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Abstract 
Magnesium is crucial for numerous metabolic pathways and is required for general 

health. For instance, all free ATP is stabilized by a Mg2+ ion and ribosomes have more 

than a hundred magnesium binding sites. Furthermore, translation and transcription 

depend on this cation and yet the regulation of magnesium homeostasis remains only 

partially explained. To further elucidate the function of CNNMs in magnesium 

homeostasis, we identified a novel role of ARL15 as an interacting partner of CNNMs. 

They co-localized in the perinuclear region where ARL15 modulates N-glycosylation of 

CNNMs. This in turn affects Mg2+ influx and ATP production in kidney cancer cells. 

TRPM7, the ubiquitous divalent cation channel, was also identified as a putative 

interacting partner of ARL15. As a follow-up to this study, we uncovered a novel role of 

CNNMs as negative regulators of TRPM7. The presence of ARL15 significantly increased 

the binding between CNNMs and TRPM7. The binding of PRL-2 to CNNM3 resulted in  

a change in the subcellular localization of the latter. TRPM7 and CNNM3 affected the 

expression of PRL-1/2 in opposite ways, which in turn affected TRPM7 downstream 

signaling. The regulatory binding between TRPM7 and CNNM3 is modulated by either 

ARL15 or PRL-1/2 interactions with CNNM3, which are in turn affected by the changes 

in magnesium levels. The novel layers of Mg2+ regulation uncovered in this thesis can be 

targeted to improve magnesium absorption in hypomagnesemia patients. Additionally, 

our results uncover important possibilities to impede the metabolic processes of cancer 

cells, thereby preventing their spread.    
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Résumé 

Le magnésium est crucial pour plusieurs voies métaboliques et est requis pour la santé 

générale. Par exemple, tout l’ATP libre est stabilisé par un ion de Mg2+, et les ribosomes 

ont plus de cent sites de liaison pour de ce cation. Bien que les processus de 

transcription et de traduction dépendent du magnésium, la régulation de son 

homéostasie n’est que partiellement élucidée. Pour comprendre davantage la fonction 

des CNNMs dans cette homéostasie, nous avons identifié un nouveau rôle de ARL15 

comme partenaire d’interaction des CNNMs. Ils co-localisent dans la région 

périnucléaire, où ARL15 module la N-glycosylation des CNNMs, affectant ainsi l’afflux 

de Mg2+ et la production d’ATP dans les cellules cancéreuses du rein. Le canal des 

cations divalents TRPM7 a aussi été identifié comme partenaire d’interaction putatif de 

ARL15. Nous avons de plus découvert un nouveau rôle des CNNMs en tant que 

régulateurs négatifs de TRPM7. La présence de ARL15 augmente la liaison entre les 

CNNMs et TRPM7. La liaison de PRL-2 entraîne un changement de localisation 

subcellulaire de CNNM3. TRPM7 et CNNM3 affectent l’expression de PRL-1/2 de 

manière opposée, ce qui module la signalisation en aval de TRMP7. La liaison régulatrice 

entre TRPM7 et CNNM3 est modulée par l’interaction de ARL15 ou de PRL-1/2 avec 

CNNM3, qui est alors affectée par un changement du niveau de magnésium. Dans ces 

études, nous avons découvert de nouvelles strates de régulation de l’homéostasie du 

magnésium et de TRMP7. Les niveaux de régulation de Mg2+ découverts dans cette 

thèse peuvent êtres ciblés pour améliorer l’absorption de magnésium dans les patients 

souffrant d’hypomagnésémie. En outre, nos résultats ouvrent d’importantes possibilités 

pour freiner le métabolisme des cellules tumorales, empêchent ainsi leur propagation. 
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Literature review 
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Magnesium 

Magnesium (Mg²⁺) is the second most abundant divalent cation in the human body. It is 

involved in hundreds of enzymatic reactions, including such vital processes as 

transcription and translation [1]. Currently, 200 pathways and processes are listed on 

HMDB under magnesium (https://hmdb.ca/metabolites/HMDB0000547, accessed on 16 

Aug 2021, Ref. [2]). Notable among them are glycolysis, gluconeogenesis, citric acid 

cycle and fatty acid metabolism, demonstrating the importance of magnesium in such 

crucial biochemical pathways. Given the vast range of reactions that involve magnesium 

it is not surprising that multiple human diseases are associated with magnesium 

imbalance [3].  

 
Magnesium in biochemistry and molecular biology 

Most ATP in the cell is found in the form of Mg•ATP where the two positive charges of a 

magnesium ion neutralize negative charges on phosphate groups of adenosine 

triphosphate [4]. Magnesium can be found in bidentate or tridentate phosphate 

coordination, where either two or three phosphate groups are neutralized by Mg²⁺ [5]. 

Similarly, GTP is found in the Mg•GTP form [6]. Enzymatic reactions involving hydrolysis 

of ATP or GTP require a magnesium ion [7, 8]. Apart from binding free nucleotide di- and 

triphosphates, magnesium also binds RNA and DNA polynucleotides. Binding of Mg²⁺ 

to RNA results in stabilization of its structure, decreased degradation and increased 

catalysis [9]. The process of transcription itself involves Mg²⁺ since up to six magnesium 

ions compensate negative charges of (PO₂)⁻ oxygens on the backbone of tRNA 

molecules [10]. Protein synthesis is also dependent on magnesium since multiple Mg²⁺ 
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ions are found within the structure of ribosomes where they are involved in proper folding 

and stability of rRNA, and interaction between rRNA and ribosomal proteins [11, 12]. In 

bacteria, a single ribosome contains at least 170 magnesium ions and depletion of 

magnesium results in reduction of ribosome synthesis and increase in magnesium 

transporters translation [13]. Similarly to prokaryotes, eukaryotic cells respond to 

magnesium deprivation by upregulating transcription and translation of genes involved 

in magnesium transport and regulation [14–19].  

 
Magnesium transporters and transport mediators 

Apart from the TRPM6/7 magnesium channels and the CNNM family of magnesium 

transport mediators, which will be discussed in greater detail below, multiple proteins 

have been described as magnesium transporters. The SLC41 family, MRS2 and putative 

magnesium transporters are discussed in this section. 

 
SLC41 family 

The solute carrier 41 (SLC41) family consists of three members (SLC41A1, SLC41A2, 

SLC41A3) that have been described as magnesium transporters [20]. SLC41A1 has been 

described more specifically as a Na⁺/Mg²⁺ exchanger that is involved in Mg²⁺ efflux [21]. 

However another study has shown that the activity of SLC41A1 does not depend on 

sodium [16]. Rather, the authors demonstrated that a low magnesium diet affects the 

function of mitochondria by decreasing the activity of Krebs cycle components, which 

was rescued by Slc41a1 knockout in mouse cardiomyocytes [22]. Slc41a1 expression is 

sensitive to depletion of magnesium, where significant increase in its mRNA levels was 
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observed in kidney cortex and distal convoluted tubule cells cultured in low extracellular 

magnesium [23]. In polarized cells SLC41A1 is found at the basolateral membrane, 

where it could participate in the extrusion of Mg²⁺ from kidney cell cytoplasm into the 

bloodstream [16]. SLC41A2 is not as well studied as SLC41A1, but it has also been 

shown to be involved in magnesium transport. In TRPM7 knockout cells, overexpression 

of SLC41A2 rescued the proliferation arrest and increased magnesium uptake [24]. 

