GCUAAAGACCAGACGAAGA

AGGCGAUGGAAGCGGAUUU

GAAAAGGACAGUAGCUCGA

ON-TARGETplus Human GNAS siRNA—SMARTpool Dharmacon L-010825-00-0005

GCAAGUGGAUCCAGUGCUU

GCAUGCACCUUCGUCAGUA

AUGAGGAUCCUGCAUGUUA

CAACCAAAGUGCAGGACAU

MDM2 siRNA Dharmacon

GACAAAGAAGAGAGUGUGG [12]

GAAGUUAUUAAAGUCUGUU [13]
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Table 1. Cont.

Reagent or Resource Source Identifier

GNAS from short to long isoform primer Sigma-Aldrich

GCTGCAAGGAGCAACAGCGATGGTGAGAAGGCAACCAAAG

CTGCGGGTCCTCTTCGCCGCCCTCTCCATTAAACCCATTAAC

GNAS from HA to V5 tag primer Sigma-Aldrich

CTGCTGGGCCTGGATAGCACCTAAACTCGAGTCTAGAGCGGCC

CGGGTTCGGAATCGGTTTGCCAGAGCCTCCACCCCCGAG

GNAS 5X lysine mutation primer Sigma-Aldrich

TGAGGCCAACAAAAAGATCGAGAGGCAGCTGCAGAA

GGTGCTGGAGAATCTGGTAGAAGCACCATTGTGAAG

GGAGCAACAGCGATGGTGAGAGGGCAACCAAAG

AGCAAGATCTGCTCGCTGAGAGAGTCCTTGCTG

GAAAGTCCTTGCTGGGAGATCGAAGATTGAGGACT

Recombinant DNA

G protein alpha S/GNAS cDNA ORF Clone, Human, C-HA
tag Sino Biological Inc. HG12069-CY

pcDNA3 Flag beta-2-adrenergic-receptor Gift from Robert Lefkowitz [14]

Single Ubiquitin HA tag Gift from Professor Hemmo Meyer

Software and Algorithms

ImageJ Schneider et al., 2012

https:
//imagej.nih.gov/ij/,

accessed on 22 July
2022

GraphPad Prism 8 GraphPad

EndNote X9 Clarivate Analytics

2.3. Chemical Hypoxia

Chemical hypoxia was induced by cobalt chloride (CoCl2). For hypoxic incubation,
media of confluent cells was changed to DMEM without serum supplemented by 300 µM
CoCl2 or the specified dose for the dose response experiment. Cells were placed in a
standard humidified at 37 ◦C for 14–16 h. Induction of hypoxia was confirmed by Western
blotting for HIF-1α protein expression.

2.4. Physical Hypoxia

Physical hypoxia of cells was performed in a modular hypoxia incubator chamber
(Billups-Rothenberg, Inc., San Diego, CA, USA, Cat. MIC-101). For hypoxic incubation, after
cells became confluent, media was changed to DMEM without serum and cells were placed
in the center of the chamber, which was sealed shut and connected via a single flow meter
(Billups-Rothenberg, Inc., San Diego, CA, USA, Cat. SFM-3001) to a gas tank containing
1% O2, 5% CO2, and 94% N2. The modular chamber was placed in a standard humidified
incubator at 37 ◦C for 14–16 h or the specified time for the time course experiment. For the
recovery experiment, 100 µg/mL cycloheximide was added to the cells before being placed
outside the hypoxia chamber for 2 h to prevent protein synthesis. A normoxic control was
placed in the same incubator outside of the hypoxia chamber. Induction of hypoxia was
confirmed by Western blotting for HIF-1α protein expression.

https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
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2.5. Small Interfering RNA (siRNA) Knockdown and Plasmid Transfection

The siRNAs for control, MAGE-D2, GNAS and MDM2 siRNAs were purchased from
Dharmacon as ON-TARGETplus SMARTpools (D-001810-10-05 and L-010825-00-0005).
Cells were first transfected with control or specific siRNA with Lipofectamine RNAiMAX
(Invitrogen, Dreieich, Germany) by reverse transfection using the manufacturer’s speci-
fications. Gαs-HA and Flag-β2AR expression plasmids were cotransfected with control
or MAGE-D2 siRNAs with lipofectamine 3000 by reverse transfection using the manufac-
turer’s specifications.

2.6. Biotinylation

After hypoxia, confluent cells were washed twice with DPBS supplemented by 1 mM
MgCl2 and 0.1 mM CaCl2 (PBS++). Cells were incubated at 4 ◦C for 30 min in PBS++

containing 1 mg/mL EZ-Link™ Sulfo-NHS-LC-Biotin. Cells were rinsed three times in
PBS++ with 100 mM glycine and reincubated at 4 ◦C in the same solution for 10 min. Then,
they were washed three times with PBS++. Washed cells were lysed for 45 min at 4 ◦C in
solubilizing buffer (150 mm NaCl, 5 mm EDTA, 3 mm KCl, 120 mm Tris/Hepes, pH 7.4, 1%
(v/v) Triton X-100) containing protease inhibitors (Sigma, Schnelldorf, Germany). After
taking an aliquot of the total cell extract from each sample to provide a measure of total
expression, the rest of cell lysates were incubated with neutravidin beads (Thermo Scien-
tific™, 63303 Dreieich, Germany) overnight at 4 ◦C. After overnight incubation, samples
were centrifuged at 13,000 rpm for 5 min, and the supernatant (the intracellular fraction)
was removed. Neutravidin beads were then washed with solubilizing buffer and then
centrifuged for 5 min at 13,000 rpm seven times. Pellets were incubated in Western blot
loading buffer for 10 min at 95 ◦C and stored at −20 ◦C. Each fraction was subjected to
SDS-PAGE and Western blot analysis.

2.7. Immunocytochemistry

Cells were fixed after biotinylation with 4% paraformaldehyde in PBS for 20 min at
4 ◦C, permeabilized with 0.1% Triton X-100 for 5 min at 4 ◦C and incubated with DAKO
(antibody diluent with background-reducing components) for 30 min to block nonspecific
antibody binding. Fixed cells were incubated for 1 h at room temperature with the primary
antibody mouse anti-HA (1:50) in DAKO. Mouse anti-HA and biotinylated membrane
proteins were visualized with Alexa 555-coupled secondary antibody (1:1000), and Alexa
488-coupled neutravidin (1:500), respectively. Cells were then washed three times with
PBS and mounted with Vectashield containing Dapi. Cells were visualized using a Leica
confocal (SP8i) microscope.

2.8. Immunoprecipitation Assay

Cells were lysed in TNTE buffer (20 mM Tris–HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA,
0.5% Triton X-100, and 10% glycerol) in the presence of proteinase inhibitor cocktail (Sigma,
Schnelldorf, Germany). Cell lysates’ (500 µg total) immunoprecipitation was performed
with the primary antibody of interest coupled and crosslinked, using the crosslinker BS3

(bis(sulfosuccinimidyl)suberate), to the protein G magnetic beads (Dynabeads). After
incubation with magnetic protein G beads coupled to the indicated antibody for 1 h at room
temperature, the immune complex was washed three times in PBS (Invitrogen, Dreieich,
Germany). The protein samples were boiled in loading buffer, separated on 7.5% TGX Stain-
Free gel, and probed with the primary antibodies of interest and fluorescence conjugated
secondary antibodies according to standard procedures.

2.9. Ubiquitination Assay

Cells were transfected by control or MAGE-D2 siRNA by reverse transfection using
lipofectamine RNAiMAX. The second day, cells were transfected with WT V5 tagged Gαs
with single ubiquitin tagged HA. Later, cells were exposed overnight to hypoxia and lysed
using RIPA buffer (50 mM Tris/HCl, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton
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X-100, and 100 mM N-ethylmaleimide). Cell lysates were cleared at 13,000× g for 15 min.
Protein concentrations of the supernatants were determined using a Pierce™ BCA Protein
Assay Kit (Thermo Scientific™, Dreieich, Germany). The samples were then subjected
to immunoprecipitation using protein G magnetic beads coupled to anti-V5 antibody, as
described in the co-immunoprecipitation section.

2.10. Intracellular cAMP Measurement

Cyclic AMP was measured using a cAMP complete in vitro ELISA kit (Abcam, Berlin,
Germany, ab133051), in which a goat anti-rabbit immunoglobulin G binds with a cAMP
antibody. Cyclic AMP then binds to the antibody in competition with a labelled colorimetric
conjugate, which was measured at 405 nm using a microplate reader (Tecan Infinite Pro).
Standards of known cAMP concentrations were used to compare to samples. Before the
assay, cell lysates samples prepared in 0.1 M HCL containing 0.1% Triton X-100. The
homogenate was pelleted, and the supernatant was used for the assay. Two blanks were
included, one with substrate only, and the other received all additions except a sample.
Control wells were also monitored for non-specific binding and colorimetric maxima.

2.11. PKA Kinase Activity

The PepTag Nonradioactive Protein Kinase Assay Kit (Promega, Madison, WI, USA)
was used according to the manufacturer’s instructions. Quantification of the phosphory-
lated peptide substrate was performed by spectrophotometry by comparing the absorbance
at 570 nm.

2.12. Western Blotting

After three washes with ice-cold phosphate-buffered saline (PBS), cells were lysed in
lysis buffer (50 mM Tris pH 7.4, 5 mM EDTA, 150 mM NaCl, 1% Triton X-100, and protease
inhibitors) and cell lysates were cleared at 13,000× g for 15 min. Protein concentrations
of the supernatants were determined using a Pierce™ BCA Protein Assay Kit (Thermo
Scientific™, Dreieich, Germany). Proteins were separated in 7.5% TGX Stain Free gels
(Bio-rad, Feldkirchen, Germany, Cat. 1610181) and after transferring to nitrocellulose
membrane (Bio-rad, Feldkirchen, Germany, Cat. 1704270) using a Trans-Blot Turbo Transfer
System (Bio-rad, Feldkirchen, Germany), proteins were detected with fluorescently labeled
antibodies StarBright Blue 520 and 700 (Bio-rad, Feldkirchen, Germany). Imaging of the
blots were performed using a ChemiDoc MP (Bio-Rad, Feldkirchen, Germany). Gray
density of Western blots was measured using ImageJ software (National Institutes of
Health, Bethesda, MD, USA).

2.13. Statistical Analyses

Results are expressed as mean ± SEM Differences between means were evaluated
using unpaired Student t test. Statistical analyses were performed using GraphPad Prism
X9 software. p ≤ 0.05 was considered statistically significant (*), p ≤ 0.01 was considered
highly significant (**) and p ≤ 0.001 was considered very highly significant (***).

3. Results
3.1. MAGED2 Is Required for the Expression of Gαs at the Plasma Membrane under Hypoxic Condition

We first asked whether MAGED2 regulated the localization and hence function of
Gαs. To address this question, we monitored intracellular distribution of transiently
expressed Gαs in control- or MAGED2-depleted HeLa cells by immunocytochemistry.
The plasma membrane was labelled with a biotinylated fluorophore. As illustrated in
Figure 1a, MAGED2 knockdown did not affect the expression of Gαs at the cell surface
under normoxia. In contrast, in cells exposed to physical hypoxia (1% oxygen overnight),
MAGED2 knockdown resulted in a dramatic change of the subcellular localization of Gαs
from the plasma membrane to an intracellular localization (Figures 1a–c and S1), with
both a diffuse and a vesicular pattern. Interestingly, similar results were obtained with
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overexpressed (Figures 1d and S2) and endogenous (Figure S3) Gαs, in HEK293 and HeLa
cells, when cellular hypoxia was induced chemically for 16 h with 300 µM of cobalt chloride
(CoCl2) which acts as a hypoxia mimetic by inhibiting prolyl hydroxylase activity [15].
Notably, Gαs membrane expression was restored when cells were exposed to normoxia
for 2 h. It is worth noting that this restoration occurred in the presence of cycloheximide, a
protein synthesis inhibitor, which was added to exclude the potential implication of newly
synthesized proteins. Of note, the marked induction of HIF-1α protein levels by Western
blotting in response to physical and chemical hypoxia demonstrates that relative hypoxia
was achieved (Figure 1e,f).

Figure 1. MAGED2 prevents internalization of Gαs under hypoxic condition. (a) Immunolocalization
studies of Gαs proteins in presence and absence of MAGED2. HeLa cells were co-transfected with
a Gαs-HA construct and control or MAGED2 siRNA. Forty-eight hours post-transfection, growth
medium was replaced by DMEM serum free and cells were exposed to physical hypoxia (1% oxygen
overnight), as indicated. Membrane proteins of HeLa cells were biotinylated at 4 ◦C. Scale bars,
5 µm. (b,c) Using the “RGB profile plot” plugin in ImageJ, we determined the pattern distribution
of Gαs (red) in comparison to the biotinylated membrane proteins (Green) in the absence (b) or
presence (c) of MAGED2 siRNA under hypoxia. (d) Immunolocalization studies of Gαs proteins in
presence and absence of MAGED2 under chemical hypoxia. HeLa cells were co-transfected with
a Gαs-HA construct and control or MAGED2 siRNA. Forty-eight hours post-transfection, growth
medium was replaced by DMEM serum free and exposed to chemical hypoxia (300 µM CoCl2), as
indicated. Membrane proteins of HeLa cells were biotinylated at 4 ◦C. Scale bars, 5 µm. (e) cells were
treated with physical hypoxia (1% O2, 5% CO2, 94% N2) for the specified times. (f) cells were treated
with chemical hypoxia with the indicated dose of CoCl2 for 14–16 h. Chemical hypoxia. (e,f) Total
cell lysates were separated by SDS-PAGE and probed with anti-HIF-1α antibodies.

3.2. Expression of the β2-Adrenergic Receptor at the Plasma Membrane Is Independent of MAGED2

We next investigated whether the MAGED2 deficiency-induced down regulation of
Gαs cell surface expression under hypoxia can also affect the β2-adrenergic receptor, which
is known to interact physically and functionally with Gαs. To this end, we assessed endoge-
nous (Figure 2b,c) and transiently (Figure 2a) expressed β2-adrenergic receptor surface
expression using immunocytochemistry and cell surface biotinylation assays. As can be
observed in Figure 2a, immunocytochemistry staining shows that MAGED2 knockdown
does not affect the cell surface expression of the β2-adrenergic receptor under normoxic
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or hypoxic (physical and chemical hypoxia) conditions as judged by the colocalization
of the β2-adrenergic receptor with biotinylated plasma membrane proteins. As expected,
immunoblot analysis shows that, similar to the immunocytochemistry experiments, cell-
surface expression of endogenous β2-adrenergic receptor was not reduced upon MAGED2
knockdown under hypoxia (Figure 2b,c), clearly demonstrating that the effect of MAGED2
knock-down on Gαs localization under hypoxia is specific. Importantly, we observed inter-
nalization the β2-adrenergic receptor under hypoxic conditions-independently of MAGED2
knockdown, which can be explained by activation of the receptor under hypoxia [16,17].
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Figure 2. β2-adrenergic receptor internalization is independent of MAGED2 under hypoxic condition.
(a) Immunolocalization studies of β2-adrenergic receptor (β2AR) in the presence and absence of
MAGED2. HeLa cells were co-transfected with a Flag-β2AR construct and control or MAGED2
siRNA. Forty-eight hours post-transfection, growth medium was replaced by DMEM serum free
and exposed to physical hypoxia (1% oxygen overnight) or chemical hypoxia (300 µM CoCl2), as
indicated. Membrane proteins of HeLa cells were biotinylated at 4 ◦C. Scale bars, 5 µm. (b) HeLa
cells were transfected with control and MAGED2 siRNA. In 24–48 h post-transfection, cells were
treated with physical hypoxia. Cell surface biotinylated proteins were recovered from cell extracts by
precipitation with neutravidin-agarose. β2AR on the cell surface were detected by Western blotting
with a β2AR antibody. An aliquot of the total cell extract from each sample was also run on a parallel
SDS gel and Western blotted for total β2AR and MAGED2 expression. (c) Densitometric analysis of
(b), shown as ratio of membrane β2AR and total β2AR immunoblot. Bar graphs show mean ± SEM.