Slc41a3 was identified, together with Cnnm2 and Trpm6, to have increased expression 

in the distal convoluted tubule (DCT) in mice fed a Mg²⁺-deficient diet [25]. Slc41a3-/- 

mice were shown to have hypomagnesemia and had an increase in Trpm6 and Slc41a1 

magnesium transporter expression to compensate for the knockout of Slc41a3 [15]. In 

contrast with SLC41A1 and SLC41A2, which are expressed at the plasma membrane, 

SLC41A3 is expressed at the inner mitochondrial membrane, where it acts as a Na⁺/Mg²⁺ 

exchanger and participates in Mg²⁺ extrusion [26].  

 
MRS2 and mitochondria 

Whereas SLC41A3 participates in mitochondrial magnesium efflux, MRS2 plays a role 

of the sole magnesium transporter that participates in Mg²⁺ influx in mitochondria, a 

process which was first identified in yeast [27] and then confirmed in human cells [28, 

29]. A recent study has shown that lactate drives the release of magnesium from the ER 

and the consequent mitochondrial Mg²⁺ influx, which requires Mrs2 [30]. The transporter 

involved in the efflux of magnesium from the ER is still unknown. ATP13A4 has been 

proposed as a potential ER Mg²⁺ transporter but its function has not been confirmed 

[31]. The lactate study has also shown that Mrs2 knockout (KO) mice were protected 
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from LPS-induced septic shock due to the reduction in leukocyte infiltration and 

attenuation of proinflammatory cytokine release [30]. In addition, phosphorylation of 

pyruvate dehydrogenase was higher in Mrs2 WT than in KO hepatocytes, which resulted 

in decreased mitochondrial bioenergetics, and the differences between the two 

genotypes were increased upon lactate treatment [30]. Pyruvate dehydrogenase is 

inhibited by phosphorylation, which results in a decrease of acetyl-CoA entering the TCA 

cycle [32]. This was a surprising finding since a previous study has shown no changes 

in pyruvate concentration upon Mrs2 knockout but a decrease in TCA cycle metabolites 

such as malate, citrate, cis-aconitate and succinate [33]. Various studies have as well 

demonstrated that Mg²⁺ enhances the activity of pyruvate dehydrogenase and other 

dehydrogenases that participate in the TCA cycle [34]. Mitochondrial ATP-Mg/Pi carriers 

(APCs, SLC25A23-25 and SLC25A41) are involved in indirect transport of magnesium in 

and out of mitochondria, but their effect on Mg²⁺ dynamics is not well understood [35]. 

 
Putative magnesium transporters 

Multiple other proteins have been ascribed the role of magnesium transporters with 

insufficient evidence [31, 36]. The function of most of them has not been well studied 

and their effect on magnesium homeostasis is not understood. The function of MAGT1 

and MGMT1 has been elucidated and they were shown not be magnesium transporters 

but rather proteins involved in proper processing and N-glycosylation of membrane 

proteins [37, 38]. 
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Magnesium in health and disease 

Given the importance of magnesium in such a wide range of biochemical processes it is 

not surprising to see that it is involved in multiple human diseases. Magnesium is 

absorbed from food in the intestine, where most of the absorption takes place through 

a paracellular pathway in the small intestine, while fine control of magnesium uptake 

takes place in the large intestine through a transcellular pathway [3]. Magnesium is 

filtered through the kidneys and the regulation of magnesium in the body takes place 

though fine-tuned reabsorption in the DCT of the nephron [3].  

 
Magnesium deficiency 

Normal serum magnesium levels are defined as 0.7-1.0 mmol/L [39]. According to 

epidemiological surveys conducted in different countries magnesium deficiency is a 

frequently observed issue. Fewer than 25% of respondents in the USA National Health 

and Nutrition Examination (2001–2010) met the recommended dietary allowance (RDA) 

of magnesium [40] and 2.5%-15% are estimated to have hypomagnesemia [39]. In a 

German survey, hypomagnesemia was observed in 14.5% of people in a population of 

16000 individuals [41]. In an Iranian population, 14.6% of individuals had a sub-optimal 

magnesium level below 0.8 mmol/L [42]. In Canada, magnesium RDA stands at 320 

mg/day for adult females, 360 mg/day for pregnant females and 420 mg/day for adult 

males (https://www.canada.ca/en/health-canada/services/food-nutrition/healthy-

eating/dietary-reference-intakes/tables/reference-values-elements-dietary-reference-

intakes-tables-2005.html, accessed on September 9, 2021). Food sources high in 

magnesium include nuts and seeds, beans and tofu, and whole grains [43]. However, 
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comparing content of magnesium in food with actual consumption shows that a much 

lower amount of magnesium is consumed than listed in food micronutrients tables, which 

is attributed to its loss during cooking [44]. Vegetarians were shown to consume 80% 

more magnesium, on average, compared to omnivores [45]. The standard American diet 

supplies inadequate amounts of several vitamins and minerals, including magnesium, 

which can result in hypomagnesemia and related conditions [46]. 

 
Diseases linked with magnesium perturbations 

Multiple adverse conditions are associated with hypomagnesemia, with some of them 

listed in Table 1. For example, dietary magnesium is inversely correlated with incidence 

of depression [47, 48], and supplementation with magnesium chloride for 6 weeks was 

enough to improve multiple self-reported parameters in adults with mild-to-moderate 

depression [49].  

Populations with low serum or dietary magnesium present higher incidence of 

prediabetes and diabetes [50], imbalanced cholesterol [51], higher markers of adiposity 

and higher serum glucose levels [52]. These are associated with the incidence of stroke, 

which is reduced in a dose-dependent manner in population with increasing magnesium 

intake [53]. Magnesium supplementation results in a clinically significant reduction in 

blood pressure [54] and improvement in many other health parameters, such as 

hyperglycemia and hypertriglyceridemia, and results in decreased incidence of type 2 

diabetes [55]. Metformin treatment, a widely-used diabetes therapy is associated with 

reduced serum magnesium levels and results in a reduced expression of TRPM6, a 
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magnesium transporter, which could partly explain the link between diabetes and 

hypomagnesemia [56]. 

In mice with progeria, magnesium supplementation improved their antioxidant 

and ATP status, as well as their longevity [57]. 

The importance of magnesium in health is highlighted in the papers mentioned 

above, which reinforces the need to study magnesium transporters and modulators 

involved in its homeostasis. 

Table 1.1: Association of hypomagnesemia with various conditions 
 
Disease Reference 
Arrhythmia [58, 59] 
Asthma [60, 61] 
Ataxia [62, 63] 
Depression and anxiety [47, 49, 64] 
Fibromyalgia [65] 
Hypertension [66–68] 
Hypothyroidism, Hashimoto thyroiditis  [69] 
Inflammation [70] 
Metabolic syndrome and obesity [55] 
Migraine [71] 
NAFLD, NASH [72, 73] 
Preeclampsia [74] 
Seizures and epilepsy [75–78] 
Stroke [79, 80] 
Type 2 diabetes [81] 

 

ARL15 

Biochemical properties and function of ARL15 are not well understood. Initial information 

on ARL15 came from a series of genome-wide association studies (GWAS) which 

identified its link with adiponectin levels [82–84], type 2 diabetes [84–86], serum lipid 
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levels [87], rheumatoid arthritis [88, 89] and blood pressure [90]. Of note, a GWAS 

performed in the Japanese population could not confirm the association of ARL15 with 

type 2 diabetes [91]. The association of ARL15 with adiponectin and lipid levels, as well 

as type 2 diabetes was elucidated in the study which showed that in adipocytes, 

knockdown of ARL15 resulted in reduced adiponectin production and secretion, and 

pre-adipocyte differentiation [92]. This makes sense since adiponectin plays an 

important role in glucose uptake and fatty-acid oxidation [93]. Reduction of adiponectin 

levels is linked with insulin resistance, type 2 diabetes, hypertension and dyslipidemia 

[93]. A post-translation S-palmitoylation modification of ARL15 was recently identified 

on Cys22 and 23, which was responsible for its proper localization to the Golgi during 

adipogenesis [94]. Since S-palmitoylation is a reversible post-translational modification, 

this dynamic process could be regulated to affect ARL15’s localization. 

A link between ARL15 and kidney function was uncovered in a GWAS meta-

analysis which identified a relationship between a SNP in an intron of ARL15 and the 

estimated glomerular filtration rate, which is a measure of kidney function [95]. Further, 

the connection between magnesium and ARL15 was unraveled in a GWAS meta-

analysis that identified two genes to be linked with kidney magnesium handling: ARL15 

and TRPM6, a magnesium channel [96]. A recent study identified ARL15, CNNMs and 

TRPM7 to form a native complex, where ARL15 was responsible for inhibiting 

magnesium influx through TRPM7 [97]. 

Interestingly, ARL15 appears to be crucial for development since its knockout in 

mice is embryonically lethal [98].  
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PRLs 

The phosphatase of regenerating liver (PRL) family is composed of three members: 

PTP4A1 (PRL-1), PTP4A2 (PRL-2) and PTP4A3 (PRL-3). They are dual specificity 

phosphatases, albeit their enzymatic activity is very low compared to other 

phosphatases, partly due to the presence of an alanine immediately after C(X)5R motif 

instead of serine/threonine found in other PTPs (Fig. 1.1A) [99]. The phosphatase activity 

of PRLs can be regulated through the formation of disulfide bond between cysteine 49 

and cysteine 104 (numbering based on PRL-1/3), with reduced PRL having a much 

higher activity [100]. Rat PRL-1 was first identified as an immediate-early gene following 

a partial hepatectomy that resulted in rapid liver regeneration, giving the name to this 

phosphatase family [101]. PRLs share high sequence identity (>78%), with PRL-3 being 

more distant from PRL-1 and -2 (Fig. 1.1B). They are unique among phosphatases in 

having a CAAX prenylation motif at their C-terminal (where C is a cysteine, A is an 

aliphatic amino acid and X can be any amino acid), which localizes PRLs to membranes 

[102] (Fig. 1.1A). Following prenylation, the AAX peptide is cleaved in the ER by RCE1 

prenyl endopeptidase [103]. Deletion of the CAAX motif results in nuclear localization of 

PRLs, which was initially hypothesized to be due to the presence of a potential bipartite 

nuclear localization signal formed by the polybasic region [104, 105], later shown not to 

be involved in nuclear localization [106]. PRL-1 and -2 are expressed in all tissues 

whereas PRL-3 is mostly expressed in the heart, skeletal muscle and the prostate [102]. 

PRLs are overexpressed in multiple cancers and, more recently, a link with magnesium 

homeostasis was established [102].  
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Figure 1.1: Alignment and comparison of PRL proteins 
A: Clustal Omega [107] alignment of human PRL proteins with PRL3 CNNM binding and 
phosphatase activity data adapted from [108, 109], numbering based on PRL3. Post-
translational modification data obtained from PhosphoSitePlus [110]. B: Amino acid 
identity between PRLs based on the alignment. 
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expression levels increase significantly [111]. Amplification and high mRNA levels of 

PTP4A genes in different cancers is observed on average at ~5% for PTP4A1 and 

PTP4A2 (Fig. 1.2). In general, PTP4A3 shows higher levels of amplification/high mRNA 

than PTP4A1 and 2, at 14.2% of samples, with highest levels in ovarian serous 

cystadenocarcinoma and uveal melanoma (Fig. 1.2). A similar proportion (22.3%) of 

diverse human tumour samples were identified as PRL-3 positive using 

immunohistochemistry [112]. Similarities between PTP4A1 and 2 mRNA regulation, and 

their contrast with PTP4A3, could be explained in part by the presence of an analogous 

regulatory uORF in the 5ʹ UTR of PTP4A1 and 2, that is absent in PTP4A3 [18]. In 

addition, only the 5ʹ UTR of PTP4A3 contains repeated GCCCAG motifs, which are 

involved in translational repression by PCBP1 [112]. 
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Figure 1.2: Proportion of cancer patients with amplifications or high mRNA levels 
of PTP4A gene family in TCGA 
 

Multiple papers have linked high PRL-3 expression to worsened patient outcomes 

in various cancers, such as colorectal, ovarian, breast and lung [113–116]. 

Overexpression of PRL-2 was linked with breast cancer progression and it was observed 

that PTP4A2 mRNA levels are higher in tumour and more so in lymph nodes, compared 

to normal breast tissue [117]. In another breast cancer study, the association with 



 14 

disease-free survival with PRL-3 was only observed in patients who had developed 

lymph nodes metastases, and no association was observed for PRL-1 or PRL-2 [118]. 

This could explain why no significant association between breast cancer survival and 

PTP4A gene expression was observed in the TCGA pan-cancer dataset (Fig. 1.3). 

Ovarian cancer patients with detectable PRL-3 protein expression fared significantly 

worse than those with undetectable PRL-3 [119]. mRNA levels of PTP4A1 and PTP4A2 

in ovarian cancer effusions were inversely correlated with overall survival [120]. However, 

there was no significant link between PTP4A mRNA levels and patients’ survival in the 

TCGA pan-cancer dataset (Fig. 1.3). The expression of PTP4As is significantly 

associated with survival of patients with two types of kidney cancer: clear cell and 

papillary (Fig. 1.3). Curiously, PTP4A1 is associated with improved survival in clear cell 

renal carcinoma, in contrast with PTP4A2 and PTP4A3. For papillary renal cell 

carcinoma, high expression of PTP4A1 and PTP4A3 is associated with reduced survival. 