3.3. MAGED2 Is Required for cAMP Generation and PKA Activity under Hypoxia

Gαs localizes to the plasma membrane to signal GPCR activation to membranous
adenylate cyclase in order to promote generation of cAMP and augment PKA activity.
Hence both processes could be affected by MAGED2 depletion. We therefore assessed
intracellular cAMP levels by ELISA in the different conditions. HeLa and HEK293 cells
were transfected by control or MAGED2 siRNA, and subsequently subjected to a hypoxic
microenvironment chemically induced by 300 µM of CoCl2 or physically induced by
exposure to 1% oxygen for 16 h. As shown in Figures 3a,b and S4a,c, MAGED2 knockdown
decreased basal cAMP levels in HeLa and HEK293 cells, respectively. This decrease
was unaffected by the addition of IBMX (Figure S4b), a phosphodiesterase inhibitor, but
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reversed by the addition of forskolin, showing that MAGED2 regulates the cAMP level
by regulating the localization of Gαs without affecting the activity of adenylate cyclase
or phosphodiesterase. Under the same conditions, MAGED2 knockdown reduced PKA
activity (Figure 3c,d). In a parallel set of experiments, we analyzed the effect of Gαs
knockdown. Gαs knockdown mirrored the effect of MAGED2 depletion, as it reduced
basal cAMP levels in both HeLa and HEK293 cells (Figures 3a,b and S4a,b).
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Figure 3. MAGED2 depletion decreases cAMP production and PKA activity under hypoxic condition.
HeLa (a,c) and HEK293 (b,d) cells were transfected with control, MAGED2 and Gαs siRNA. In 24–48 h
post-transfection, growth medium was replaced by DMEM serum free supplemented with 300 µM
Cobalt chloride (CoCl2). (a,b) Cells were lysed with 0.1 M HCL containing 0.1% Triton X-100 and
cAMP was measured by ELISA. (c,d) Cells were lysed with PKA extraction buffer and PKA activity
was measured with the PepTag Nonradioactive Protein Kinase Assay Kit. Statistical significance was
determined by unpaired two-sided Student’s t tests. All data are shown as a representative result
from three independent experiments. Bar graphs show mean ± SEM. * p ≤ 0.05 and ** p ≤ 0.01.

3.4. Under Hypoxia, MAGED2 Depletion Promotes Endocytosis of Gαs by Enhancing Its
MDM2-Dependent Ubiquitination

Because Gαs subcellular redistribution under hypoxia suggests that MAGED2 knock-
down enhances Gαs internalization, we first studied the effect of dynasore, a small molecule
inhibitor of dynamin mediated endocytosis. As shown in Figure 4a, dynasore treatment
fully rescued membrane expression of Gαs upon of MAGED2 depletion. Altogether, the
above data provide evidence that the decrease in Gαs cell surface expression was due to
an enhanced internalization of the protein, pointing therefore to an inhibitory effect of
MAGED2 on endocytosis of Gαs under hypoxia.
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Figure 4. MAGED2 prevents MDM2-mediated internalization of Gas under hypoxia. (a) HeLa cells
were co-transfected with Gαs-HA construct and MAGED2 siRNA. Forty-eight hours post-transfection,
cells were treated with physical hypoxia overnight in the presence or absence of an endocytosis
inhibitor, Dynasore 50 µM, as indicated. The stained specimens were evaluated by ApoTome
microscopy. Scale bars, 5 µm. (b) HeLa cells transiently transfected with a Gαs-HA construct
alone or in combination with a MAGED2-Myc construct were immunoprecipitated (IP) with anti-Myc
antibodies. A total of 5% of total cell lysate was loaded for comparison. Co-immunoprecipitated Gαs,
MAGED2, and MDM2 proteins were detected by immunoblotting using anti-MAGED2, anti-HA,
and anti-MDM2 antibodies, respectively. (c) HeLa cells were co-transfected with Gαs-HA construct
and MAGED2 siRNA with or without MDM2 siRNA. Forty-eight hours post-transfection, cells were
treated with physical hypoxia overnight in the presence or absence of MDM2 inhibitors, SP141 (1 µM),
or HLI373 (3 µM) as indicated. The stained specimens were evaluated by ApoTome microscopy.
Scale bars, 5 µm. (d) Cells were transfected with control or MDM2 siRNA as indicated. In 24 h
post-transfection, cells were lysed in RIPA buffer and cell lysates were separated by SDS-PAGE and
probed by anti-MDM2 antibody.

The endocytosis of many proteins is regulated by the action of E3 ubiquitin ligases in
a non-degradative fashion by a process called mono or multi-mono ubiquitination [8,18,19].
MAGED2 has been described to interact with both the E3 ubiquitin ligase MDM2 [1,20–22]
and Gαs [23]. As MDM2 has also been shown to regulate Gαs [23], we hypothesized
that MAGED2 regulates Gαs endocytosis via MDM2. Confirming this notion, we first
recapitulated the interaction of MAGED2 to both Gαs and MDM2 by Co-IP experiments
(Figure 4b). Their interaction is in keeping with the notion that Gαs is ubiquitinated by
MDM2 in a MAGED2 dependent fashion.

To gain experimental evidence that Gαs is ubiquitinated in a MAGED2-dependent
fashion, we combined expression of HA-tagged ubiquitin and V5-tagged Gαs with knock-
down of MAGED2 followed by physical hypoxia (Figure 5a, lower part). Immunoblot
analysis of Gαs immunoprecipitates using an HA-antibody, revealed increased staining
intensity upon knockdown of MAGED2 (Figure 5a, upper part). Given the comparable
amounts of immunoprecipitated total V5-Gαs proteins (Figure 5a, middle part), our data
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strongly indicate that ubiquitination of Gαs under hypoxia is markedly increased upon
knockdown of MAGED2, which could be confirmed by densitometric analysis (Figure 5b).
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Figure 5. MAGED2 inhibits Gαs ubiquitination under hypoxic condition. (a) MAGED2 regulates
Gαs ubiquitination. HEK293 cells, transiently transfected with Gαs-V5 and ubiquitin-HA, were
immunoprecipitated with anti-V5 under denaturing conditions. Ubiquitinated Gαs was detected with
anti-HA antibody. (b) Densitometric analysis of (a), shown as ratio of ubiquitinated Gαs and total Gαs
immunoblot. Statistical significance was determined by unpaired two-sided Student’s t-tests. Data are
shown as a representative result from three independent experiments. Bar graphs show mean ± SEM.
* p≤ 0.05. (c) The ubiquitination sites of Gαs were predicted with a Bayesian Discriminant Method [24]
and the predicted sites with a score ≥ 2 were chosen for mutation (yellow). (d) Immunofluorescence
microscopy showing distribution of wild type (WT) or a Gas-HA variant harboring 5 lysine-to-
arginine substitutions (5×K > R) in HeLa cells under physical hypoxia. Cells were stained with
mouse anti-HA antibody for Gαs (Alexa 555, Red) and plasma membrane biotinylated proteins
(Alexa 488, Green). The yellow color (merged image) indicates co-localization of the proteins. Scale
bars, 5 µm.

After having shown that Gαs is ubiquitinated and endocytosed in a MAGED2 de-
pendent fashion, we aimed to gain functional evidence that these processes are indeed
regulated by MDM2. Therefore, we inhibited MDM2 by various approaches. As illustrated
in Figure 4c, chemical inhibition of MDM2 with either Sp-141 or HLI-373 [25] rescued Gαs
plasma membrane localization following MAGED2 depletion under hypoxia. Importantly,
MDM2 knockdown reproduced the same effect (Figure 4c). Of note, a marked reduc-
tion of MDM2 protein levels with siRNA was confirmed by Western blotting (Figure 4d).
Consistent with abrogating internalization of Gαs in MAGED2-depleted hypoxic cells,
Sp-141 treatment also prevented the decrease in cAMP caused by MAGED2 knockdown
under physical hypoxia (Figure S4b).

Finally, to prove that ubiquitination of Gαs is necessary to allow its endocytosis, we
chose five (out of thirteen) lysine residues of Gαs protein that could serve as acceptor
sites for ubiquitin based on their accessibility and mutated them to arginine (5×K > R)
(Figure 5c). Immunocytochemistry of cells expressing the 5×K > R Gαs variant demon-
strated that endocytosis triggered by hypoxia and MAGED2 knockdown was suppressed
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by the mutations compared to wild type Gαs (Figure 5d). To exclude the possibility that
the 5×K > R Gαs construct is locked in the plasma membrane because of a general defect
of internalization, cells were treated with cholera toxin, which induces Gαs internaliza-
tion by directly activating its GTPase function [26]. As shown in Figure S6, the cholera
toxin induced internalization of both wildtype and the mutant 5×K > R Gαs variant. This
finding supports the notion that the blockade of the hypoxia-induced endocytosis of Gαs
in MAGED2-depleted cells results specifically from impaired ubiquitination of critical
lysine residues and not from a general defect in protein internalization (Figure S6). Taken
together, our data clearly demonstrate that MAGED2 deficiency leads to the ubiquitin and
MDM2-triggered endocytosis of Gαs under hypoxic conditions.

4. Discussion

The molecular basis of the role of MAGED2 in transient Bartter syndrome, which
is characterized by profound fetal salt wasting and polyuria leading to perinatal death
and extreme prematurity followed by spontaneous recovery in the survivors, has been
unknown. In this study, we demonstrate that MAGED2 acts as a master regulator of
cAMP/PKA under hypoxia, by controlling the endocytosis Gαs via MDM2-dependent
ubiquitination (Figure 6). Because the essential salt-transporters NKCC2 and NCC require
cAMP for proper expression and functioning our finding of Gαs mistargeting and impaired
cAMP generation in MAGED2-depleted hypoxic cells may explain, at least in part, the
transient nature of antenatal Bartter syndrome caused by MAGED2 mutations and reveal
potential strategies of intervention in this disease and beyond.
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Figure 6. Proposed model for MAGED2′s role under hypoxia (created with BioRender.com). Under
hypoxia, MAGED2 inhibits MDM2 dependent ubiquitination and endocytosis of Gαs. This ensures
activation of the adenylate cyclase and cAMP generation and activation of PKA under hypoxia.
Reduced cAMP levels impair cAMP-dependent salt reabsorption, explaining salt wasting in transient
Bartter syndrome.

On the cell biological level, we now demonstrate that MAGED2 is necessary under hy-
poxia to prevent ubiquitin-dependent and dynasore-sensitive endocytosis of Gαs by block-
ing the E3 ubiquitin ligase MDM2. The mechanism how Gαs dissociates from the plasma
membrane to enter into the endocytic network, where it engages with GPCRs and the
epidermal growth factor receptor (EGFR) to promote signaling [27,28] and sorting [29,30],
respectively, is ill defined. The depalmitoylation of Gαs followed by simple diffusion
through the cytosol was proposed [31]. Indeed, imaging studies have demonstrated that
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internalized Gαs can appear to be diffuse in the cytosol [26,32], but association with intra-
cellular vesicles has also been observed [33–35].

Given the well-recognized role of ubiquitination in endocytosis [8] our finding that
Gαs is internalized in an ubiquitin dependent manner is—although not unexpected—
a necessary step to pave the way for subsequent studies, giving more insight into the
regulation of the endocytosis of Gαs. We demonstrate that MDM2 is the relevant E3 ligase
mediating the MAGED2 dependent endocytosis of Gαs, which concurs with previous
studies demonstrating a physical interaction between MDM2 and MAGED2 [1,22], as well
as MAGED2 and Gαs [1,9]. Inhibition of ubiquitination and endocytosis of Gαs could
result from MAGED2 inhibiting the ligase activity of MDM2, a mechanism also proposed
for MAGEA2 and MAGEC2 [36,37]. Alternatively, MAGED2 could inhibit ubiquitination
of Gαs by shielding it from the ligase activity of MDM2. Our data thus corroborate and
extend previous studies on the important role of MDM2 in the regulation of GPCR-signaling,
which demonstrated that the ubiquitination of β2-arrestin (ARRB2) by MDM2 promotes
the endocytosis of the β2-adrenergic receptor under normoxia [38]. This demonstrates that
MDM2 regulates GPCR signaling in a context and substrate specific way, which can be
explained by MAGED2 acting as a specific adaptor of Gαs but not for the β2-adrenergic
receptor, as the latter was internalized under hypoxia independently of the presence of
MAGED2 (Figure 2). Targeting the cAMP/PKA cascade downstream of Gαs should be
an ideal treatment for patients with transient Bartter syndrome: It could reactivate renal
salt reabsorption to prevent perinatal death or sequalae such as intracerebral hemorrhage
resulting from excessive amniotic fluid production causing preterm delivery. Although
maternal hyperoxia results in increased oxygenation in the human fetus [39], which could
stimulate the cAMP/PKA pathway and hence promote salt reabsorption, the toxicity of
oxygen, especially in preterms resulting from the generation of reactive oxygen species,
precludes its clinical use. Therefore, direct activators of the cAMP/PKA cascade such
as forskolin, which can be given orally and has already been used in human clinical
studies [40–44], could be studied in models of transient Bartter syndrome.

Our finding that MAGED2 can block MDM2-dependent internalization of Gαs may
indicate that this mechanism is regulated in a graded fashion in normal subjects, perhaps
by posttranslational modifications of MAGED2 to fine-tune MDM2 ligase activity in order
to adjust the diverse functions of Gαs (and other substrates of MDM2).

By showing that MAGED2 is dispensable under normoxia (both in vivo and in vitro) but
critically important under hypoxia to ensure the Gαs-dependent activation of cAMP/PKA
pathway, our study adds hypoxia to the growing list of stressors (nutritional, genotoxic, and
radiation stress) against which various members of the MAGE family have been shown
to protect [6,45]. Of note, especially the renal medulla, where NKCC2, one of the key
salt transport proteins, is expressed, has a low oxygen tension. The latter is even more
severe in utero [2–4]. However, similar to the previously identified stressors, the molecular
switch leading to inhibition of MDM2-dependent ubiquitination under hypoxia is unknown.
Rapid relocation of Gαs to the plasma membrane upon reoxygenation in the presence
of cycloheximide (which blocks protein synthesis) argues that the molecular switch under
normoxia is brought about by posttranslational modification (s) of MDM2 and/or its partners.

Of note, MAGED2 is also expressed in many human cancers and is associated with a
poor prognosis [4,46–49]. Moreover, the hypoxic microenvironment in cancer cells is the key
condition affecting the cellular expression program, leading to chemotherapy resistance [50].
Given the established roles of Gαs as oncoprotein in malignancy [51–53], it is conceivable
that MAGED2 promotes tumorigenesis by stimulating the cAMP/PKA pathway and could
therefore be specifically targeted under hypoxia to inhibit the cAMP/PKA signaling.

The vast majority of patients with transient Bartter syndrome described so far have
mutations corresponding to a (functional) knockout of the gene (19 out of 26 patients, please
see table one in: [54]. These mutations include two deletions of the entire MAGED2 gene, and
17 mutations in the MAGED2 gene leading to premature termination codons >> 60 basepairs
upstream of the 3’ most splice-generated exon-exon junction, which elicits nonsense-mediated
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decay (NMD). NMD is an essential RNA quality control mechanism that assures the quality
of the transcriptome by eliminating transcripts that contain premature termination codons
(PTCs) [55]. The remaining seven mutations include four missense mutations and three in
frame deletions, which in general reduce the stability of the protein. We therefore think that
the depletion of MAGED2 with our siRNA approach is a suitable model to study the function
of MAGED2 at the cellular level for the majority of these patients.

As described above, we used HEK293 and HeLa cells instead of tubular renal cells to
analyze the function of MAGED2 on Gαs signaling. Given that experiments yielded similar
results in both cell lines, we are convinced that our findings can be generalized to human
cells. We hypothesize that there is a specific phenotype of MAGED2 deficiency only in the
kidney, because the renal medulla of the kidney is known for its low oxygen tension, which
in combination with the physiological fetal hypoxia unveil its dependence of MAGED2 for
proper Gαs dependent signaling under hypoxia.

In summary, we reveal that MAGED2 regulates ubiquitin dependent endocytosis
of Gαs under hypoxia by inhibiting MDM2 and thereby acts a master regulator of the
Gαs-dependent activation of the PKA pathway. Whereas activation downstream of Gαs
could restore cAMP dependent salt reabsorption in transient Bartter syndrome, inhibition
of MAGED2 could target the oncoprotein Gαs specifically in hypoxic tumors without
disturbing Gαs signaling in normal tissue.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cells11162546/s1, Figure S1. MAGED2 prevents internalization of
Gαs under hypoxic condition; Figure S2. MAGED2 prevents internalization of Gαs under hypoxic
condition in renal cells; Figure S3. MAGED2 prevents internalization of endogenous Gαs under
hypoxic condition in cells; Figure S4. MAGED2 promotes cAMP production activity under physical
hypoxia; Figure S5. Knockdown of MAGED2 and Gαs; Figure S6. Gαs 5K>R variant is sensitive to
cholera toxin induced endocytosis.
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Supplementary figures 

 
Figure S1. MAGED2 prevents internalization of Gαs under hypoxic condition. Immunolocalization studies of Gαs pro-
teins in presence and absence of MAGED2. HeLa cells were co-transfected with a Gαs-HA construct and control or 
MAGED2 siRNA. Forty-eight hours post-transfection, growth medium was replaced by DMEM serum free and exposed 
to physical hypoxia (1% oxygen overnight). Scale bars, 5 μm. 