Interestingly, no publications to date have associated PTP4As expression with clear cell 

and papillary renal cancers. An association of PTP4A3 with two different types of kidney 

cancer has been established: upper tract urothelial carcinoma [121] and Wilms’ tumour 

[122]. This discrepancy could be partly explained by the lack of significant correlation 

between PTP4A mRNA and protein levels in different tissues [123]. Lack of correlation 

between PTP4A3 mRNA and protein levels was also observed in  various cancer cell 

lines [112]. 
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Figure 1.3: Hazard ratio of death in cancers with PTP4A gene expression 
KM-plotter was used to obtain hazard ratio statistics comparing cancer patients’ survival 
in the upper and lower PTP4A expression quartiles [124, 125]. Thick lines indicate cases 
where expression of a specific PTP4A gene had a significant effect on survival based on 
the log-rank P value < 0.05. 
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The involvement of PRL-3 in tumour proliferation, angiogenesis, migration and 

metastasis has been studied extensively and multiple pathways affected by PRL-3 

overexpression have been identified (reviewed in [126, 127]). These include pathways 

signalling through Rho GTPases, CSK/FAK/SRC/Rac, PI3K/AKT/PTEN, 

Ras/MEK/ERK1/2, p53, integrin, β-catenin and tensin/paxillin/vinculin [126, 128, 129]. 

For example, both PRL-1 and -3 were associated with increased cell motility and 

metastatic tumour formation in mice, and cells expressing catalytically dead (C104S 

mutation) PRL-3 exhibited reduced motility [130]. While multiple putative targets of PRLs 

have been identified, few have been confirmed by independent labs [102]. For instance, 

PTEN downregulation and consequent oncogenesis has been linked with both PRL-2 

[131] and PRL-3 [132]. 

The link between PRLs and hematologic cancers has long been established. For 

example PRL-3 was found to be overexpressed in and involved in progression of 

Hodgkin’s lymphoma [133, 134], T-cell lymphoblastic leukemia [135, 136], acute myeloid 

leukemia [137–139] and chronic myeloid leukemia [140]. Its oncogenic effects have been 

linked with dysregulation of various signaling pathways through such targets as β-

catenin [139], SRC [135] and STATs [141–143]. STAT5 itself has been shown to promote 

PRL-3 expression in AML [137]. In a zebrafish model of T-cell lymphoblastic leukemia, 

prl-3 overexpression by itself did not increase the chance of establishing leukemia, 

however overexpression of myc and prl-3 together resulted in a significantly higher 

number of fish with leukemia, compared to myc alone [136]. In this study, PRL-3 was 

called a “collaborating oncogenic driver” and not an oncogene as in the study above, 
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which is in line with previous studies showing that PRLs alone are not sufficient to drive 

tumorigenesis but are necessary to enhance and maintain a transformed phenotype.  

A recent study has shown that PRL-3 causes cells to be addicted to an acidic 

extracellular environment [144]. This is accomplished through the increase of intracellular 

magnesium, which in turn stimulates ATP and ROS production. Concomitant activation 

of TRPML lysosomal calcium channel results in lysosomal exocytosis, which allows for 

proton extrusion [144]. An acidic tumour microenvironment is linked with cancer growth 

and metastasis [145] and therefore the decrease in extracellular pH due to exocytosis of 

H+ in PRL-3-overexpressing cells helps explain PRLs’ effect on cancer proliferation. 

Another recent study showed that PRL-3 overexpression increases cancer cell survival 

in response to hypoxia mimicking CoCl2 by acting as the phosphatase of p38 MAPK 

[146]. Phosphorylation of p38 MAPK under stress conditions, such as hypoxia and ROS 

production, leads to apoptosis [147], and its direct dephosphorylation by PRL-3 leads 

to survival and increased metastasis formation [146]. Interestingly, neither PRL-1 nor 

PRL-2 had an effect on p38 MAPK phosphorylation [146]. 

 
CNNMs 

CNNMs (cyclin and CBS domain divalent metal cation transport mediator or cyclin M) 

have previously been named Ancient Conserved Domain Proteins (ACDPs) due to the 

high degree of conservation of their domains in all trees of life [148]. Homologs of 

CNNMs have been recently identified in fungi and plants and have been shown to be 

crucial for high magnesium tolerance [149]. Even though CNNMs contain a cyclin box 

sequence that has homology to cyclin proteins [148], a role in cell cycle progression has 
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not been observed for these proteins [150]. CNNMs share a conserved domain 

architecture composed of an N-terminal extracellular domain, CNNM (InterPro domain 

ID: IPR002550) (which until recently has been known as DUF21 (domain of unknown 

function 21)), Bateman module composed of 2 CBS domains (IPR044751) and a putative 

cyclic nucleotide-binding homology (CNBH) or cNMP-like domain (IPR018490) (Fig. 1.4) 

[151].  
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CNNM1      ------------MAAAAAAA----------AAVG-----------------VRLRDCCSRGAVLLLFFSLSPRPPAAAAWLLGLRP-EDTAGGRVSLEGG 60
CNNM2      MIGCGACEPKVKMAGGQAAAALPTWKMAARRSLSARGRGILQAAAGRLLPLLLLSCCCGAGGC-------AAVGENEETVIIGLRL-EDTNDV-SFMEGG 91
CNNM3      ------------MAAAVAAAGRLGWLFA--------------------------ALCLGNAA---------G-EAAPGPRVLGFCLEEDGAAGAGWVRGG 52
CNNM4      ------------MAPV-GGGG---------RPVGGPARGRLLLAAPVLLV---LLWAL---GA-------RGQGSPQQGTIVGMRL-ASCNKSCGTNPDG 64
                       **   ....                                   .    .                  ::*:    .         .*

CNNM1      TLRAAEGTSFLLRVYFQPGPPATAAPVPSPTLNSGE---NGTGDWAPRLVFIEEPPGGGGVAPSAVPTRPPGPQRCREQSDWASDVEVLGPLRPGGVAGS 157
CNNM2      ALRVSERTRVKLRVYGQNINNETWSRIAFTEHE-----------------RRRHSPGERGLGGPAPPEPDSGPQRCGIRTSD---IIILPHII-LNRRTS 170
CNNM3      AARDTPDATFLLRLFGPGFANSSWSWVAPEGAGCREEAASPAGEWRALLRLR--------------------------------------LRAEAVRPHS 114
CNNM4      IIFVSEGSTVNLRLYGYSLGNISSNLISFTEVD-----------------DAETLH---------------KSTSCLELTKD---LVVQQLVNVSRGNTS 129
               :  : . **::       :   :                                                                        *

CNNM1      ALVQVRVRELRKGEA---------------------ER----GGA-GGGGKLFSLCAWDGRAWHHHGAAGGFLLRVRPRLYGPGGDLLPPAWLRALGALL 231
CNNM2      GIIEIEIKPLRKMEKSKSYYLCTSLSTPALGAGGSGSTGGAVGGKGGSGVAGLPPPPWAETTWIYHDGEDTKMI------VGEEKKFLLPFWLQVIFISL 264
CNNM3      A-----------------------------------------------------------------------LLAVRVEPGGGAAEEAAPPWALGLGAAG 143
CNNM4      GVLVVLTKFLRRSESMKLYALCTRAQ---------------------------PDG-----PWLKWTDKDSLLF------MVEEPGRFLPLWLHILLITV 191
           .                                                                       ::               * *   :

CNNM1      LLALSALFSGLRLSLLSLDPVELRVLRNSGSAAEQEQARRVQAVRGRGTHLLCTLLLGQAGANAALAGWLYTSLPPGFGGTGEDYSEEGIHFPWLPALVC 331
CNNM2      LLCLSGMFSGLNLGLMALDPMELRIVQNCGTEKEKNYAKRIEPVRRQGNYLLCSLLLGNVLVNTTLTILLDDIAGSGL----------------VAVVVS 348
CNNM3      LLALAALARGLQLSALALAPAEVQVLRESGSEAERAAARRLEPARRWAGCALGALLLLASLAQAALAVLLYRAAGQRA---------------VPAVLGS 228
CNNM4      LLVLSGIFSGLNLGLMALDPMELRIVQNCGTEKERRYARKIEPIRRKGNYLLCSLLLGNVLVNTSLTILLDNLIGSGL----------------MAVASS 275
           ** *:.:  **.*. ::* * *::::::.*:  *:  *::::  *  .   * :***    .:::*:  *                          .  .