 
Figure S2. MAGED2 prevents internalization of Gαs under hypoxic condition in renal cells. Immunolocalization stud-
ies of Gαs proteins in presence and absence of MAGED2. HEK293 cells were co-transfected with a Gαs-HA construct and 
control or MAGED2 siRNA. Forty-eight hours post-transfection, growth medium was replaced by DMEM serum free and 
exposed to chemical hypoxia (300 μM CoCl2), as indicated. 



 

2 

 
Figure S3. MAGED2 prevents internalization of endogenous Gαs under hypoxic condition in cells. Immunolocalization 
studies of Gαs proteins in presence and absence of MAGED2. HeLa cells were transfected with a control or MAGED2 
siRNA. Forty-eight hours post-transfection, growth medium was replaced by DMEM serum free and exposed to chemical 
hypoxia (300 μM CoCl2), as indicated. 



 

3 

 
Figure S4. MAGED2 promotes cAMP production activity under physical hypoxia. HeLa (a and b) and HEK293 (c) cells 
were transfected with control, MAGED2 and Gαs siRNA. Forty-eight hours post-transfection, cells were treated with 
physical hypoxia overnight in the presence of the phosphodiesterases inhibitor, IBMX 0.5 mM and in the presence or 
absence of SP141 1 μM or forskolin (FSK) 10 μM, as indicated. Cells were lysed with 0.1 M HCL containing 0.1% Triton X-
100 and cAMP was measured by ELISA. Statistical significance was determined by unpaired two tailed Student’s t tests 
(a and c) or by two-way ANOVA test (b). All data are shown as a representative result from three independent experi-
ments (a and c) or three biological replicates (b). Bar graphs show mean ± SEM. * P ≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001. 

 

 
Figure S5. Knockdown of MAGED2 and Gαs markedly reduces expression of MAGED2 and Gαs as revealed by western 
blotting. These experiments were done in parallel with cAMP and PKA activity measurements (Figure 3 and S4). 



 

4 

 
Figure S6. Gαs 5K>R variant is sensitive to cholera toxin induced endocytosis. HeLa cells were transfected with a Gαs-
HA WT or 5K>R construct. Forty-eight hours post-transfection, growth medium was replaced by DMEM serum free and 
exposed to 1 μg/mL of cholera toxin for 4 hours, as indicated. Membrane proteins of HeLa cells were biotinylated at 4 °C. 
Scale bars, 5 μm. 
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Abstract: Hypoxia stabilizes the transcription factor HIF-1α, which promotes the transcription of
many genes essential to adapt to reduced oxygen levels. Besides proline hydroxylation, expression of
HIF-1α is also regulated by a range of other posttranslational modifications including phosphorylation
by cAMP-dependent protein kinase A (PKA), which stabilizes HIF-1α. We recently demonstrated
that MAGED2 is required for cAMP generation under hypoxia and proposed that this regulation
may explain the transient nature of antenatal Bartter syndrome (aBS) due to MAGED2 mutations.
Consequently, we sought to determine whether hypoxic induction of HIF-1α requires also MAGED2.
In HEK293 and HeLa cells, MAGED2 knock-down impaired maximal induction of HIF-1α under
physical hypoxia as evidenced by time-course experiments, which showed a signification reduction
of HIF-1α upon MAGED2 depletion. Similarly, using cobalt chloride to induce HIF-1α, MAGED2
depletion impaired its appropriate induction. Given the known effect of the cAMP/PKA pathway on
the hypoxic induction of HIF-1α, we sought to rescue impaired HIF-1α induction with isoproterenol
and forskolin acting upstream and downstream of Gαs, respectively. Importantly, while forskolin
induced HIF-1α above control levels in MAGED2-depleted cells, isoproterenol had no effect. To
further delineate which PKA subtype is involved, we analyzed the effect of two PKA inhibitors and
identified that PKA type II regulates HIF-1α. Interestingly, MAGED2 mRNA and protein were also
increased under hypoxia by a cAMP mimetic. Moreover, MAGED2 protein expression also required
HIF-1α. Thus, our data provide evidence for reciprocal regulation of MAGED2 and HIF-1α under
hypoxia, revealing therefore a new regulatory mechanism that may further explain the transient
nature of aBS caused by MAGED2 mutations.

Keywords: MAGED2; hypoxia; HIF-1α; GalphaS; PKA type II; Bartter

1. Introduction

During gestation, the fetus is exposed to a very low arterial O2 tension (~25 mmHg)
as compared with that of adults (~95 mmHg) [1]. Despite low oxygen levels, salt and water
reabsorption in the renal medulla, which has a much lower supply of oxygen compared
with the renal cortex [2–5], is very effective in the fetus, as evidenced by loss of function
mutations in NKCC2 (which is expressed in the renal medulla and reabsorbs about 30%
of filtered sodium) causing profound renal salt wasting [6]: The latter causes excessive
amniotic fluid production and hence polyhydramnios leading to preterm birth and severely
increased risk of intraventricular hemorrhage.
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We and others have recently shown, that truncating mutations in MAGED2, which
promotes expression and activity of salt-transporter NKCC2, cause a similar antenatal
phenotype during gestation as those in the gene encoding NKCC2 [6–8]. More recently,
we demonstrated that MAGED2 is required under hypoxia to allow for the generation
of cAMP, which is essential for the cell surface expression and function of NKCC2, thus
explaining, at least in part, the salt loss in patients with MAGED2 mutations [9]. The idea
that MAGED2 shields renal salt transport from hypoxic stress by allowing cAMP generation
needed for NKKC2 expression and function concurs with recent studies demonstrating
that many members of the large family of MAGE proteins protect against various forms
of stress [10] by modulating activity and substrate specificity of ubiquitin E3 ligases [11].
Ubiquitination denotes a form of posttranslational modification (PTM), which is mediated
by enzymes that catalyze ubiquitin activation (E1s), coupling (E2s), and binding to protein
targets (E3s), as well as by deubiquitination enzymes, which remove ubiquitin molecules
and chains from targets. E3 ubiquitin ligases determine the exact substrate specificity
of ubiquitination. Therefore, alterations in E3 activity and subsequent changes in the
ubiquitin-proteasome system (UPS), protein quality control, protein trafficking, and other
ubiquitin-driven pathways affect all biological processes.

Compensation for fetal hypoxia is of critical importance because it can be aggravated
by several internal (maternal anemia, placental insufficiency, umbilical cord pre-eclampsia,
cardiac and pulmonary disease) and external factors (smoking 25% of all pregnancies in
the United States), exposure to environmental pollutants, and living at high altitude (140
million people worldwide) [1], which may further decrease blood flow to the kidneys [12].

Under normoxia, the transcription factor HIF-1α is hydroxylated by prolyl hydroxy-
lases (PHD), which targets HIF-1α for proteasomal degradation by the E3 ubiquitin Ligase
Von Hippel Lindau. Hypoxia inhibits PHD and thereby stabilizes HIF-1α, which pro-
motes the transcription of many genes including erythropoietin and vascular endothelial
growth factor (VEGF) [13]. Not surprisingly, HIF-1α and VEGF are expressed abundantly
in the fetal renal medulla [4]. Next to prolyl-hydroxylation and ubiquitination, various
other types of PTM including phosphorylation [14,15] regulate HIF-1α stability. A role of
cAMP-mediated signaling was suggested by studies using β-adrenergic receptor (β-AR)
blockade which revealed a markedly diminished induction of erythropoietin to hypoxia
in animal models [16,17]. In line with these findings, hypoxia was shown to increase
cAMP-dependent protein kinase A (PKA) in various human carcinoma cell lines [18,19].
A recent study demonstrated that PKA activates the transcription HIF-1α gene and that
PKA-dependent phosphorylation stabilizes HIF-1α [20].

The aim of the present study is to identify a potential role of MAGED2 in the hypoxic
induction of HIF-1α, given that the former is essential for cAMP generation under hypoxia,
both of which stabilize HIF-1α expression. We could demonstrate that maximal and
appropriate hypoxic induction HIF-1α requires MAGED2 by allowing sufficient cAMP
levels. Moreover, we identified PKA Type II as the relevant isoform for this effect. We
further revealed that HIF-1α protein is required for normal MAGED2 protein levels and
conversely, that MAGED2 expression is stimulated by cAMP mimetics under hypoxia.

Our findings unveil a reciprocal control of MAGED2 and HIF-1α to promote their
proper expression under hypoxia, which is mediated by cAMP-dependent induction of
PKA type II.

2. Materials and Methods
2.1. Cell Culture

Human embryonic kidney (HEK293) and HeLa cells (Table 1) were cultured at 37 ◦C in
a humidified environment containing 5% CO2 in DMEM Glutmax complemented with 10%
fetal bovine serum superior (Sigma-Aldrich, St. Louis, MO, USA), penicillin (100 units/mL),
and streptomycin (100 units/mL). For chemical treatment experiments, the media of conflu-
ent cells was changed to DMEM serum-free for 14–16 h, Forskolin (10 µM) and Isoproterenol
(10 µM) were added to the media at the same time as hypoxia treatment, and the PKA
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inhibitors, Rp-cAMPS (100 µM) and Rp-8-Br-cAMPS (50 µM) were administered to the cells
30 min before lysis. The control and experimental groups’ cells are always generated from
the same flask and passage, and they are studied on the same day.

Table 1. Reagents and tools.

Reagent or Resource Source Identifier

Antibodies

Anti-HIF-1α rabbit Cell Signaling 14179

Anti-MAGED2 rabbit This paper

Anti-RIIβ rabbit Thermo Fisher Scientific PA582348

Anti-RIIα mouse Thermo Fisher Scientific TA501145

Anti-Gαs Sigma Aldrich 06-237

StarBright Blue 520 Goat Anti-Rabbit IgG Bio-rad 12005869

StarBright Blue 700 Goat Anti-Mouse IgG Bio-rad 12004158

Chemicals, Peptides, and Recombinant Proteins

Forskolin Sigma-Aldrich F6886-10MG

(−)-Isoproterenol hydrochloride Sigma-Aldrich I6504-100MG

Rp-cAMPS Sigma-Aldrich 116814-5UMOL

Rp-8-Br-cAMPS Sigma-Aldrich 116816-5UMOL

Critical Commercial Assays

SingleShot Cell Lysis Kit Bio-rad 1725080

iScript Advanced cDNA Synthesis Kit for RT-qPCR Bio-rad 1725038

SsoAdvanced Universal SYBR Green Supermix Bio-rad 1725271

Experimental Models: Cell Lines

HEK293 ATCC CRL1573

HeLa Gift from Dr. Vijay
Renigunta

Oligonucleotides

ON-TARGETplus Non-targeting Control Pool Dharmacon D-001810-10-05

UGGUUUACAUGUCGACUAA

UGGUUUACAUGUUGUGUGA

UGGUUUACAUGUUUUCUGA

UGGUUUACAUGUUUUCCUA

ON-TARGETplus Human MAGED2 siRNA—SMARTpool Dharmacon L-017284-01-0005

GGACGAAGCUGAUAUCGGA

GCUAAAGACCAGACGAAGA

AGGCGAUGGAAGCGGAUUU

GAAAAGGACAGUAGCUCGA

ON-TARGETplus Human GNAS siRNA—SMARTpool Dharmacon L-010825-00-0005

GCAAGUGGAUCCAGUGCUU

GCAUGCACCUUCGUCAGUA

AUGAGGAUCCUGCAUGUUA

CAACCAAAGUGCAGGACAU
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Table 1. Cont.

Reagent or Resource Source Identifier

ON-TARGETplus Human HIF-1α siRNA-SMARTpool Dharmacon L-004018-00-0005

GAACAAAUACAUGGGAUUA

AGAAUGAAGUGUACCCUAA

GAUGGAAGCACUAGACAAA

CAAGUAGCCUCUUUGACAA

GAPD, Human GAPDH, Real-Time PCR Primer Set Biomol VHPS-3541

GAGTCAACGGATTTGGTCGT

TTGATTITGGAGGGATCTCG

MAGED2, Human melanoma antigen family D, 2, Real-Time PCR
Primer Set Biomol VHPS-5486

TTTTGGCTAAAGACCAGACG

AATAGCCTGCTCGTTCAATG

GLUT1, Real-Time PCR Primer Set Sigma-Aldrich [21]

TCACTGTGCTCCTGGTTCTG

CCTGTGCTGAGAGATCC

Software and Algorithms

ImageJ Schneider et al., 2012 https://imagej.nih.gov/ij/

GraphPad Prism 9 GraphPad

EndNote X9 Clarivate Analytics

2.2. Cobalt Chloride Treatment

Cobalt chloride (CoCl2), a hypoxia mimetic was used to induce HIF-1α in the cells
(“chemical hypoxia” [22]). The media of confluent cells was changed to DMEM without
serum with 300 µM CoCl2 or the desired dose for the dose–response experiment for hypoxia
incubation. For 14–16 h, cells were placed in a standard humidified incubator at 37 ◦C. A
Western blot for HIF-1α protein expression was used to assess hypoxia.

2.3. Physical Hypoxia

In a modular hypoxia incubator chamber, cells were exposed to physical hypoxia
(Billups-Rothenberg, Inc., San Diego, CA, USA; Cat. MIC-101). After the cells had reached
~100% confluence, the media was changed to DMEM without serum, and the cells were
put in the center of the chamber, which was sealed shut and linked to a gas tank containing
1% O2, 5% CO2, and 94% N2 through a single flow meter (Billups-Rothenberg, Inc., San
Diego, CA, USA; Cat. SFM-3001). The hypoxia chamber was placed in a standard incubator
humidified at 37 ◦C for 14–16 h or the time indicated for the time course experiment.
Outside the hypoxia chamber, a normoxic control was placed in the same incubator. A
Western blot for HIF-1α protein expression was used to assess hypoxia.

2.4. Small Interfering RNA (siRNA) Transfection

Control, MAGE-D2, GNAS, and HIF-1α siRNAs were purchased as ON-TARGETplus
SMARTpools from Dharmacon (D-001810-10-05, L-017284-01-0005, L-010825-00-0005, and
L-004018-00-0005). By reverse transfection, cells were initially transfected with control or
specific siRNA using Lipofectamine RNAiMAX (Invitrogen, Waltham, MA, USA) according
to the manufacturer’s instructions.

https://imagej.nih.gov/ij/
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2.5. Western Blotting

Cells were lysed in lysis buffer (50 mM Tris pH 7.4, 5 mM EDTA, 150 mM NaCl,
1 percent Triton X-100, and protease inhibitors) after three washes with ice-cold phosphate-
buffered saline (PBS), and cell lysates were cleared at 13,000 g for 15 min at 4 ◦C. A PierceTM

BCA Protein Assay Kit (Thermo ScientificTM, Waltham, MA, USA) was used to determine
the protein contents in the supernatants. Proteins were separated on 7.5% TGX Stain
Free gels (Bio-rad, Hercules, CA, USA; Cat. 1610181) and transferred to nitrocellulose
membranes (Bio-rad, Cat. 1704270) using a Trans-Blot Turbo Transfer System (Bio-rad).
Fluorescence antibodies StarBright Blue 520 and 700 were used to identify the proteins
(Bio-rad). The blots were imaged with a ChemiDoc MP imaging system (Bio-Rad). ImageJ
software was used to determine the gray density of Western blots (National Institutes of
Health, Bethesda, MD, USA).

2.6. Quantitative Real-Time Reverse Transcription PCR (qRT-PCR)

The mRNA amount of MAGE-D2 was determined by quantitative real-time RT-PCR
(qRT-PCR) and the GAPDH gene was used as the internal control. The total RNA of cells
was isolated using the SingleShot Cell Lysis Kit (Bio-rad) and transcribed to complementary
DNA (cDNA) with the iScript™ Advanced cDNA Synthesis Kit (Bio-rad). PCR was carried
out with SsoAdvanced Universal SYBR Green Supermix (Bio-rad) on a 7500 Real-Time PCR
System (Applied Biosystems, Waltham, MA, USA). Cycle threshold values were normalized
to amplification of GAPDH.

2.7. Statistical Analyses

Results are expressed as mean ± SEM Differences between means were evaluated
using unpaired Student t-test or two-way ANOVA test. Statistical analyses were performed
using GraphPad Prism X9 software. p ≤ 0.05 was considered statistically significant (*),
p ≤ 0.01 was considered highly significant (**), and p ≤ 0.001 was considered very highly
significant (***).

3. Results
3.1. MAGED2 Is Required for Hypoxic Induction of HIF-1α

As activation of the cAMP/PKA pathway stabilizes HIF-1α by phosphorylation and
enhances its transcriptional activity [20,23], we analyzed the effect of MAGED2 knock-
down on the induction of HIF-1α using physical hypoxia (Figures 1a,c and S1a) or CoCl2
(Figure 1b,d) to induce HIF-1α in HeLa cells. As expected, physical hypoxia induced HIF-
1α expression in a time-dependent manner (Figures 1a,c and S1a). Interestingly, as can be
seen in Figures 1a,c and S1a, MAGED2 knockdown significantly reduced the induction of
HIF-1α by physical hypoxia. Likewise, the same effect was observed with CoCl2 given that
MAGED2 knockdown reduced again HIF-1α expression (Figure 1b,d). As PKA-dependent
phosphorylation has been shown to reduce proteasomal degradation of HIF-1α [20], we
analyzed the effect of the proteasome inhibitor MG132 on HIF-1α (Figure 1e). We re-
vealed that this compound neutralized the negative effect of MAGDE2 depletion on HIF-1α
expression, which supports the notion, that PKA-dependent phosphorylation impairs
proteasomal degradation of HIF-1α in MAGED2 depleted cells. We next asked if reduced
HIF-1α protein expression translated into decreased mRNA levels of GLUT1, a classical
HIF-1α transcriptional target [24]. As shown in Figure 1f, MAGED2 depletion did indeed
reduce GLUT1 mRNA abundance.

3.2. MAGED2 Is Required for Hypoxic Induction of HIF-1α Independently of the
Expression System

As protein regulations and subcellular distributions may be cell-dependent and
therefore depend on the expression system used, we sought to confirm our findings
by conducting the experiments in another cell line, the HEK293 cells. As illustrated in
Figures 2 and S1b, similar to HeLa cells, MAGED2 depletion in HEK293 cells significantly
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impaired the induction of HIF-1α by physical hypoxia and CoCl2. Taken in concert, these
data confirm our observation that MAGED2 is required for maximal induction of HIF-1α
under hypoxia and clearly indicate that the MAGED2 effect on HIF-1α is independent of
the expression system.
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Figure 1. MAGED2 promotes hypoxic HIF-1α protein expression in HeLa cells. HeLa cells were
transfected with control (siCtrl), MAGED2 (siMAGED2). Briefly, 24–48 h post-transfection, cells
were exposed to physical hypoxia (a,e) or to the hypoxia mimetic CoCl2 (b): (a) Cells were exposed
to physical hypoxia (1% O2, 5% CO2, 94% N2) for the specified times. (b) Cells were exposed to
CoCl2 with the indicated dose of CoCl2 for 14–16 h. Total cell lysates were separated by SDS-PAGE
and probed with anti-HIF-1α and MAGED2 antibodies. (c,d) Densitometric analysis of HIF-1α
immunoblot is presented in (a,d), respectively. (e) Cells were exposed to physical hypoxia and
treated with the proteasome inhibitor, 10 µM MG132. (f) Cells were exposed to physical hypoxia
for 14 h. Total RNA was extracted, and the relative mRNA amount of GLUT1 was determined
by qRT-PCR. Statistical significance was determined by two-way ANOVA test (c,d) or unpaired
two-sided Student’s t-test (f). All Western blots shown are from the same experiment, which is a
representative example of three independent experiments. Bar graphs show mean ± SEM. ** p ≤ 0.01
and *** p ≤ 0.001.
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by causing its MDM2 and ubiquitin-dependent internalization, which precludes activa-
tion of membrane-bound adenylate cyclase and hence cAMP generation [9]. To investi-
gate if the effects of the MAGED2 knockdown on HIF-1α expression are indeed caused by 
inhibiting Gαs, we analyzed also the effect of GNAS knockdown on hypoxic HIF-1α in-
duction by exposing cells to physical hypoxia (Figure 3a,b) or to the hypoxia mimetic 
CoCl2 (Figure 3c,d). Similar to MAGED2 knockdown, Gαs knockdown decreased also the 
induction of HIF-1α to a comparable degree under both conditions. Thus, these data 
strongly suggest not only that MAGED2 is required for full and appropriate hypoxic in-
duction of HIF-1α, but also that the positive effect of MAGED2 on HIF-1α protein expres-
sion involves the cAMP/PKA pathway initiated upstream by Gαs. 

Figure 2. MAGED2 promotes hypoxic HIF-1α protein expression in HEK293 cells. HEK293 cells were
transfected with control (siCtrl), and MAGED2 (siMAGED2). Briefly, 24–48 h post-transfection, cells
were exposed to physical hypoxia (a) or to the hypoxia mimetic CoCl2 (c): (a) Cells were exposed to
physical hypoxia (1% O2, 5% CO2, 94% N2) for the specified times. (c) Cells were exposed to CoCl2
with the indicated dose for 14–16 h. Total cell lysates were separated by SDS-PAGE and probed
with anti-HIF-1α and MAGED2 antibodies. (b,d) Densitometric analysis of HIF-1α immunoblot is
presented in (a,c), respectively. Statistical significance was determined by two-way ANOVA test.
All Western blots shown are from the same experiment, which is a representative example of three
independent experiments. Bar graphs show mean ± SEM. * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001.

3.3. Similar to MAGED2, Gαs Is Required for Hypoxic Induction of HIF-1α

We have shown previously that MAGED2 depletion inhibits the functioning of Gαs
by causing its MDM2 and ubiquitin-dependent internalization, which precludes activation
of membrane-bound adenylate cyclase and hence cAMP generation [9]. To investigate
if the effects of the MAGED2 knockdown on HIF-1α expression are indeed caused by
inhibiting Gαs, we analyzed also the effect of GNAS knockdown on hypoxic HIF-1α
induction by exposing cells to physical hypoxia (Figure 3a,b) or to the hypoxia mimetic
CoCl2 (Figure 3c,d). Similar to MAGED2 knockdown, Gαs knockdown decreased also
the induction of HIF-1α to a comparable degree under both conditions. Thus, these data
strongly suggest not only that MAGED2 is required for full and appropriate hypoxic
induction of HIF-1α, but also that the positive effect of MAGED2 on HIF-1α protein
expression involves the cAMP/PKA pathway initiated upstream by Gαs.

3.4. Activation of the cAMP/PKA Pathway Reversed the Effect of MAGED2 Knockdown on
Hypoxic HIF-1α Induction

To independently confirm that MAGED2 acts via Gαs to induce the expression of
HIF-1α, we compared the effects of isoproterenol and forskolin on the expression of HIF-1α
induced by CoCl2 in HeLa cells. Isoproterenol is a β2-adrenergic receptor agonist acting
upstream of Gαs, whereas forskolin, is an activator of membrane-bound adenylate cyclase,
acting downstream of Gαs. As shown in Figures 4a–d and S3, isoproterenol was unable
to reverse the effect of MAGED2 knockdown on HIF-1α protein expression. In contrast,
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forskolin reversed the impaired induction of HIF-1α caused by MAGED2 knockdown.
Together, these results confirm that MAGED2 is essential for promoting the expression of
HIF-1α via the cAMP/PKA pathway under hypoxia, and that regulation occurs at the level
of Gαs.

As expected, forskolin also reversed the effect of MAGED2 knockdown on HIF-1α
protein expression in HEK293 cells (Figure S2).
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Figure 3. MAGED2 and Gαs promote hypoxic HIF-1α protein expression in HeLa cells. HeLa cells
were transfected with control (siCtrl), MAGED2 (siMAGED2) or GNAS (siGNAS) siRNA. Briefly,
24–48 h post-transfection, cells were exposed to physical hypoxia (a) or 300µM CoCl2 (c) for 14–16 h.
Total cell lysates were separated by SDS-PAGE and probed with anti-HIF-1α, MAGED2, and Gαs
antibodies. (b,d) Densitometric analysis of HIF-1α immunoblot is presented in (a,c). Statistical
significance was determined by unpaired two-sided Student’s t-test (b,d). All Western blots shown
are from the same experiment, which is a representative example of three independent experiments.
Bar graphs show mean ± SEM. ** p ≤ 0.01 and *** p ≤ 0.001.

3.5. Activation of the cAMP/PKA Pathway Increased MAGED2 mRNA and Protein Abundance

Interestingly, we noticed that forskolin increased MAGED2 protein levels under hy-
poxic conditions (Figure 4a,b,e,f). As the MAGED2 promoter contains four CREB1 (CAMP
responsive element binding protein 1) binding sites at the positions-122, -1311, -1468, and
-1980 relative to the transcription start site (https://epd.epfl.ch//index.php, accessed on
15 July 2019, [25]) we asked if activation of the cAMP/PKA pathway may induce transcrip-

https://epd.epfl.ch//index.php
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tion of the MAGED2 gene via enhanced binding of the transcription factor CREB to the four
CREB1 sites. To address this question, we analyzed MAGED2 mRNA levels in HEK293
cells exposed to CoCl2 and treated with forskolin. As illustrated in Figure 4g, forskolin
increased MAGED2 mRNA abundance under hypoxia, which is in agreement with our
finding of enhanced MAGED2 protein expression under the same experimental conditions.

Cells 2022, 11, x FOR PEER REVIEW 9 of 16 
 

 

 
Figure 4. Forskolin reverses the effect of MAGED2 knockdown on hypoxic HIF-1α induction and 
induces MAGED2 transcription: (a,b) HeLa cells were transfected with control (siCtrl) or MAGED2 
(siMAGED2) siRNA. Cells were exposed to the hypoxia mimetic CoCl2 (300 µM) and with (a) 10 µM 
isoproterenol (ISO) or (b) 10 µM forskolin (FSK) for 14–16 h. Total cell lysates were separated by 
SDS-PAGE and probed with anti-HIF-1α and MAGED2 antibodies. (c,d) Densitometric analysis of 
HIF-1α immunoblot presented in (a,b), respectively. (e,f) Densitometric analysis of MAGED2 im-
munoblot presented in (a,b), respectively. (g) HEK293 cells were treated with CoCl2 for 14 h and 
then treated with DMSO or Forskolin 10µM for 2 h. Total RNA was extracted, and the relative 
mRNA amount of MAGED2 was determined by qRT-PCR. Statistical significance was determined 
by unpaired two-sided Student’s t-test (c–g). All Western blots shown are from the same experi-
ment, which is a representative example of three independent experiments. Bar graphs show mean 
± SEM. * p ≤ 0.05 and *** p ≤ 0.001. 

As expected, forskolin also reversed the effect of MAGED2 knockdown on HIF-1α 
protein expression in HEK293 cells (Figure S2). 

3.5. Activation of the cAMP/PKA Pathway Increased MAGED2 mRNA and Protein Abundance 
Interestingly, we noticed that forskolin increased MAGED2 protein levels under hy-

poxic conditions (Figure 4a,b,e,f). As the MAGED2 promoter contains four CREB1 (CAMP 
responsive element binding protein 1) binding sites at the positions-122, -1311, -1468, and 
-1980 relative to the transcription start site (https://epd.epfl.ch//index.php, accessed on 
July 15th, 2019, [25]) we asked if activation of the cAMP/PKA pathway may induce tran-
scription of the MAGED2 gene via enhanced binding of the transcription factor CREB to 
the four CREB1 sites. To address this question, we analyzed MAGED2 mRNA levels in 
HEK293 cells exposed to CoCl2 and treated with forskolin. As illustrated in Figure 4g, 
forskolin increased MAGED2 mRNA abundance under hypoxia, which is in agreement 
with our finding of enhanced MAGED2 protein expression under the same experimental 
conditions. 
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conditions, we treated cells with a non-selective PKA inhibitor (Rp-cAMPS, 100 µM) or a 
selective PKA type I inhibitor (Rp-8-Br-cAMPs, 50 µM). Rp-cAMPS slightly lowered HIF-
1α protein abundance (Figure 5a,c). As expected, the selective PKA type I inhibitor Rp-8-
Br-cAMPs, which activates PKA type II at 50 µM [26], had the opposite effect and 

Figure 4. Forskolin reverses the effect of MAGED2 knockdown on hypoxic HIF-1α induction and
induces MAGED2 transcription: (a,b) HeLa cells were transfected with control (siCtrl) or MAGED2
(siMAGED2) siRNA. Cells were exposed to the hypoxia mimetic CoCl2 (300 µM) and with (a) 10 µM
isoproterenol (ISO) or (b) 10 µM forskolin (FSK) for 14–16 h. Total cell lysates were separated by
SDS-PAGE and probed with anti-HIF-1α and MAGED2 antibodies. (c,d) Densitometric analysis
of HIF-1α immunoblot presented in (a,b), respectively. (e,f) Densitometric analysis of MAGED2
immunoblot presented in (a,b), respectively. (g) HEK293 cells were treated with CoCl2 for 14 h and
then treated with DMSO or Forskolin 10 µM for 2 h. Total RNA was extracted, and the relative
mRNA amount of MAGED2 was determined by qRT-PCR. Statistical significance was determined by
unpaired two-sided Student’s t-test (c–g). All Western blots shown are from the same experiment,
which is a representative example of three independent experiments. Bar graphs show mean ± SEM.
* p ≤ 0.05 and *** p ≤ 0.001.

3.6. PKA type II Regulates the Expression of HIF-1α

To determine which type of PKA regulates the expression of HIF-1α under hypoxic
conditions, we treated cells with a non-selective PKA inhibitor (Rp-cAMPS, 100 µM) or a
selective PKA type I inhibitor (Rp-8-Br-cAMPs, 50 µM). Rp-cAMPS slightly lowered HIF-1α
protein abundance (Figure 5a,c). As expected, the selective PKA type I inhibitor Rp-8-Br-
cAMPs, which activates PKA type II at 50 µM [26], had the opposite effect and increased
HIF-1α expression (Figure 5b,d). Accordingly, we observed a decreased abundance of the
regulatory subunits RIIα and RIIβ (Figure 5b), reflecting PKA type II activation. Together,
these findings indicate that PKA type II is the PKA isoform involved in the regulation of HIF-
1α. In line with these findings, MAGED2 knockdown increased RIIα and RIIβ expression
under hypoxic conditions reflecting a decrease in PKA type II activity (Figure 5e).
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our finding that forskolin increases MAGED2 mRNA levels and protein levels under hy-
poxia (Figure 4), we hypothesized that HIF-1α is essential for the induction of MAGED2 
protein expression. To this end, we analyzed the effect of HIF-1α knockdown under hy-
poxia in HEK293 and HeLa cells. As illustrated in Figure 6, HIF-1α knockdown decreases 
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Figure 5. PKA type II regulates HIF-1α protein abundance: (a,b) HEK293 cells were treated with
the non-selective PKA inhibitor (Rp-cAMPS, 100 µM) or the selective PKA type I inhibitor (Rp-8-
Br-cAMPS, 50 µM) for 30 min under CoCl2. Total cell lysates were separated by SDS-PAGE and
probed with anti-HIF-1α, MAGED2, RIIα, or RIIβ antibodies. (c,d) Densitometric analysis of HIF-
1α immunoblot presented in (a,b), respectively. (e) cells were transfected with control (siCtrl) or
MAGED2 (siMAGED2) siRNA. Cells were exposed to 300 µM CoCl2 for 14–16 h. Total cell lysates
were separated by SDS-PAGE and probed with anti-HIF-1α, MAGED2, RIIα, and RIIβ antibodies.
Statistical significance was determined by unpaired two-sided Student’s t-test (c,d). All Western
blots shown are from the same experiment, which is a representative example of three independent
experiments. Bar graphs show mean ± SEM. ** p ≤ 0.01 and *** p ≤ 0.001.

3.7. HIF-1α Promotes MAGED2 Expression under Hypoxia

As HIF-1α was previously shown to increase PKA activity under hypoxia [27] and our
finding that forskolin increases MAGED2 mRNA levels and protein levels under hypoxia
(Figure 4), we hypothesized that HIF-1α is essential for the induction of MAGED2 protein
expression. To this end, we analyzed the effect of HIF-1α knockdown under hypoxia in
HEK293 and HeLa cells. As illustrated in Figure 6, HIF-1α knockdown decreases MAGED2
protein expression in HeLa (Figure 6a,b) and HEK293 cells (Figure 6d,e) exposed to CoCl2
demonstrating that HIF-1α is required for expression of MAGED2 protein under these
conditions. Likewise, using physical hypoxia in HIF-1α depleted HeLa cells, a significant
reduction of MAGED2 mRNA was observed (Figure 6c).
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Figure 6. HIF-1α knockdown reduces MAGED2 expression under hypoxia. HeLa (a,c) and HEK293
(d) cells were transfected with control or HIF-1α siRNA. cells were treated with 300 µM CoCl2 for 14–
16 h: (a,d) Total cell lysates were separated by SDS-PAGE and probed by anti-HIF-1α and MAGED2
antibodies. (b,e) densitometric analysis of HIF-1α immunoblot presented in (a,d), respectively.
(c) HeLa cells were exposed to physical hypoxia for 14 h. Total RNA was extracted, and the relative
mRNA amount of MAGED2 was determined by qRT-PCR. Statistical significance was determined by
unpaired two-sided Student’s t-test (b,c,d). All Western blots shown are from the same experiment,
which is a representative example of three independent experiments. Bar graphs show mean ± SEM.
** p ≤ 0.01.