CNNM1      TGAVFLGAEICPYSVCSRHGLAIASHSVCLTRLLMAAAFPVCYPLGRLLDWALRQEISTFYTREKLLETLR-AADPYSDLVKEELNIIQGALELRTKVVE 430
CNNM2      TIGIVIFGEIVPQAICSRHGLAVGANTIFLTKFFMMMTFPASYPVSKLLDCVLGQEIGTVYNREKLLEMLR-VTDPYNDLVKEELNIIQGALELRTKTVE 447
CNNM3      AGLVFLVGEVVPAAVSGRWTLALAPRALGLSRLAVLLTLPVALPVGQLLELAARPG----RLRERVLELARGGGDPYSDLSKGV---------LRCRTVE 315
CNNM4      TIGIVIFGEILPQALCSRHGLAVGANTILLTKFFMLLTFPLSFPISKLLDFFLGQEIRTVYNREKLMEMLK-VTEPYNDLVKEELNMIQGALELRTKTVE 374
           :  :.: .*: * ::..*  **:. .:: *::: :  ::* . *:.:**:            **:::*  :   :**.** *           ** :.**

CNNM1      EVLTPLGDCFMLRSDAVLDFATVSEILRSGYTRIPVYEGDQRHNIVDILFVKDLAFVDPDDCTPLLTVTRFYNRPLHCVFNDTRLDTVLEEFKKGKSHLA 530
CNNM2      DVMTPLRDCFMITGEAILDFNTMSEIMESGYTRIPVFEGE-RSNIVDLLFVKDLAFVDPDDCTPLKTITKFYNHPLHFVFNDTKLDAMLEEFKKGKSHLA 546
CNNM3      DVLTPLEDCFMLDASTVLDFGVLASIMQSGHTRIPVYEEE-RSNIVDMLYLKDLAFVDPEDCTPLSTITRFYNHPLHFVFNDTKLDAVLEEFKRGKSHLA 414
CNNM4      DIMTQLQDCFMIRSDAILDFNTMSEIMESGYTRIPVFEDE-QSNIVDILYVKDLAFVDPDDCTPLKTITRFYNHPVHFVFHDTKLDAMLEEFKKGKSHLA 473
           :::* * ****: ..::*** .::.*:.**:*****:* : : ****:*::********:***** *:*:***:*:* **:**:**::*****:******

CNNM1      IVQRVNNEGEGDPFYEVMGIVTLEDIIEEIIKSEILDETDLYTDNRKKQRVP---QRERKRHDFSLFKLSDTEMRVKISPQLLLATHRFMATEVEPFKSL 627
CNNM2      IVQRVNNEGEGDPFYEVLGIVTLEDVIEEIIKSEILDETDLYTDNRTKKKVA---HRERK-QDFSAFKQTDSEMKVKISPQLLLAMHRFLATEVEAFSPS 642
CNNM3      IVQKVNNEGEGDPFYEVLGLVTLEDVIEEIIRSEILDESEDYRDTVVKRKPASLMAPLKRKEEFSLFKVSDDEYKVTISPQLLLATQRFLSREVDVFSPL 514
CNNM4      IVQKVNNEGEGDPFYEVLGLVTLEDVIEEIIKSEILDESDMYTDNRSRKRVS---EK-NK-RDFSAFKDADNELKVKISPQLLLAAHRFLATEVSQFSPS 568
           ***:*************:*:*****:*****:******:: * *.  :::        .: .:** ** :* * :*.******** :**:: **. *.

CNNM1      YLSEKILLRLLKHPNVIQELKFDEKNKKAPEHYLYQRNRPVDYFVLLLQGKVEVEVGKEGLRFENGAFTYYGVPAIMTTACSDND-----VRKVGSLAGS 722
CNNM2      QMSEKILLRLLKHPNVIQELKYDEKNKKAPEYYLYQRNKPVDYFVLILQGKVEVEAGKEGMKFEASAFSYYGVMALTASPVPLSLSRTFVVSRTELLAAG 742
CNNM3      RISEKVLLHLLKHPSVNQEVRFDESNRLATHHYLYQRSQPVDYFILILQGRVEVEIGKEGLKFENGAFTYYGVSALTVPSSVHQS--------------- 599
CNNM4      LISEKILLRLLKYPDVIQELKFDEHNKYYARHYLYTRNKPADYFILILQGKVEVEAGKENMKFETGAFSYYGTMALTSVPSD------------------ 650
            :***:**:***:*.* **:::** *:   .:*** *.:*.***:*:***:**** ***.::** .**:***. *:

CNNM1      SVFLNRSPSRCSGLNRSESPNRE-------RSDFGGSNTQLYSSSNNLYMPDYSVHILSDVQFVKITRQQYQNALTACHMDSSPQSPDMEAFTDGDSTKA 815
CNNM2      SPGENKSPPRPCGLNHSDSLSRSDRIDAV-TPTLGSSNNQLNSSLLQVYIPDYSVRALSDLQFVKISRQQYQNALMASRMDKTPQSSDSENTK-IELTLT 840
CNNM3      -------PVSS---------LQPIRHDL--QPDPG------DGTHSSAYCPDYTVRALSDLQLIKVTRLQYLNALLATRAQNLPQSPENTDLQVIPGSQT 675
CNNM4      -----RSPAHPTPLSRSASLSYPDRTDVSTAATLAGSSNQFGSSVLGQYISDFSVRALVDLQYIKITRQQYQNGLLASRMENSPQFPIDGCTTHMENLAE 745
                  *                          .       .:    *  *::*: * *:* :*::* ** *.* * : :. **

CNNM1      PTTRGTPQTPKDDPAITLL---NNRNSLPCSRSDGLRSPSEVVYLRMEELAFTQEEMTDFEEHSTQQLTLSPAAVPTRAASDSECCNINLDTETSPCSSD 912
CNNM2      E-----LHDGLPDETANLL---NEQNCVTHSKANHSLHNEGAI--------------------------------------------------------- 875
CNNM3      RLL--------GEKTTTAAGSSHSRPGVPVEGSPGR--NPGV---------------------------------------------------------- 707
CNNM4      K-----SELPVVDETTTLL---NERNSLLHKASHEN-----AI--------------------------------------------------------- 775
                       : : .     :.:  :  . :        .
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CNNM2      --------------------------------------- 875
CNNM3      --------------------------------------- 707
CNNM4      --------------------------------------- 775
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◀	Figure 1.4: Alignment of human CNNM proteins  
Clustal Omega [107] alignment of human CNNM proteins with following annotations: 
CNNM, CBS1, CBS2 and CNBH [152, 153] domains highlighted below the sequence 
alignment; CNNM2 hypomagnesemia-causing and CNNM4 Jalili syndrome mutations 
are highlighted in tan (▮) and teal (▮) and indicated above the alignment; mutations in 
CNNM3 loop are indicated in pink (▮); black triangles (▼) indicate residues involved in 
magnesium coordination based on prokaryotic CNNM homolog structures [154, 155]  
 * - identical, : - similar, . – somewhat similar amino acids.  
 