4. Discussion

The key finding of this study is that MAGED2 is required under both physical hy-
poxia and treatment with the hypoxia mimetic CoCl2 to fully induce HIF-1α in renal
(HEK293) and cancer (HeLa) cell culture models. Our finding of interdependent regulation
of MAGED2 and HIF-1α via PKA type II under hypoxia provides a mechanism for how
MAGED2 through induction of HIF-1α promotes cAMP generation, which is essential in the
hypoxic fetal kidneys to promote salt reabsorption. Thus, the lack of the MAGED2 and HIF-
1α amplification loop compromises cAMP generation, which leads to renal salt-wasting in
transient Bartter syndrome, caused by truncating mutations in MAGED2.

Our data with PKA subtype-specific agents indicate that PKA type II is the relevant
PKA isoform involved in the regulation of HIF-1α. This notion was further corroborated
by the observation that the regulatory subunits RIIα and RIIB (which- together with the
catalytic subunits- constitute PKA type II) were increased in hypoxia with the knockdown
of MAGED2, (Figure 5e). In agreement with our findings, PKA type II was shown to be
expressed in the majority of organs [28,29] whereas PKA type I is mainly expressed in the
brain [30]. In addition, the notion that PKA type II is involved in the hypoxic induction
of HIF-1α is in line with the study from Lucia and coworkers, who demonstrated that
the hypoxic induction of PKA type II is mediated by hypoxic repression of RIIβ gene
transcription [27].
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Of interest, our studies under hypoxia also revealed that isoproterenol and forskolin
increased MAGED2 protein abundance and that GNAS knockdown elicits the opposite
effect. This clearly indicates that the Gαs/cAMP/PKA pathway promotes MAGED2 ex-
pression under hypoxic conditions. To further support this notion, we also showed that
forskolin increases the abundance of MAGED2 transcript under hypoxic conditions, which
is in agreement with the presence of four CRE sites in the 2000 bp of the MAGED2 promoter.
The lack of effect of isoproterenol in MAGED2-depleted cells on the hypoxic induction of
HIF-1α concurs with our previous study showing that MAGED2 is essential for Gαs depen-
dent activation of membrane-bound adenylate cyclase [9] thereby explaining that agents
acting upstream of Gαs such isoproterenol are ineffective in MAGED2-depleted cells.

In light of the interdependence between MAGED2, Gαs/cAMP/PKA, and HIF-1α
shown in this study we asked if HIF-1α also regulates MAGED2 expression. We could
indeed show that HIF-1α was necessary for maximal MAGED2 protein expression. Given
that the MAGED2 promoter does not contain HRE elements, which precludes direct activa-
tion of the MAGED2 promoter by HIF-1α, we speculate that reduced MAGED2 expression
resulted from reduced PKA activity possibly by increased PRKAR2B gene transcription
under hypoxic conditions [27], which represses PKA type II activity and hence reduces
MAGED2 mRNA levels. To this end, we suggest that under hypoxic conditions, MAGED2
inhibits Gαs endocytosis. This ensures the activation of adenylate cyclase and cAMP and
the activation of PKA type II, which enhances HIF-1α expression under hypoxic conditions.
The latter increases (similar to forskolin) MAGED2 mRNA levels. Thus, MAGED2 depletion
impairs the cAMP/PKA pathway and HIF-1α induction. Decreased cAMP level explains,
at least in part, the salt loss in transient Bartter syndrome (Figure 7). This model is further
supported by our finding that MAGED2 stabilizes HIF-1α by inhibiting its proteasomal
degradation in a PKA-dependent manner. The functional importance of this pathway is
demonstrated by reduced GLUT1 mRNA levels, a classical transcriptional target of HIF-1α.
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Figure 7. Proposed model for MAGED2′s role under hypoxia (created with BioRender.com). Under
hypoxia, MAGED2 inhibits Gαs endocytosis. This ensures activation of the adenylate cyclase and
cAMP generation and activation of PKA, which enhances expression of HIF-1α under hypoxia by
inhibiting its proteasomal degradation. The latter amplifies together with forskolin MAGED2 mRNA
levels. Hence, depletion of MAGED2 impairs the cAMP/PKA pathway and induction of HIF-1α.
Reduced cAMP levels explain salt loss in transient Bartter syndrome.

The biological implications of MAGED2’s role in amplifying hypoxic induction of
HIF-1α are broad because MAGED2 is expressed in many adult tissues where it could play
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a critical role under hypoxic conditions (i.e., high altitude, inflamed hypoxic tissue, acute
kidney injury, and cancer). Although our study was conducted in cell culture, it is likely that
this reciprocal regulation of MAGED2 and HIF-1α, could also take place in native tissues, in
particular the kidney, and play a crucial role in the chronic renal adaptations to physiological
or pathological challenges: Of note, MAGED2 protein is constitutively expressed in the
distal tubule [8,31] while HIF-1α protein is absent in adult kidney, both are induced in
the distal tubule of the kidney in rodent models of acute kidney injury (AKI) [31–33].
HIF-1α protein has also been demonstrated in humans with renal transplant failure [34]. In
conjunction with our data, it is conceivable that MAGED2 is required for proper induction
of HIF-1α in the distal tubule. As several research groups have demonstrated a protective
effect in animal models of AKI by exogenous induction of HIF1 either by small molecules or
by genetic techniques (Table 2 in [32]), activation of MAGED2 might be an additional route
to increase HIF-1α activity. Moreover, we previously showed that MAGED2 mutations
cause transient Bartter syndrome characterized by severe renal salt wasting and polyuria
in fetuses, by heavily altering the expression of two critical renal salt-transporters, NKCC2,
and NCC. It is also conceivable that physiological or pathological changes in the expression
level of HIF-1α and/or MAGED2 may affect the activity of NKCC2 and/or NCC, therefore
altering the water balance and sodium homeostasis, not only during pregnancy but also
during adult life.

In regard to the transient nature of aBS caused by MAGED2 mutations (tBS5), which
denotes spontaneous recovery from salt-wasting in parallel with a developmental increase
in renal oxygenation, we hypothesized that MAGED2 function is required mainly under
physiological hypoxic conditions such as in fetuses. Given the well-established link between
HIF-1α and cAMP/PKA and by showing in the present study that MAGED2 is also required
for hypoxic induction of HIF-1α, the finding of the present study may further explain the
transient nature of this kidney disease. However, the effect of MAGED2 on cAMP and HIF-
1α pathways, may still not entirely explain the profound salt wasting caused by impaired
NKCC2 and NCC post-Golgi regulation and targeting to the cell surface. Indeed, one
cannot exclude that, in MAGED2-depleted hypoxic cells, other molecular mechanisms
such as ER retention and associated degradation of the cotransporters due to ER stress
induced by hypoxia, are also involved. In line with this idea, we previously showed that
export from the ER constitutes the limiting step in NKCC2 maturation and cell surface
expression and that WT NKCC2 and its disease-causing mutants are subject to regulation
by endoplasmic reticulum-associated degradation (ERAD), in particular under ER stress
conditions [35–39].

Importantly, our previous studies showed that MAGED2 depletion impaired the
maturation of the transiently expressed key renal transport proteins and membrane proteins
NKCC2 and NCC in HEK293 cells [8]. Given that transient overexpression induces ER
stress [40], especially when overexpressing transmembrane proteins [41], we speculate
that this stress rendered the maturation of NKCC2 and NCC MAGED2 sensitive. Along
these lines, it is conceivable that the effects of MAGED2 depletion on HIF-1α induction and
Gαs localization seen with cobalt chloride results from redox stress [9]. Taken together, we
speculate that MAGED2 protects against various forms of stress, namely hypoxic stress, ER
stress, and redox stress.

MAGED2 is also expressed in many human cancers and is associated with a poor
prognosis [4,42–45]. Moreover, the hypoxic microenvironment in cancer cells is the key
condition affecting the cellular expression program leading to chemotherapy resistance [46].
Given the established roles of Gαs and HIF-1α as oncoproteins in malignancy [47–49],
it is conceivable that MAGED2 promotes tumorigenesis by stimulating the cAMP/PKA-
HIF-1α pathway.

Our data significantly extend previous studies, which uncovered unidirectional links
between cAMP/PKA and HIF-1α and vice versa but not their reciprocal interactions
governed by MAGED2 acting as a master regulator: Starting with the finding that β-
blockers reduce expression of the HIF-1α dependent gene erythropoietin more than 40 years
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ago, various groups reported unidirectional connections between hypoxia, HIF-1α, and
the cAMP/PKA pathway. In a sequential order starting at the plasma membrane, all
these studies identified the following links between the HIF-1α and the cAMP/PKA
pathways: A hypoxia-specific phosphorylation of the β-receptor is essential for HIF-1α
activation [50], adenylyl cyclase VI and VII are induced by HIF-1α [19], hypoxia increases
PKA activity [18,27], and PKA stabilizes HIF-1α by phosphorylation [20,23]. Our study
now adds substantially to the above findings because we identified MAGED2 as a master
regulator, which is connected to HIF-1α and the cAMP/PKA pathways in a multidirectional
fashion through multiple and partly independent ways.

In summary, we identified that MAGED2 acts as a master regulator for the hypoxic
induction of HIF-1α by controlling Gαs dependent activation of PKA type II. In terms of
therapeutic applications, inhibition of MAGED2 could target the oncoproteins Gαs and
HIF-1α specifically in hypoxic tumors, and its activation may enhance HIF-1α induction in
kidney disease.
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Figure S1. MAGED2 promotes hypoxic HIF-1α protein expression in HeLa and HEK293 cells: HeLa (a) and HEK293 
(b) cells were transfected with control (siCtrl), MAGED2 (siMAGED2). Briefly, 24 - 48 h post-transfection, cells were 
exposed to physical hypoxia. Cells were exposed to physical hypoxia (1% O2, 5% CO2, 94% N2) for the specified times. 
Total cell lysates were separated by SDS-PAGE and probed with an-ti-HIF-1α and MAGED2 antibodies. 
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Figure S2. Forskolin reverses the effect of MAGED2 knock-down on hypoxic HIF-1α induction in HEK293 

cells: (a) HEK293 cells were transfected with control, or MAGED2 (M) siRNA cells were treated with chemical 

hypoxia (300µM CoCl2) with 10µM forskolin (FSK) for 14 - 16 h. Total cell lysates were separated by SDS-PAGE 

and probed with anti-HIF-1α and MAGED2 antibodies. (b) Densitometric analysis of HIF-1α immunoblot is 

presented in (a). Statistical significance was determined by unpaired two-sided Student’s t-tests (b). Bar graphs 

show mean ± SEM. *P ≤ 0.05 and ** P ≤ 0.01. 
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Figure S3. Forskolin reverses the effect of MAGED2 knockdown on hypoxic HIF-1α induction. 

HeLa cells were transfected with control (siCtrl) or MAGED2 (siMAGED2) siRNA. Cells were 

exposed to physical hypoxia and with 10µM forskolin (FSK) for 14 - 16 h. Total cell lysates were 

separated by SDS–PAGE and probed with anti-HIF-1α and MAGED2 antibodies. 
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Abstract: Melanoma-associated antigen D2 (MAGED2) plays an essential role in activating the
cAMP/PKA pathway under hypoxic conditions, which is crucial for stimulating renal salt reabsorp-
tion and thus explaining the transient variant of Bartter’s syndrome. The cAMP/PKA pathway
is also known to regulate autophagy, a lysosomal degradation process induced by cellular stress.
Previous studies showed that two members of the melanoma-associated antigens MAGE-family
inhibit autophagy. To explore the potential role of MAGED2 in stress-induced autophagy, specific
MAGED2-siRNA were used in HEK293 cells under physical hypoxia and oxidative stress (cobalt
chloride, hypoxia mimetic). Depletion of MAGED2 resulted in reduced p62 levels and upregulation
of both the autophagy-related genes (ATG5 and ATG12) as well as the autophagosome marker
LC3II compared to control siRNA. The increase in the autophagy markers in MAGED2-depleted
cells was further confirmed by leupeptin-based assay which concurred with the highest LC3II ac-
cumulation. Likewise, under hypoxia, immunofluorescence in HEK293, HeLa and U2OS cell lines
demonstrated a pronounced accumulation of LC3B puncta upon MAGED2 depletion. Moreover,
LC3B puncta were absent in human fetal control kidneys but markedly expressed in a fetal kidney
from a MAGED2-deficient subject. Induction of autophagy with both physical hypoxia and oxidative
stress suggests a potentially general role of MAGED2 under stress conditions. Various other cellular
stressors (brefeldin A, tunicamycin, 2-deoxy-D-glucose, and camptothecin) were analyzed, which all
induced autophagy in the absence of MAGED2. Forskolin (FSK) inhibited, whereas GNAS Knock-
down induced autophagy under hypoxia. In contrast to other MAGE proteins, MAGED2 has an
inhibitory role on autophagy only under stress conditions. Hence, a prominent role of MAGED2 in
the regulation of autophagy under stress conditions is evident, which may also contribute to impaired
fetal renal salt reabsorption by promoting autophagy of salt-transporters in patients with MAGED2
mutation.

Keywords: MAGED2; autophagy; cellular stress; cAMP; G-alpha-S; Bartter’s syndrome; hypoxia
nephrogenesis

1. Introduction

Bartter’s syndrome (BS) is a rare inherited disease caused by mutations in the salt
transporters of the thick ascending limb of the loop of Henle (TAL) and/or their regulatory
subunits: SLC12A1 encoding NKCC2 (BS 1), KCNJ1 encoding ROMK (BS 2), CLCNKB
encoding CLC-Kb (BS 3), BSND encoding Barttin (BS 4a), and CLCNKA and CLCNKB en-
coding CLC-Ka, CLC-Kb, respectively (BS 4b) and MAGED2 encoding MAGED2 (BS 5) [1].
BS is characterized by polyuria, hypokalemia, hypercalciuria, alkalosis, nephrocalcinosis
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and low to normal blood pressure. Aside from the majority of cases of BS3, all other types
of BS present with polyhydramnios, due to the limited capacity of the placenta to reabsorb
electrolytes [2]. In contrast to Bartter’s syndromes 1–4, Bartter’s syndrome 5 resolves
spontaneously despite its most severe initial presentation [3,4].

Our research provides an explanation for the transient character of Bartter’s syndrome
5 by showing that under hypoxic conditions, MAGED2 functions as a master regulator of
the cAMP/PKA pathway by regulating the endocytosis of Gαs through MDM2-dependent
ubiquitination [5,6], which in turn is required for renal salt reabsorption by NKCC2 and
NCC [7,8]. Hence, the spontaneous resolution of transient Bartter’s syndrome caused
by MAGED2 mutations may result from a developmental increase in oxygen supply to
the kidney, which renders MAGED2 dispensable as Gαs can function independently
under normoxia [1]. MAGED2 is a member of the melanoma-associated antigens (MAGE)
gene family, which is evolutionarily conserved in eukaryotes [9] and is considered the
ancestral member of the entire family of approximately 40 members in humans [10]. The
human MAGE gene family is divided into two subfamilies: Type I MAGEs (MAGEs A–C),
which are mainly expressed in testes and cancer, and Type II MAGEs (MAGEs D–G),
which are expressed ubiquitously. MAGE proteins regulate the activity of E3 ubiquitin
ligases [11] through the MAGE homology domain (MHD) [12]. There are >700 different
E3 ligases, which affect client proteins through non-degradative ubiquitination (such as
protein trafficking) or degradative (“proteasomal”) ubiquitination [13]. Apart from that,
MAGE proteins also exhibit additional biochemical functions that are independent of E3
ubiquitin ligases [9], and ongoing research is discovering new functions of these proteins.
The role of MAGED2 in the protection against hypoxic stress fits well with previous reports
showing diverse members of the MAGE-gene family protecting against diverse stressors.
For example, Mage-A2/A6/A8 knockout (KO) mice have compromised spermatogenesis
following genotoxic or nutritional stress [14]. Moreover, expression of MAGEA3/6 is
restricted to germline cells but is re-expressed in tumor cells following demethylation of
the promoter, where it promotes proteasomal degradation of AMPK via the E3 ubiquitin
ligases TRIM28. The latter inhibits AMPK-dependent autophagy, enhances proliferation
downstream of mTORC1, and thereby promotes tumorigenicity [15].

Based on our previous finding that MAGED2 protects against hypoxic stress [5],
a known inducer of autophagy, the effects of MAGED2 depletion on the induction of
autophagy under different stressors in vitro were analyzed. We showed that MAGED2
blocks autophagy in three different cell lines exposed to physical and chemical hypoxia.
Importantly, the markedly increased expression of LC3B in a fetal kidney from a patient
with truncating mutations in MAGED2 but not in two corresponding age-matched control
kidneys confirms the relevance of our in vitro findings under hypoxia. Because chemical
hypoxia stresses cells by different pathways compared to physical hypoxia, we tested
endoplasmic-reticulum-, nutritional- and genotoxic stressors, which all induced autophagy
in MAGED2 depleted cells. Finally, we revealed that under hypoxia, MAGED2 depletion
promotes autophagy by inhibiting the cAMP/PKA pathway. This effect was reversed by
forskolin (a cAMP/PKA pathway activator), in contrast to GNAS knockdown (cAMP/PKA
pathway inhibition), which promoted it.

2. Results
2.1. Induction of Autophagy upon MAGED2 Depletion under Hypoxia

To investigate the regulatory role of MAGED2 on autophagy under hypoxic stress,
HEK293 cells were transfected with control or MAGED2 siRNAs and exposed at confluency
to normoxia or physical hypoxia (1% O2, 5% CO2, 94% N2) overnight. Immunoblotting
confirmed induction of HIF-1α under hypoxia. Under normoxia, the depletion of MAGED2
had no effect on ATG5-ATG12 conjugate levels, which alongside ATG16 are essential
for autophagosome formation, nor on LC3II abundance. In contrast, physical hypoxia
induced the expression of ATG5-ATG12 conjugates and led to a statistically significantly
increased LC3II abundance in MAGED2-depleted cells, as shown by immunoblotting
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(Figures S1 and 1A,B). The autophagy flux was further assayed using p62 and leupeptin,
the protease inhibitor which blocks autophagy substrate degradation and allows monitoring
LC3B turnover. Indeed, knocking down MAGED2 in HEK293 cells concurred with reduced
p62 levels and the highest LC3II accumulation when treating with leupeptin (Figure 1A,B).
The measurement of ATG5 and ATG12 mRNA level by RT-qPCR showed an increase in
its expression when MAGED2 was depleted (Figure 1D). To independently confirm this
observation, accumulation of LC3B puncta was analyzed by immunocytochemistry as
demonstrated in Figure 1C; the abundance of puncta was markedly elevated in MAGED2-
depleted cells.
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exposed to physical hypoxia overnight. Total cell lysates were separated by SDS-PAGE and blotted 
for p62, ATGs and LC3B detection. Blotting for HIF-1α- was carried out to confirm its induction 
under hypoxia. Immunocytochemistry was carried out in parallel in HEK293 cells transfected and 
stressed similarly prior to incubation with LC3B antibody. (A) Representative Western blot images 
demonstrate decreased p62 levels, elevated ATG5-ATG12 complex levels and a higher LC3II abun-
dance upon MAGED2 depletion in the presence of physical hypoxia. Leupeptin assay confirmed 
the induced autophagy where the highest LC3II accumulation corresponded to cells where 
MAGED2 is knocked down. (B) Densitometric analysis of p62, ATG5-ATG12 conjugate and LC3II 
from the immunoblot A. All samples shown on individual blots are from the same experiment and 
each blot represents an example of three independent experiments. (C) Representative 

Figure 1. MAGED2 depletion induces autophagy under hypoxic conditions. HEK293 cells were
transfected with control or MAGED2 siRNAs. Upon confluency 24–48 h post transfection, cells were
exposed to physical hypoxia overnight. Total cell lysates were separated by SDS-PAGE and blotted
for p62, ATGs and LC3B detection. Blotting for HIF-1α- was carried out to confirm its induction
under hypoxia. Immunocytochemistry was carried out in parallel in HEK293 cells transfected
and stressed similarly prior to incubation with LC3B antibody. (A) Representative Western blot
images demonstrate decreased p62 levels, elevated ATG5-ATG12 complex levels and a higher LC3II
abundance upon MAGED2 depletion in the presence of physical hypoxia. Leupeptin assay confirmed
the induced autophagy where the highest LC3II accumulation corresponded to cells where MAGED2
is knocked down. (B) Densitometric analysis of p62, ATG5-ATG12 conjugate and LC3II from the
immunoblot A. All samples shown on individual blots are from the same experiment and each blot
represents an example of three independent experiments. (C) Representative immunofluorescence
images displaying LC3B staining in control and MAGED2-transfected HEK293 cells under physical
hypoxia. Scale bar 5 µm. (D) This notion was further supported by qRT-PCR, where the quantity of
ATG5 and ATG12 was determined in HEK293 cells transfected with control or MAGED2 siRNAs and
exposed to hypoxia. Total mRNA was isolated, and the relative mRNA amounts of both genes were
measured. Statistical significance was determined by unpaired Student’s t-test. Bar graphs show
mean ± SEM, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

Induction of autophagy upon MAGED2 depletion in response to hypoxic stress was
validated in HeLa (Figure S2A,B) and U2OS (Figure S2C,D) cells (U2OS harbors endogenous
wild-type p53 in contrast to HeLa and HEK293 cells), thereby excluding the possibility that
induction of autophagy in HeLa and HEK293 cells results from a lack of p53, which could
induce or inhibit autophagy by regulating the AMPK/mTOR pathway. A significantly
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induced autophagic response as judged by immunoblotting and immunocytochemistry
upon MAGED2 depletion was detected, thus validating the potential inhibitory role of
MAGED2 on autophagy independently of p53.

Similar to physical hypoxia, cobalt chloride, an oxidative stress inducer, significantly
induced autophagy (Figure 2A,B) and led to marked abundance of LC3B puncta (Figure 2C,
Figures S3A and S4A) as judged by immunocytochemistry upon MAGED2 depletion.
These findings show the important role that MAGED2 plays in inhibiting autophagy under
oxidative stress conditions.
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fetal kidneys from a developmental stage, which is characterized by abundant expression 
of the hypoxia-marker HIF-1α (hypoxia inducible factor 1α) [16]. In two individual fetal 
control kidneys (at 20 and 23 weeks of gestation, respectively) LC3B immunoreactivity 
was barely noticeable. In contrast, in a fetal kidney from a patient who died in utero at 22 
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Figure 2. Cobalt chloride induces autophagy in MAGED2-depleted HEK293 cells. HEK293 cells
were transfected with control or MAGED2 siRNAs. Upon confluency 24–48 h post transfection,
cells were treated with cobalt chloride (“chemical hypoxia”, CoCl2, 300 µM) for 14–16 h. Total
cell lysates were separated by SDS-PAGE and blotted for p62, ATGs and LC3B detection. Of note,
HIF-1α immunoblotting confirmed the hypoxic condition. Immunocytochemistry was carried out in
parallel in HEK293 cells transfected and stressed similarly prior to incubation with LC3B antibody.
(A) Representative Western blot images from HEK293 cells demonstrate reduced p62 levels, increased
ATG5-ATG12 conjugate levels and a higher LC3II prevalence upon MAGED2 depletion. Coincubation
with leupeptin (100 µM) led to an increased LC3II accumulation, which confirmed induction of
autophagy. (B) Densitometric analysis of p62, ATG5-ATG12 conjugate and LC3II from immunoblot
A. All samples shown on individual blots are from the same experiment, and each blot represents an
example of three independent experiments. Bar graphs show mean ± SEM, ** p ≤ 0.01, *** p ≤ 0.001.
(C) Representative immunofluorescence images displaying LC3B staining in control and MAGED2-
transfected HEK293 cells treated with CoCl2. Scale bar 5 µM.

2.2. Increased Abundance of LC3B in a Fetal Kidney from a Patient with a Truncating Mutation
in MAGED2

To independently validate the relevance of our findings of enhanced autophagy in
MAGED2-depleted hypoxic cells in vitro, the expression of LC3B was analyzed ex vivo in
fetal kidneys from a developmental stage, which is characterized by abundant expression
of the hypoxia-marker HIF-1α (hypoxia inducible factor 1α) [16]. In two individual fetal
control kidneys (at 20 and 23 weeks of gestation, respectively) LC3B immunoreactivity
was barely noticeable. In contrast, in a fetal kidney from a patient who died in utero at



Int. J. Mol. Sci. 2023, 24, 13433 5 of 18

22 weeks of gestation with transient Bartter’s syndrome caused by a truncating mutation
(c.1038C→G; p.Y346*), LC3B immunoreactivity was abundantly detected primarily in the
epithelia of medullary collecting ducts (co-labeled with cytokeratin) and to a lesser extent
in the surrounding interstitial cells (Figure 3).
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Figure 3. Enhanced expression of LC3B in the kidney from a fetus with transient Bartter’s syndrome
compared to age-matched controls. Representative immunostaining of LC3B in fetal kidney sections
from aborted cases. Staining was performed using LC3B and cytokeratin antibodies visualized Alexa
555, red, and Alexa 488, green, respectively. Scale bar 20 µM.

2.3. ER-Stressors Induce Autophagy upon MAGED2 Depletion

The fact that both physical hypoxia and cobalt chloride, which stress cells very dif-
ferently but both cause endoplasmic reticulum stress, induce autophagy suggests that
other cellular stressors may also induce autophagy in MAGED2-depleted cells. Hence,
we studied the effects of two endoplasmic reticulum stress inducers, namely tunicamycin,
which disturbs the secretory pathway by inhibiting N-linked glycosylation, and brefeldin
A (BFA), which blocks the exit of secretory proteins from the ER, thereby disintegrating the
Golgi-apparatus [17].

HEK293 cells were transfected with control or MAGED2 siRNA and treated with tu-
nicamycin overnight. Immunoblotting showed a significantly higher LC3II abundance and
ATG5-ATG12 complex expression in MAGED2-depleted cells along with reduced p62 levels
(Figure 4A,B). Immunocytochemistry for LC3B puncta confirmed that autophagy was remark-
ably higher in MAGED2-depleted cells compared to control cells (Figures 4C, S3B and S4B).
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detection. Immunocytochemistry was conducted in parallel, and HEK293 cells were stained for the 
accumulation of LC3B puncta after being transfected and treated with ER stressors. Representative 
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levels combined with increased levels of ATG5-ATG12 complex and higher LC3II abundance in 
MAGED2-depleted cells. Leupeptin treatment led to the highest LC3II accumulation because of 
blocked autophagic flux. (B,E) Densitometric analysis of p62, ATG5-ATG12 conjugate and LC3II of 
the immunoblots (A,D) respectively. All blots are from the same experiment, and each represents 
an example of three independent experiments. Bar graphs show mean ± SEM, * p ≤ 0.05, ** p ≤ 0.01, 
*** p ≤ 0.001. (C,F) LC3B staining in control and MAGED2-transfected HEK 293 cells treated with 
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2.4. Genotoxic Stress Promotes Autophagy in MAGED2 Depleted Cells 
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ious cancer cell lines [19,20] and enhances G2/M phase cell cycle arrest mediated by reac-
tive oxygen species (ROS) [21]. The aim was to study its effects on autophagy in MAGED2-
depleted cells. Similar to the other stressors, HEK293 cells showed higher induction of 
autophagy upon CPT treatment, as evidenced by significantly decreased p62 in conjuga-
tion with elevated LC3II and ATG5-ATG12 complex levels (Figure 5A,B) and markedly 
more LC3B puncta (Figure 5C) in MAGED2-depleted cells. Similar effects were observed 
in HeLa (Figure S3D) and U2OS (Figure S4D) cells. 

Figure 4. Autophagy is significantly induced by classical ER-stressors in MAGED2-depleted cells.
Control or MAGED2 siRNAs were transfected into HEK293 cells. At 24–48 h post-transfection, cells
were treated with the ER stressors 600 nM tunicamycin (Tun) overnight or 10 µM brefeldin A (BFA)
for 2 h. SDS-PAGE was used to separate total cell lysates before blotting for p62, LC3B and ATGs
detection. Immunocytochemistry was conducted in parallel, and HEK293 cells were stained for the
accumulation of LC3B puncta after being transfected and treated with ER stressors. Representative
Western blot images from HEK293 cells treated with tunicamycin (A) or BFA (D) show reduced
p62 levels combined with increased levels of ATG5-ATG12 complex and higher LC3II abundance
in MAGED2-depleted cells. Leupeptin treatment led to the highest LC3II accumulation because of
blocked autophagic flux. (B,E) Densitometric analysis of p62, ATG5-ATG12 conjugate and LC3II of
the immunoblots (A,D) respectively. All blots are from the same experiment, and each represents an
example of three independent experiments. Bar graphs show mean ± SEM, * p ≤ 0.05, ** p ≤ 0.01,
*** p ≤ 0.001. (C,F) LC3B staining in control and MAGED2-transfected HEK 293 cells treated with
tunicamycin or BFA, respectively. The scale bar is 5 µM.

Similarly, HEK293 cells were treated with BFA for 2 h. Western blotting and immuno-
cytochemistry experiments showed that MAGED2 depletion promotes autophagy in the
presence of BFA (Figures 4D–F, S3C and S4B). These findings support the idea that ER stress
promotes autophagy in the absence of MAGED2.

2.4. Genotoxic Stress Promotes Autophagy in MAGED2 Depleted Cells

Camptothecin (CPT) stabilizes the topoisomerase I cleavage complex [18] and induces
cellular stress beyond DNA damage. It was shown that it elevates ER stress in various
cancer cell lines [19,20] and enhances G2/M phase cell cycle arrest mediated by reactive
oxygen species (ROS) [21]. The aim was to study its effects on autophagy in MAGED2-
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depleted cells. Similar to the other stressors, HEK293 cells showed higher induction of
autophagy upon CPT treatment, as evidenced by significantly decreased p62 in conjugation
with elevated LC3II and ATG5-ATG12 complex levels (Figure 5A,B) and markedly more
LC3B puncta (Figure 5C) in MAGED2-depleted cells. Similar effects were observed in HeLa
(Figure S3D) and U2OS (Figure S4D) cells.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 7 of 18 
 

 

  
Figure 5. Genotoxic stress enhances autophagy in MAGED2-depleted cells. HEK293 cells were 
transfected with control or MAGED2 siRNAs. Cells were treated 24–48 h post-transfection with 10 
µM camptothecin (CPT) overnight. Total cell proteins were separated using SDS-PAGE and then 
immunoblotted for p62, ATGs and LC3B detection. In parallel, immunocytochemistry for HEK293 
cells was carried out to stain for LC3B puncta following the same protocol. (A) Representative West-
ern blot images from HEK293 cells treated with CPT show decreased p62 expression, increased lev-
els of ATG5-ATG12 complex and higher LC3II abundance upon MAGED2 depletion. Treatment 
with leupeptin blocked the autophagic flux and resulted in the highest LC3II accumulation when 
MAGED2 was depleted. (B) Densitometric analysis of p62, ATG5-ATG12 complex and LC3II from 
the immunoblots in (A). All blots are from the same experiment, and each represents an example of 
three independent experiments. Bar graphs show mean ± SEM, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 
(C) Representative immunofluorescence images showing LC3B staining in control and MAGED2-
transfected HEK293 cells upon CPT treatment. Scale bar 5 µM. 

2.5. Nutritional Stress Promotes Autophagy in MAGED2-Depleted Cells 
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inhibiting glycolysis [22,23], thereby reducing cellular ATP. Due to its structural similarity 
with mannose, it also interferes with oligosaccharide synthesis, causing abnormal N-
linked glycosylation and ER stress [24]. HEK293 cells were treated for 30 min with 2-DG. 
Immunoblotting and immunocytochemistry were performed to monitor the autophagy 
flux (Figure 6A,B), and the accumulation of LC3B puncta (Figure 6C), respectively, which 
both were increased in MAGED2 depleted cells. Increased accumulation of LC3B puncta 
was observed in HeLa (Figure S3E) and U2OS (Figure S4E) cells upon knockdown of 
MAGED2. 