 
Human diseases 

Mutations in CNNM2 and CNNM4 have been linked with hypomagnesemia [156–160] 

and Jalili syndrome [161–176], respectively (Fig. 1.4). Two types of hypomagnesemia are 

caused by various mutations in CNNM2: hypomagnesemia 6, renal (HOMG6, OMIM: 

613882) and hypomagnesemia, seizures and mental retardation 1 (HOMGSMR1, 

OMIM:616418). Mutations in CNNM4 cause Jalili syndrome (OMIM:217080), which is 

characterized by cone-rod dystrophy and amelogenesis imperfecta, a tooth formation 

disorder. In this disorder, magnesium deficiency causes a disbalance of cations and 

results in malformation of photoreceptor cells and necrosis in pigment epithelial cells, 

and it is linked with diabetic retinopathy [177, 178]. A mutation in CNNM4 results in tooth 

malformation, and disbalance in magnesium and calcium in the teeth manifested in 

higher magnesium content in the enamel and lower content in the dentin [179]. 

Additionally, CNNM4 knockout mice exhibit hypomineralization of tooth enamel [180]. 

On the other hand, CNNM1 and CNNM3 have not been associated with human genetic 

disorders.  

Whereas genetic mutations cause specific human disorders, overexpression of 

CNNMs has an effect on the growth of malignant cells. Work in breast cancer cells lines 
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demonstrated that overexpression of CNNM4 in MCF7 cell line resulted in close to 100% 

cell death, whereas overexpression of the Q730X mutant had no such effect [181]. In two 

other breast cancer cell lines, T47D and BT20, the opposite effect of CNNM4 was 

observed, where its knockdown resulted in growth suppression [181]. CNNM3 

overexpression in DB-7 mouse mammary cancer cells resulted in increased colony 

formation and tumour mass [182]. CNNM4 knockout in mice results in increased 

proliferation and decreased differentiation of colon epithelia which resulted in increased 

colon tumour formation in the AOM/DSS murine model [183]. A recent link between 

CNNM4 and non-alcoholic steatohepatitis (NASH) was uncovered – CNNM4 is 

overexpressed in that condition and results in depletion of magnesium from the liver 

[184]. Concomitantly, lipid accumulation in hepatocytes was found to be reversed with 

liver-targeted CNNM4 siRNA in mice [184]. 

 
CNNMs and magnesium flux 

There is a debate in the field of CNNM studies on whether these proteins are magnesium 

transporters or transport mediators [185–188]. 

CNNM4 shows a basolateral expression pattern in colon epithelial cells where it 

acts as a sodium-coupled magnesium extruder [180]. S200Y and L324P CNNM4 

mutations, associated with Jalili syndrome, prevented magnesium efflux [180] (Fig. 1.4). 

While CNNM4 appears to act as a magnesium transporter in the colon and small 

intestine, CNNM2 participates in magnesium reabsorption in the kidney [156]. 

Basolateral expression of CNNM2 is observed in the thick ascending limb of Henle’s 

loop (TAL) and in the distal convoluted tubule (DCT) of the kidney nephron, and shows a 
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similar pattern of expression to TRPM6 [156]. Both genes are upregulated in response 

to low magnesium exposure [156]. 

CBS domains of CNNM1, 2 and 4 bind ATP in the presence of magnesium but 

show no binding without magnesium [189]. In two studies, no binding of CNNM3 to ATP 

was observed, regardless of the presence of Mg²⁺ [153, 189]. However, another study 

produced a crystal structure of CNNM3 Bateman module bound to ADP, which the 

authors state is probably due to a mixture of crystallized proteins bound to AMP and 

ATP, since no ADP was present in the buffer [108]. Additionally, ADP was captured 

without the presence of magnesium. Lack of CBS domains resulted in a loss of 

magnesium efflux capacity without affecting CNNM cell surface localization [189]. 

A mutation within the CBS2 domain of CNNM2 and CNNM4 (T568I and T495I, 

respectively) has been linked with human genetic disorders and has been shown to 

abrogate magnesium efflux [156, 163, 189]. The T/I mutation prevents the interaction 

between the CNNM Bateman module and Mg²⁺-bound nucleotides [189, 190]. Binding 

of nucleotides to the Bateman module results in a significant conformational change 

from a twisted to a flat conformation [190]. Unexpectedly, while not being able to bind 

nucleotides, the T/I mutation mimics the conformational change induced by nucleotide 

binding [190]. Similarly, binding of PRLs to the Bateman module induces a shift to the 

flat conformation [108, 191]. Additionally dimerization of CNNM Bateman modules 

requires Mg•ATP (AMP and ADP are not sufficient) and the binding of PRL enhances it 

[153]. CNNM4 Jalili syndrome-causing mutations R407 and P409 located in the vicinity 

of T495 disrupt contacts with Mg•ATP [163, 172]. These CNNM4 mutations (P407L, 

R409L and T495I) also prevent dimerization of Bateman modules [153]. Given the 
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presence of disease-causing mutations in the CNNM2/4 Bateman module and its 

importance in magnesium transport it’s not unreasonable to hypothesize that it acts as 

a sensor of intracellular magnesium concentration. When magnesium concentration is 

high ATP production increases resulting in an abundance of Mg•ATP which then binds 

the Bateman domain and affects its conformation. The shift from twisted to flat structure 

affects the movement of the transmembrane domain, allowing the exchange of 

Na⁺/Mg²⁺. In the alternate version, where CNNMs do not act as direct magnesium 

transporters but rather as magnesium homeostasis mediators, the shift in conformation 

would affect the interaction of CNNMs with either ARL15, PRLs or TRPM7 to affect 

magnesium flux. The P/L, R/L and T/I mutations that permanently lock the Bateman 

module in an Mg•ATP-associated-like state would dysregulate the fine control of 

intracellular magnesium flux and thus result in hypomagnesemia or Jalili syndrome. PRLs 

themselves could represent an additional layer of magnesium regulation since their 

active site cysteine phosphorylation is sensitive to the presence of magnesium, which 

affects their interaction with CNNMs, which in turn enhances the dimerization of the 

Bateman module and shifts it to a flat conformation, which has downstream effects on 

Mg²⁺ flux. 