Figure 5. Genotoxic stress enhances autophagy in MAGED2-depleted cells. HEK293 cells were
transfected with control or MAGED2 siRNAs. Cells were treated 24–48 h post-transfection with
10 µM camptothecin (CPT) overnight. Total cell proteins were separated using SDS-PAGE and then
immunoblotted for p62, ATGs and LC3B detection. In parallel, immunocytochemistry for HEK293
cells was carried out to stain for LC3B puncta following the same protocol. (A) Representative
Western blot images from HEK293 cells treated with CPT show decreased p62 expression, increased
levels of ATG5-ATG12 complex and higher LC3II abundance upon MAGED2 depletion. Treatment
with leupeptin blocked the autophagic flux and resulted in the highest LC3II accumulation when
MAGED2 was depleted. (B) Densitometric analysis of p62, ATG5-ATG12 complex and LC3II from
the immunoblots in (A). All blots are from the same experiment, and each represents an example of
three independent experiments. Bar graphs show mean ± SEM, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.
(C) Representative immunofluorescence images showing LC3B staining in control and MAGED2-
transfected HEK293 cells upon CPT treatment. Scale bar 5 µM.

2.5. Nutritional Stress Promotes Autophagy in MAGED2-Depleted Cells

2-Deoxy-D-glucose (2-DG) is a glucose analog, which induces nutritional stress by
inhibiting glycolysis [22,23], thereby reducing cellular ATP. Due to its structural similarity
with mannose, it also interferes with oligosaccharide synthesis, causing abnormal N-
linked glycosylation and ER stress [24]. HEK293 cells were treated for 30 min with 2-DG.
Immunoblotting and immunocytochemistry were performed to monitor the autophagy flux
(Figure 6A,B), and the accumulation of LC3B puncta (Figure 6C), respectively, which both
were increased in MAGED2 depleted cells. Increased accumulation of LC3B puncta was
observed in HeLa (Figure S3E) and U2OS (Figure S4E) cells upon knockdown of MAGED2.
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represents an example of three independent experiments. Bar graphs show mean ± SEM, * p ≤ 0.05, 
** p ≤ 0.01. (C) Representative immunofluorescence images showing LC3B staining in control and 
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HEK293 cells exposed to normoxia or physical hypoxia. Induction of HIF-1α protein con-
firmed hypoxia. Interestingly, knockdown of Gαs induced autophagy under both condi-
tions, although it was much more pronounced under hypoxic stress (lowest p62 level com-
bined with increased LC3II and ATG5-ATG12 levels) (Figure 7A,B). It also led to increased 
abundance of LC3B-positive puncta as assessed by immunocytochemistry (Figure 7C). 
Gαs depletion and the corresponding autophagic induction indicates cAMP/PKA impli-
cation.  

To independently confirm an inhibitory role of cyclic AMP elevating agents on au-
tophagy in MAGED2 hypoxic cells, HeLa and HEK293 cells were transfected with control 
or MAGED2 siRNA, treated with FSK and exposed to physical hypoxia. Interestingly, im-
munoblot analysis revealed a reduction in LC3II levels and a diminished autophagic re-
sponse upon forskolin treatment (Figure 8A–D). FSK treatment was confirmed to activate 
PKA in HeLa and HEK293 cells by immunoblotting against phosphorylated PKA sub-
strates (Figure S5). This finding was supported by immunocytochemistry, which showed 
that the accumulation of LC3B puncta was abrogated when MAGED2-depleted, hypoxic 

Figure 6. Nutritional stress promotes autophagy in MAGED2-depleted cells. Control or MAGED2
siRNAs were transfected into HEK293 cells. Cells were treated 24–48 h post transfection with
4 mM 2-Deoxy-D-glucose (2DG) for 30 min. SDS-PAGE was used to separate total cell lysates, which
were next blotted for p62, ATGs and LC3B detection. Immunocytochemistry was conducted as
mentioned before, and both HeLa and HEK293 cells were stained for the accumulation of LC3B
puncta. (A) Representative Western blot images from HEK293 cells treated with 2DG shows decreased
p62 levels, elevated expression of ATG5-ATG12 complex, higher LC3II abundance upon MAGED2
depletion and the highest ratio when co-incubating with Leupeptin. (B) Densitometric analysis of
P62, ATGs and LC3II from the immunoblots in (A). All blots are from the same experiment, and each
represents an example of three independent experiments. Bar graphs show mean ± SEM, * p ≤ 0.05,
** p ≤ 0.01. (C) Representative immunofluorescence images showing LC3B staining in control and
MAGED2-transfected HEK293 cells upon 2DG treatment. Scale bar 5 µM.

2.6. Activation of cAMP/PKA Pathway Reversed the Stress-Induced Autophagic Machinery upon
MAGE2 Depletion

We recently demonstrated that MAGED2 is essential under hypoxic conditions for cor-
rect localization of Gαs at the plasma membrane, cAMP generation and PKA activation [6].
Therefore, we asked whether induction of autophagy in our experiments resulted from
impaired functioning of Gαs. Hence, we examined the effect of Gαs-depletion in HEK293
cells exposed to normoxia or physical hypoxia. Induction of HIF-1α protein confirmed
hypoxia. Interestingly, knockdown of Gαs induced autophagy under both conditions,
although it was much more pronounced under hypoxic stress (lowest p62 level combined
with increased LC3II and ATG5-ATG12 levels) (Figure 7A,B). It also led to increased abun-
dance of LC3B-positive puncta as assessed by immunocytochemistry (Figure 7C). Gαs
depletion and the corresponding autophagic induction indicates cAMP/PKA implication.
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the immunoblot A. All samples shown on individual blots are from the same experiment, and each 
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Figure 7. GNAS depletion induces autophagy under hypoxic conditions. Control or GNAS siRNAs
were transfected into HEK293 cells. Upon confluency, 24–48 h post transfection, hypoxic stress
was applied overnight for one set in a modular chamber while the other set was kept in normoxic
conditions. Cells were then lysed and blotted for detection of p62, LC3B and autophagy-related
genes. HIF-1α immunoblot confirmed hypoxia. (A) A representative Western blot from HEK293
cells demonstrates that GNAS depletion induced autophagy significantly under hypoxia where the
low p62 levels and ATGs upregulation were accompanied by a higher conversion to the lipidated
form LC3II under hypoxia. (B) Densitometric analysis of p62, ATG5-ATG12 complex and the LC3II
from the immunoblot A. All samples shown on individual blots are from the same experiment, and
each blot represents an example of three independent experiments. Bar graphs show mean ± SEM,
* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. (C) Immunocytochemistry for HEK293 cells transfected with
either control, MAGED2 or GNAS siRNAs and exposed to physical hypoxia for 14–16 h show the
accumulation of LC3B puncta. Similar to MAGED2-depletion, knockdown of GNAS also led to an
increased abundance of LC3B positive puncta. Scale bar is 5 µM.

To independently confirm an inhibitory role of cyclic AMP elevating agents on au-
tophagy in MAGED2 hypoxic cells, HeLa and HEK293 cells were transfected with control
or MAGED2 siRNA, treated with FSK and exposed to physical hypoxia. Interestingly,
immunoblot analysis revealed a reduction in LC3II levels and a diminished autophagic
response upon forskolin treatment (Figure 8A–D). FSK treatment was confirmed to activate
PKA in HeLa and HEK293 cells by immunoblotting against phosphorylated PKA substrates
(Figure S5). This finding was supported by immunocytochemistry, which showed that the
accumulation of LC3B puncta was abrogated when MAGED2-depleted, hypoxic cells were
pre-exposed to FSK (Figure 8E). A similar effect was observed in MAGED2-depleted cells
treated with tunicamycin and FSK (Figure S6).
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verified by blotting for HIF-1α. Moreover, immunocytochemistry for HEK293 cells transfected with 
either control or MAGED2 siRNA and exposed upon confluency to overnight physical hypoxia with 
or without the addition of 10 µM of FSK was performed and the accumulation of LC3B puncta was 
analyzed. (A,B) Representative Western blot images from (A) Hela and (B) HEK293 cells treated 
with 10 µM FSK show a reduction in LC3B expression and a diminished autophagy induction upon 
FSK treatment. The promoted autophagy seen when MAGED2 is knocked-down is rendered to con-
trol levels by FSK addition. (C,D) Densitometric analysis of LC3B immunoblots in (A,B), respec-
tively. All blots are from the same experiment, and each represents an example of three independent 
experiments. Bar graphs show mean ± SEM, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. (E) Immunocyto-
chemistry confirms that FSK addition to HEK293 cells prior to hypoxic stress reversed the observed 
autophagic induction, and the accumulation of puncta was rendered to control levels. Scale bar is 5 
µM. 
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three cell lines exposed to various stressors but not in unstressed cells. The in vitro data 
are independently supported by showing markedly enhanced abundance of LC3B puncta 
in the oxygen-deprived human fetal renal medulla of a patient carrying a mutation in 
MAGED2 but not in human fetal renal medulla from corresponding stages of renal devel-
opment without a history of polyhydramnios. We also provide evidence that the inhibi-
tion of autophagy by MAGED2 requires activation of the cAMP/PKA pathway and does 
not rely on the functionality of p53 (Figure 9).  

Figure 8. Forskolin reverses the induction of autophagy under stress conditions upon MAGED2
depletion. HeLa and HEK293 cells were both transfected with control and MAGED2 siRNA. After 24
to 48 h upon confluency, the media was changed to DMEM as control or DMEM containing 10 µM FSK
before subjecting all cells to physical hypoxia overnight. SDS-PAGE was used to separate total cell
proteins, which were further immunoblotted for LC3B detection. Hypoxic condition was verified by
blotting for HIF-1α. Moreover, immunocytochemistry for HEK293 cells transfected with either control
or MAGED2 siRNA and exposed upon confluency to overnight physical hypoxia with or without
the addition of 10 µM of FSK was performed and the accumulation of LC3B puncta was analyzed.
(A,B) Representative Western blot images from (A) Hela and (B) HEK293 cells treated with 10 µM
FSK show a reduction in LC3B expression and a diminished autophagy induction upon FSK treatment.
The promoted autophagy seen when MAGED2 is knocked-down is rendered to control levels by FSK
addition. (C,D) Densitometric analysis of LC3B immunoblots in (A,B), respectively. All blots are from
the same experiment, and each represents an example of three independent experiments. Bar graphs
show mean ± SEM, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. (E) Immunocytochemistry confirms that FSK
addition to HEK293 cells prior to hypoxic stress reversed the observed autophagic induction, and the
accumulation of puncta was rendered to control levels. Scale bar is 5 µM.

3. Discussion

In this study, we demonstrated that MAGED2 blocks the induction of autophagy
in three cell lines exposed to various stressors but not in unstressed cells. The in vitro
data are independently supported by showing markedly enhanced abundance of LC3B
puncta in the oxygen-deprived human fetal renal medulla of a patient carrying a mutation
in MAGED2 but not in human fetal renal medulla from corresponding stages of renal
development without a history of polyhydramnios. We also provide evidence that the
inhibition of autophagy by MAGED2 requires activation of the cAMP/PKA pathway and
does not rely on the functionality of p53 (Figure 9).
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der.com). Under stress, MAGED2 inhibits MDM2-dependent ubiquitination and endocytosis of 
Gαs. This ensures activation of the adenylate cyclase and cAMP generation and activation of PKA 
under stress. Reduced PKA activity impairs regulation of autophagy mediated by the cAMP/PKA 
pathway. 

Activation of the cAMP/PKA pathway is known to either activate or inhibit autoph-
agy. In yeast, high glucose levels promote cAMP production, which inhibits autophagy 
by phosphorylation of ATG1 and ATG9, two key activators of macroautophagy [25]. In 
mammalian cells, cAMP can either inhibit [26–28] or promote [27,29] autophagy, depend-
ing on the cell type. Grisan and colleagues showed that the differential effects of cAMP on 
the regulation of autophagy depend on cell-type specific compartmentalization of PKA 
activity [30]. Of note, it was shown that only displacement of PKA type II (but not of PKA 
type I) reversed the effect of cAMP on autophagy, which concurs with our previous find-
ing that MAGED2 regulates PKA type II [6]. In agreement with our data, knockdown of 
Gαs has been shown to promote autophagy in HeLa cells [31].  

Concurring with the general notion that MAGE protein family members are protec-
tive against various forms of stress [9], we have previously shown that MAGED2 is re-
quired for a functional Gαs/cAMP/PKA pathway under hypoxic conditions [5,6]. Hence, 
our new finding that MAGED2 inhibits autophagy only under stressed conditions fits well 
with an important role of MAGED2, which is restricted to stress conditions. In this respect, 
our findings with MAGED2 differ from previous studies showing induction of autophagy 
upon deletion of MAGEA3/A6 in unstressed HeLa and U2OS cells [15], or unstressed 
MAGED1-depleted A549 and H1299 cells [32]. Given that activation of the cAMP/PKA 
pathway by forskolin abrogated autophagy in cells exposed to either physical hypoxia or 
the ER-stressor tunicamycin indicates that the latter stressor (like hypoxia) may also pro-
mote endocytosis of Gαs. Hence, stress-induced internalization of Gαs resulting from en-
docytosis induced by MDM2-dependent ubiquitination in the absence of MAGED2 [6] 
could be the switch activated by all stressors used in this study, which would explain why 
autophagy occurs only in MAGED2-depleted cells under stress in contrast to previous 
studies in MAGEA3/A6- or MAGED1-depleted cells. Analogously to the oncogenic po-
tential of MAGEA3/A6 expression in tumors resulting in enhanced proliferation by limit-
ing mTOR-dependent autophagy, a similar role of MAGED2 is conceivable, which is 
abundantly expressed in many types of cancers [33–36].  

Figure 9. Proposed model for the role of MAGED2 under stress conditions (created with BioRen-
der.com). Under stress, MAGED2 inhibits MDM2-dependent ubiquitination and endocytosis of Gαs.
This ensures activation of the adenylate cyclase and cAMP generation and activation of PKA under
stress. Reduced PKA activity impairs regulation of autophagy mediated by the cAMP/PKA pathway.

Activation of the cAMP/PKA pathway is known to either activate or inhibit autophagy.
In yeast, high glucose levels promote cAMP production, which inhibits autophagy by
phosphorylation of ATG1 and ATG9, two key activators of macroautophagy [25]. In
mammalian cells, cAMP can either inhibit [26–28] or promote [27,29] autophagy, depending
on the cell type. Grisan and colleagues showed that the differential effects of cAMP on
the regulation of autophagy depend on cell-type specific compartmentalization of PKA
activity [30]. Of note, it was shown that only displacement of PKA type II (but not of PKA
type I) reversed the effect of cAMP on autophagy, which concurs with our previous finding
that MAGED2 regulates PKA type II [6]. In agreement with our data, knockdown of Gαs
has been shown to promote autophagy in HeLa cells [31].

Concurring with the general notion that MAGE protein family members are protective
against various forms of stress [9], we have previously shown that MAGED2 is required
for a functional Gαs/cAMP/PKA pathway under hypoxic conditions [5,6]. Hence, our
new finding that MAGED2 inhibits autophagy only under stressed conditions fits well
with an important role of MAGED2, which is restricted to stress conditions. In this respect,
our findings with MAGED2 differ from previous studies showing induction of autophagy
upon deletion of MAGEA3/A6 in unstressed HeLa and U2OS cells [15], or unstressed
MAGED1-depleted A549 and H1299 cells [32]. Given that activation of the cAMP/PKA
pathway by forskolin abrogated autophagy in cells exposed to either physical hypoxia
or the ER-stressor tunicamycin indicates that the latter stressor (like hypoxia) may also
promote endocytosis of Gαs. Hence, stress-induced internalization of Gαs resulting from
endocytosis induced by MDM2-dependent ubiquitination in the absence of MAGED2 [6]
could be the switch activated by all stressors used in this study, which would explain
why autophagy occurs only in MAGED2-depleted cells under stress in contrast to previ-
ous studies in MAGEA3/A6- or MAGED1-depleted cells. Analogously to the oncogenic
potential of MAGEA3/A6 expression in tumors resulting in enhanced proliferation by
limiting mTOR-dependent autophagy, a similar role of MAGED2 is conceivable, which is
abundantly expressed in many types of cancers [33–36].

Previously, autophagy has been deemed dispensable for kidney development [37,38] in
contrast to adult kidneys, where autophagy in diverse cells including glomerular mesangial
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and endothelial cells, podocytes and proximal tubule epithelial cells has been shown to
be essential for maintaining kidney integrity and normal physiology [39]. Our study now
points to a potential role of autophagy in developing nephrons as shown by abundant
LC3B positivity in collecting ducts. At the moment, direct evidence that salt-transporters
such as NCC and NKCC2, which we have already shown to require MAGED2 and are
aberrantly expressed in transient Bartter’s syndrome [3], might be regulated by MAGED2
via autophagy, is missing. Of note, NCC has been shown to be degraded in lysosomes [40],
which opens the possibility of regulation by autophagy. MAGED2 is abundantly expressed
in the distal tubule in adult humans and rats starting from the cortical thick ascending limb
of the loop of Henle down to the inner medullary collecting duct [3,41], where a number
of cAMP-regulated salt-transporters are expressed [7]. Previously, induction of MAGED2
in the distal tubule in folic-acid induced acute kidney injury has been reported [42], in
keeping with a role of MAGED2 in the protection against stress by preserving renal salt
reabsorption in AKI. Of interest, rapamycin, which promotes autophagy by inhibiting
mTOR [43], has been shown to alleviate hypertension in Dahl salt-sensitive rats [44], and
deletion of raptor, which functions downstream of mTOR and inhibits autophagy, causes
a Bartter’s syndrome/furosemide-like renal phenotype including massive polyuria and
hypercalciuria [45].