Two recent papers [154, 155] identified a magnesium coordinating pocket in the 

transmembrane region of a bacterial (TpCorC in Thermus parvatiensis) and archaeal 

(MtCorB in Methanoculleus thermophilus) CNNM homologs. In addition, magnesium 

indicator-loaded liposomes with reconstituted bacterial and archaeal CNNM orthologs 

produced an increase in the fluorescent signal when Mg²⁺ was added, which points 

towards the orthologs being true magnesium transporters [155]. These new papers by 
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Huang et al. and Chen et al. increase the epistemic probability of CNNMs being true 

transporters. Five amino acids (CNNM2: S269, S273, N323, G356 and E357) were 

identified as Mg²⁺-coordinating residues (Fig. 1.4, black triangles). Two out of five have 

been previously linked with hypomagnesemia [157] with two additional mutations in the 

vicinity of magnesium-coordinating sites (F272L and V324M) recently identified [158, 

159]. The first two serine mutations were linked with Jalili syndrome in CNNM4 [162, 

176]. Mutating any of these residues in TpCorC either prevented cell surface expression 

or resulted in a decrease in magnesium efflux [154]. Curiously, 3 out of 5 magnesium-

coordinating residues are not conserved in CNNM3 (Fig. 1.4). One study has not 

observed any effect of CNNM3 on magnesium flux [189], while another showed that it 

had a significant effect on magnesium uptake [192]. An inhibitor (IGN95a) of TpCorC was 

identified to bind in the Mg•ATP-binding site of its Bateman module and decreases ATP 

binding and magnesium efflux [193]. IGN95a has a dissociation constant (Kd) of 47.0 μM 

for the Bateman module, which is ~100-fold higher than that of ATP (~0.5 μM) making it 

a poor inhibitor and despite structural similarity of between the CNNM2/4 and TpCorC 

Bateman modules, IGN95a exhibited very weak binding to CNNM2/4 [193]. 

MtCorB undergoes a large shift in its cytoplasmic region upon R235L mutation 

which prevents it from binding Mg•ATP, mimicking the Jalili syndrome R407L mutation 

observed CNNM4 [155]. This shift results in a loss of dimeric torus structure between 

the Bateman domains of each subunit. This is the first such shift in CBS observed in 

CBS1 and 2 domains. If CNNMs were to undergo a similar rearrangement, it might result 

in a loss of interaction with proteins that depend on the proper orientation of CBS-pair 

domain. The advantage of this study is that almost the complete protein was crystallized 
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in its apo and holo states, which had not been achieved previously. The novel shift in 

structure could be explained by the presence of additional domains that interact with the 

Bateman domain, as well as the transmembrane region that could influence the 

movement of the cytoplasmic portion of the protein. One disadvantage is that putative 

prokaryotic CNNM homologs do not contain a cyclic nucleotide-binding homology 

domain (CNBH) but rather a “transporter-associated domain” of distinct sequence 

(InterPro IPR005170) and thus they are not perfect analogs of CNNMs. 

 
PRL/CNNM interactions 

Several years ago, our laboratory has uncovered a new mechanism of action of PRLs – 

they interact with CNNMs and regulate magnesium flux [192]. This study has shown, 

using the AP-MS technique, that PRL-2 interacts with all four members of the CNNM 

family and that this interaction is involved in the regulation of magnesium flux and cell 

growth in a mouse model of mammary cancer [192]. A single mutation in the glycine 433 

residue (G433D) at the base of the extended loop of CNNM3 CBS2 motif (Fig. 1.4) was 

enough to abolish its interaction with RPL-2, resulting in decreased magnesium influx 

and reduction of mammary cancer tumour formation in mice [192]. A follow-up study by 

Kostantin et al. showed that another mutation at the tip of the extended loop, aspartate 

426 (D426A), also completely abolished the interaction between CNNM3 and PRL-2 and 

reduced murine mammary cancer growth [182]. Another study showed that PRL-1 and 

PRL-3 interact with CNNM4, and affect magnesium efflux and tumour growth [194]. 

CNNMs are unique among CBS-domain-containing proteins in having an extended loop, 

which has co-evolved with PRLs [192]. Abovementioned studies confirmed the 
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importance of this loop and of the PRL active site in magnesium uptake and tumour 

growth. Multiple X-ray crystallography studies showed that PRLs and CNNMs interact 

through the entry of the CNNM extended loop into the catalytic pocket of PRL [108, 191, 

195]. The active site cysteine can be phosphorylated during the dephosphorylation 

reaction and the newly-formed phosphocysteine intermediate has a long half-life due to 

the very low phosphatase activity of PRLs [195]. Interestingly, magnesium deprivation 

reduces formation of phosphocysteine [109, 195], which prevents CNNMs from binding 

PRLs, while the formation of a disulfide bond between C101 and C46 in PRL-2 decreases 

its affinity to CNMM3 CBS domain by 200-fold [195]. Compared to wild-type PRL-3, 

active-site-disrupting cysteine mutations (C104S and C49S) (Fig. 1.1) prevented 

interaction with CNNM4, and had reduced cell magnesium content and tumour growth 

[194]. Unlike the C/S mutation, the catalytic cysteine was found to be not essential for 

CNNM binding when it was mutated to alanine [195] and this mutation was later shown 

to decrease binding by 16-fold, compared to a 1400-fold decrease with the C/S mutation 

[108]. Multiple residues in the active site of PRL-3 were mutated and most of them 

significantly decreased the interaction with CNNMs, with R110E mutation completely 

abrogating this interaction [108]. The R138E mutation severely reduced PRL-3 binding 

to CNNM but still retained wild-type phosphatase activity (Fig. 1.1) [108]. The A111S, a 

mutation which restores the serine found in most other phosphatases had no effect on 

CNNM binding and significantly increased the steady-state kinetics but had the same 

burst phase as wild-type PRL-3 [108]. The distinct effect of PRLs on cancers was 

traditionally understood from the point of view that they behave as phosphatases, 

however recent studies on PRLs and CNNMs indicate that their interaction may play a 
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more important role. Mutations in CNNM3 that prevent binding to PRLs have been 

shown to reduce tumour growth in mouse studies (CNNM3 G433D [192] and D426A 

[182]). Mutations in PRL-3 which prevented its binding to CNNMs had a similar effect 

[194], however the lack of phosphatase activity induced by these mutations could not 

be excluded as playing a major role in reducing tumour growth. A recent study 

demonstrated that C104D mutation in PRL-3 had a negligeable effect on CNNM binding 

but it abrogated its phosphatase activity, whereas the C104E mutation didn’t bind 

CNNMs and had no phosphatase activity (Fig. 1.1) [109]. When B16 melanoma cell lines 

expressing PRL-3 WT, C/D or C/E mutants were injected in mice, there was no difference 

in the number of nodules formed in the lungs between WT and C/D [109]. However, C/E 

formed significantly fewer nodules, similar to the R138E mutation that had very weak 

CNNM binding but almost wild-type level of phosphatase activity [109]. These findings 

indicate that the phosphatase activity of PRLs is not necessary for magnesium flux 

regulation and tumour formation, but its ability to bind CNNMs is crucial. 