One limitation of this study arises from the limited access to human fetal kidney
tissues. In addition to the marked LC3B staining, quantitative (qPCR) or semiquantita-
tive (Western blot) assays from fetal tissues would have been advantageous. The second
limitation concerns the potential effects of MAGED2 on the protection of renal salt trans-
porters, particularly NKCC2 and NCC, from hypoxia-mediated autophagy. This needs to
be determined in detail in forthcoming studies.

In sum, our study reveals that MAGED2 inhibits autophagy via the cAMP/PKA
pathway in cells exposed to a diverse set of stressors in vitro and ex vivo as shown by
massive autophagy in collecting ducts of a MAGED2-deficient human fetal kidney. Our
data may indicate a probable reoccurrence of renal salt wasting, upon exposure of MAGED2-
deficient individuals to certain stressors.

4. Material and Methods
4.1. Cell Culture

DMEM Glutmax containing 10% fetal bovine serum superior (Sigma-Aldrich, Schnell-
dorf, Germany), penicillin (100 units/mL) and streptomycin (100 units/mL) was used to
grow Human Embryonic Kidney (HEK293), Human Bone Osteosarcoma Epithelial Cells
(U2OS Line) and HeLa cells (Table 1) at 37 ◦C in a humidified atmosphere of 5% CO2.
Control and experimental cells were always derived and studied from the same flask and
passage on the same day.

Table 1. Reagents and tools.

Reagent or Resource Source Identifier

Antibodies

Anti-MAGED2 rabbit raised against this
peptide (QVQENQDTRPKVKAK) Eurogentec (Cologne, Germany)

Anti-LC3B Thermo Fisher Scientific (Dreieich, Germany) PA1-46286

Cytokeratin Agilent M0821

ATG5 Antibody Santa Cruz Biotechnology sc-133158

P62 Antibody Santa Cruz Biotechnology sc-28359

Goat anti-rabbit IgG (H + L), Alexa Fluor Plus 555 Thermo Fisher Scientific (Dreieich, Germany) A32732

Goat anti-rabbit IgG (H + L), Alexa Fluor Plus 555 Thermo Fisher Scientific (Dreieich, Germany) A32732
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Table 1. Cont.

Reagent or Resource Source Identifier

StarBright Blue 520 Goat Anti-Rabbit IgG Bio-rad (Feldkirchen, Germany) 12005869

StarBright Blue 700 Goat Anti-Mouse IgG Bio-rad (Feldkirchen, Germany) 12004158

Chemical stressors

Cobalt(II) chloride hexahydrate Sigma Aldrich (Schnelldorf, Germany) C8661

Tunicamycin Cayman Chemical (Ann Arbor, MI, USA) 11445

Camptothecin Cayman Chemical (Ann Arbor, MI, USA) 11694

2-deoxy-D-glucose TCI (Eschborn, Germany) D0051

Brefeldin A Sigma Aldrich (Schnelldorf, Germany) B6542

Transfection

DhramaFECT4 Dharmacon (Cambridge, UK) T-2004-03

Critical Commercial Assays

SingleShot Cell Lysis Kit Bio-rad (Feldkirchen, Germany) 1725080

iScript Advanced cDNA Synthesis Kit for RT-qPCR Bio-rad (Feldkirchen, Germany) 1725038

SsoAdvanced Universal SYBR Green Supermix Bio-rad (Feldkirchen, Germany) 1725271

Experimental Models: Cell Lines

HEK293 ATCC CRL1573

HeLa Gift from Dr. Vijay Renigunta

U2OS Gift from Prof. Thorsten Stiewe, ZIT,
Philipps-University, Marburg

Oligonucleotides

ON-TARGETplus Non-targeting Control Pool Dharmacon (Cambridge, UK) D-001810-10-05

UGGUUUACAUGUCGACUAA

UGGUUUACAUGUUGUGUGA

UGGUUUACAUGUUUUCUGA

UGGUUUACAUGUUUUCCUA

ON-TARGETplus Human MAGED2
siRNA—SMARTpool Dharmacon (Cambridge, UK) L-017284-01-0005

GGACGAAGCUGAUAUCGGA

GCUAAAGACCAGACGAAGA

AGGCGAUGGAAGCGGAUUU

GAAAAGGACAGUAGCUCGA

ON-TARGETplus Human GNAS
siRNA—SMARTpool Dharmacon (Cambridge, UK) L-010825-00-0005

GCAAGUGGAUCCAGUGCUU

GCAUGCACCUUCGUCAGUA

AUGAGGAUCCUGCAUGUUA

CAACCAAAGUGCAGGACAU

GAPD, Human GAPDH,
Real-Time PCR Primer Set Biomol (Hamburg, Germany) VHPS-3541

TTTTGGCTAAAGACCAGACG
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Table 1. Cont.

Reagent or Resource Source Identifier

AATAGCCTGCTCGTTCAATG

ATG5 Sigma-Aldric (Schnelldorf, Germany)

AAAGATGTGCTTCGAGATGTGT

CACTTTGTCAGTTACCAACGTCA

ATG12 Sigma-Aldrich (Schnelldorf, Germany)

CTGCTGGCGACACCAAGAAA

CGTGTTCGCTCTACTGCCC

Software and Algorithms

ImageJ Schneider et al., 2012 [46] https://imagej.nih.gov/ij/,
accessed on 22 July 2022

GraphPad Prism 9 GraphPad

EndNote X9 Clarivate Analytics

BioRender
https:

//www.biorender.com/,
accessed on 22 August 2023

4.2. siRNA (Small Interfering RNA) Knockdown

The ON-TARGETplus SMARTpools of the siRNAs for control, MAGED2 and GNAS
were purchased from Dharmacon (D-001810-10-05 and L-010825-00-0005). By reverse
transfection according to the manufacturer’s instructions, cells were transfected with either
control or MAGED2 siRNAs using DhramaFECT4.

4.3. Establishment of Cellular Stress

At 24–48 h post transfection, the medium of the confluent cells was changed to
a media containing one of the chemical stressors; endoplasmic reticulum (ER) stressors,
Tunicamycin (Tun, 600 nM) or Brefeldin A (BFA, 10 µM); a genotoxic stressor, Camptothecin
(CPT, 10 µM); a nutritional stressor, 2-deoxy-D-glucose (2DG, 4 mM); or a hypoxia mimetic,
Cobalt Chloride (CoCl2, 300 µM) which induces HIF1-α expression “Chemical Hypoxia”.
Overnight incubation of cells in a standard humidifier at 37 ◦C was needed for Tun, CPT
and CoCl2, while incubation with BFA and 2DG lasted only for 2 h and 30 min, respectively,
to evade toxic effects. Physical hypoxia was performed overnight in a modular hypoxia
incubator chamber (Billups-Rothenberg, Inc., San Diego, CA, USA, Cat. MIC-101), as
described previously [5].

4.4. Immunocytochemistry

Cells were cultured in poly-L-lysine coated chamber slides. Fixation of cells was done
at 4 ◦C by using 4% paraformaldehyde in PBS for 20 min followed by permeabilization
in 0.1% Triton X-100 for 5 min at 4 ◦C. Cells were incubated afterwards with DAKO
(antibody diluent with background-reducing components) for 30 min to prevent nonspecific
antibody binding. Rabbit LC3B antibody (1:2000) was used as a primary antibody for
1 h at room temperature, and the Alexa Fluor Plus 555-coupled goat anti-Rabbit IgG
antibody (1:500) was used as a secondary antibody. Visualization was done after mounting
with VECTASHIELD Antifade Mounting Medium containing DAPI (Vector Laboratories,
Newark, CA, USA) by employing a ZEISS Apotome 40× magnifying lens (Carl Zeiss,
Oberkochen, Germany).

https://imagej.nih.gov/ij/
https://www.biorender.com/
https://www.biorender.com/
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4.5. Immunohistochemistry

Fetal human kidneys were obtained from medical abortions (20 and 23 weeks of
gestational ages, respectively) and from a case of transient Bartter’s syndrome (22 weeks
of gestational age) as described previously [3]. Kidneys were embedded with paraffin
and cut into 5 µm thick sections. The sections, after being deparaffinized with xylene and
graded alcohol, were rehydrated in a succession of 100%, 90%, 80%, 70% and 50%. Staining
with rabbit LC3B (1:500) and mouse cytokeratin (1:100) antibodies in 1% bovine serum
albumin (BSA) was performed at 4 ◦C overnight. Both Alexa Fluor Plus 555 and Alexa
Fluor Plus 488 coupled secondary antibodies (1:500) were added the following day after
three PBS washes and kept for 1 h at room temperature. Autofluorescence was removed
by TrueVIEW Autofluorescence Quenching Kit (Vector Laboratories, Newark, CA, USA).
Mounting with VECTASHIELD Antifade Mounting Medium containing DAPI (Vector
Laboratories, Newark, CA, USA) preceded visualizing the sections using ZEISS Apotome
(Carl Zeiss, Oberkochen, Germany).

4.6. Western Blotting

Lysis buffer (50 mM Tris pH 7.4, 5 mM EDTA, 150 mM NaCl, 1% Triton X-100 and
protease inhibitors) was used to lyse the confluent cells after three ice-cold PBS washes.
The lysates were centrifuged for 15 min at 13,000× g, and the protein concentrations of the
supernatants were measured by a Pierce™ BCA Protein Assay Kit (Thermo Scientific™,
Dreieich, Germany). We used 12% TGX gels Stain Free gels (Bio-rad, Feldkirchen, Germany;
Cat. 1610181) to separate the proteins before blotting them to nitrocellulose membranes
0.2 µM through a Trans-Blot Turbo Transfer System (Bio-rad, Feldkirchen, Germany).
Identifying the proteins was carried out by fluorescence antibodies StarBright Blue 520 and
700 (Bio-rad, Feldkirchen, Germany) using the ChemiDoc MP imaging machine (Bio-Rad,
Feldkirchen, Germany). ImageJ software provided by the National Institutes of Health,
Bethesda, MD, USA, was used to assess the gray density of Western blots. The signal for
the protein of interest is normalized to the total amount of protein loaded into the lane
using a stain-free membrane [47].

4.7. Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction (qRT-PCR)

The quantities of ATG5 and ATG12 mRNA were measured using quantitative real-time
RT-PCR (qRT-PCR), with the GAPDH gene serving as an internal control. Cell total RNA
was extracted using the Bio-rad SingleShot Cell Lysis Kit and transcribed to complementary
DNA (cDNA) using the Bio-rad iScriptTM Advanced cDNA Synthesis Kit. PCR was
performed employing a QuantStudio™ 3 Real-Time PCR System (Applied Biosystems,
Waltham, MA, USA) with SsoAdvanced Universal SYBR Green Supermix (Bio-rad). Cycle
threshold values were normalized to GAPDH amplification.

4.8. Statistical Analyses

Results are displayed using mean ± SEM. Unpaired Student’s t-tests were used to
analyze mean differences. Statistical analyses were carried out with the aid of the program
GraphPad Prism X9. p values of 0.05 or less were deemed statistically significant (*),
p values of 0.01 or less were deemed highly significant (**), and p values of 0.001 or less
were deemed extremely significant (***).

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms241713433/s1.
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Figure S1. Compared to normoxia, autophagy is induced in HEK293 cells under hypoxic stress and MAGED2 

silencing markedly enhances the autophagic induction under hypoxia. 

Control or MAGED2 siRNAs were transfected into HEK293 cells. 24-48 hours post transfection, hypoxic stress was 

applied overnight for one set in a modular chamber (1% O2, 5% CO2, and 94% N2) while the other set was kept in a 

humidified atmosphere (normoxia). Cells were then lysed and blotted for LC3B and autophagy related genes detection. 

Of note, HIF-1α immunoblotting confirmed the hypoxic condition (A) Representative western blot images from HEK293 

cells reveal that hypoxia markedly induced autophagy in comparison to normoxia, as evident by upregulation of ATG5-

ATG12 conjugate levels alongside the higher conversion to the lipidated form LC3II. MAGED2 depletion was 

dispensable under normoxic conditions in contrast to hypoxia where significantly augmented ATG5-ATG12 complex 

levels and increased LC3II abundance were observed. (B) Densitometric analysis of ATG5-ATG12 conjugate and LC3II 

from the immunoblot A. All samples shown on individual blots are from the same experiment and each blot represents 

an example of three independent experiments. Bar graphs show mean ±. SEM, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 

  



 

Figure S2. MAGED2 depletion induces autophagy under hypoxia in HeLa and p53-psoitive U2OS cells. 

U2OS and HeLa cells were transfected with control and MAGED2 siRNA. 24-48 h post transfection, cells were exposed 

to physical hypoxia overnight. HIF-1α immunoblots confirmed hypoxia. A, C: Representative immunoblots disclose 

higher LC3II prevalence upon MAGED2 depletion in HeLa (A) and U2OS (C) cells. Treatment with leupeptin blocked 

the autophagic flux and resulted in the highest LC3II accumulation when MAGED2 is knocked-down. B, D: 

Densitometric analysis of LC3II in the immunoblots A, C respectively. All blots are from the same experiment and each 

represents an example of three independent experiments. Bar graphs show mean ± SEM, * p ≤ 0.05, ** p ≤ 0.01, *** p 

≤ 0.001. Immunocytochemistry in HeLa (E) and U2OS (F) cells, transfected with control or MAGED2 siRNAs and 

exposed to physical hypoxia, reveal marked accumulation of LC3B puncta upon MAGED2 depletion. The scale bar is 

5 µM. 

 



Figure S3. MAGED2 depletion in HeLa cells induces autophagy significantly in response to numerous stress 

conditions. 

Control and MAGED2 siRNAs were transfected in HeLa cells. Upon confluency, 24-48 hours after transfection, cells 

were exposed to a variety of stress conditions; 300 µM CoCl2 overnight, 600 nM Tunicamycin overnight, 10 µM 

Camptothecin overnight, 10 µM Brefeldin A for 2 hours and 4 mM 2-Deoxy-D-glucose for 30 minutes to avoid toxic 

effects. Immunocytochemistry was conducted to stain against LC3B in control and MAGED2 transfected HeLa cells 

which were treated with CoCl2 (A), tunicamycin (B), BFA (C), CPT (D) or 2DG (E). The scale bar is 5µM. 

  



 

 

Figure S4. Stress-induced autophagy is significantly promoted in U2OS cells upon MAGED2 depletion. 

U2OS cells were transfected with Control and MAGED2 siRNAs. 24-48 h post-transfection, cells were subjected to 

diverse stress conditions; 300 µM CoCl2 overnight, 600 nM Tunicamycin overnight, 10 µM Camptothecin overnight, 10 

µM Brefeldin A for 2 hours and 4 mM 2-Deoxy-D-glucose for 30 minutes to avoid toxic effects. Immunocytochemistry 

was performed to stain against LC3B in control and MAGED2 transfected U2OS cells which were treated with CoCl2 

(A), tunicamycin (B), BFA (C), CPT (D) or 2DG (E). The scale bar is 5µM. 

  



 

 

  

 

Figure S5. Forskolin treatment increases the phosphorylation of PKA substrates. 

HeLa and HEK293 cells were transfected with control siRNA following our standard protocol and upon confluency 24-

48 h post transfection, the medium of the cells was altered to either DMEM or DMEM containing 10 µM FSK. The cells 

were incubated overnight and the lysates were collected afterwards and blotted for phosphorylated PKA substrates. 

 



 

Figure S6. In MAGED2 depleted HeLa cells, forskolin treatment limits autophagy induction under ER stress. 

HeLa cells were transfected with either control or MAGED2 siRNA. 24-48 h post transfection, the medium of the cells 

was changed to DMEM containing 600 nM tunicamycin or DMEM containing 10 µM forskolin together with 600 nM 

tunicamycin. The cells were stained for the accumulation of LC3B puncta and surprisingly the accumulation upon 

MAGED2 depletion was abrogated and rendered to control level when forskolin was added to the media. 

 

 