 
Regulation of PRL by CNNM and magnesium  

While the interaction between PRLs and CNNMs regulates the flux of magnesium, 

magnesium and CNNMs themselves regulate PRL levels. It was shown that magnesium 

deprivation increases PRL-1/2 levels in multiple cancer cell lines [192]. Overexpression 

of wild-type CNNM3, but not of PRL-binding deficient G433D and D426A mutants, 

increased PRL-1/2 levels [182, 192]. On the other hand, overexpression of TRPM7, a 

magnesium channel, reduced PRL-1/2 levels [18]. It was demonstrated that magnesium 

deprivation increases PRL-1/2 levels through upregulation of translation of their mRNA 
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[18]. In physiological magnesium conditions, ribosomes stall at the conserved upstream 

open reading frame (uORF) in the PTP4A1/2 mRNA 5ʹ UTR, which prevents their 

translation, once magnesium levels decrease, ribosomes resume scanning along the 

mRNA and reinitiate translation at the main ORF [18]. Decreasing extracellular 

magnesium reduces ATP production [18] and the decrease in mitochondrial magnesium 

influx has a similar effect [33]. AMPK is activated by a reduction of ATP to ADP/AMP 

ratio, which leads to mTORC2 activation [196]. This interplay results in upregulation of 

PTP4A1/2 translation under low magnesium-induced energetic stress [18]. Thus, PRL-

1/2 respond to intracellular magnesium changes to regulate its flux. 

 
Magnesium channels TRPM6 and TRPM7  

Transient receptor potential melastatin 6 and 7 (TRPM6 and TRPM7) are nonselective 

divalent cation channels that are permeable to magnesium, calcium and zinc [197, 198]. 

They are well studied proteins with more than a thousand articles published that mention 

them in their title or abstract on PubMed (queried on January 13, 2022). This section will 

focus on their activity related to magnesium transport specifically. 

TRPM6/7 are unique among channels in that they contain a functional C-terminal 

kinase domain [197, 199]. The function of the kinase domain has long been debated, but 

in mice expressing a truncated version of the TRPM7 channel lacking the kinase domain, 

mineral homeostasis was not affected [198]. Global ablation of both Trpm6 and 7 is 

embryonically lethal in mice [200, 201]. Trpm6-deficient adult mice on a high-magnesium 

diet survived significantly longer than on regular chow [201]. In HAP1 haploid leukemia 

cells, Trpm7 knockout resulted in a reduction of magnesium and zinc uptake [198]. 
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Surprisingly, ablation of Trpm7 in mouse kidneys did not affect either serum or urine 

levels of divalent cations [198]. However, the knockout in the intestine resulted in growth 

retardation and early death, probably due to the deficiency of magnesium, zinc and 

calcium [198]. Zinc deficiency was observed earlier and its extent was larger than that of 

calcium or magnesium and KO mouse lifespan was increased with zinc and magnesium 

supplementation [198]. Levels of Trpm6 and Slc41a1 and a2 were significantly 

upregulated in knockout mice [198]. One important aspect of this study is in showing 

that TRPM7 has a preference for zinc transport, even under physiological magnesium 

concentration, which is 500 times higher than that of zinc. Trpm6 knockout in mouse 

kidneys resulted in reduced magnesium in the bone, but not in the serum or urine [201]. 

In contrast, Trpm6 intestinal knockout resulted in a much larger decrease of magnesium 

in bone and also reduced magnesium in the serum and urine [201]. Wild-type mice fed 

a diet supplemented with three different magnesium compounds had a significantly 

longer lifespan than mice on standard chow [201]. 

While TRPM6/7 channels are expressed on the cell surface, the majority of the 

protein is observed in intracellular vesicles of uncertain function [202–204]. One study 

proposed that TRPM7 localizes to unique intracellular vesicles that function as a store 

of zinc, which is released in response to reactive oxygen species [205]. Curiously, these 

are proposed to be a novel type of intracellular vesicle distinct from lysosomes, 

endosomes, and various transport vesicles. Neither magnesium nor calcium was found 

in these vesicles, which raises the question of regulation of the channel specificity to 

zinc.  



 30 

Mutations in TRPM6 have been linked with the human disorder of 

hypomagnesemia 1, intestinal (HOMG1, OMIM: 602014). A recent study identified two 

families with variants that either affect splicing of TRPM7 mRNA or its channel activity 

which resulted in hypomagnesemia with secondary hypocalcemia [206]. 

 
Regulation of TRPM6 and TRPM7 

TRPM7 is regulated by intracellular magnesium and Mg•ATP, the physiological form of 

ATP [197]. When intracellular magnesium is depleted, the channel is activated within two 

minutes [207]. On the other hand, channel activity was almost completely supressed with 

6 mM Mg•ATP and 3 mM [Mg²⁺]i; Mg•GTP had a similar suppressive effect as Mg•ATP, 

while ITP and CTP had a lower effect [197]. Due to the channel’s sensitivity to ATP and 

GTP levels, this mode of regulation links magnesium transport by TRPM7 to cellular 

energy.  

Magnesium is not just involved in regulating the channel directly – translation of 

TRPM7 is regulated by Mg²⁺ [208] in a similar manner to the regulation of PRL-1/2 [18]. 

mRNAs of TRPM7 and PRL-1/2 contain two uORFs that respond to high levels of 

magnesium by downregulating their translation [18, 208]. Conversely, in low magnesium, 

the translation is upregulated. In both cases, the uORFs are highly conserved and 

mutating them abolishes the magnesium-sensitive regulation [18, 208]. What remains to 

be understood is how exactly does magnesium regulate the translation through uORFs: 

are there magnesium-sensitive RNA-binding proteins, are the uORF peptides translated, 

perhaps the mRNA secondary structure is involved? 



 31 

Apart from magnesium and Mg•ATP, there are other modes of regulation of 

TRPM6/7 activity. PIP2 hydrolysis by phospholipase C (PLC) has been shown to 

inactivate TRPM6 [209] and TRPM7 [210]. Carbachol, an activator of muscarinic 

receptors which in turn activate PLC, supresses conductance of TRPM6/7. PLC interacts 

with TRPM6/7 through its kinase domain [209, 210] and, in B cells, TRPM7 has been 

shown to modulate PIP2 production and hydrolysis [211]. Curiously, the interaction with 

PLC was not necessary for TRPM6 regulation [209]. Specific cytoplasmic residues were 

found in TRPM6 and TRPM7 to be required for PIP2 interaction. Mutating them resulted 

in decrease in current amplitude [209]. Mg²⁺ influx was also directly inhibited by PIP2 

depletion [209]. PLC activity itself is inhibited by increasing magnesium concentration 

due to charge shielding of negatively charged PIP2 with positively charged divalent 

cations [212].  

EGF signalling through EGFR has been shown to activate TRPM6 currents by 

increasing the mobility of the channel in the membrane and changing its localization from 

intracellular to the cell surface [213]. This activation of TRPM6 involves a 

Src→PI3K→Rac1 signalling cascade, and a constitutively active Rac1 mutant G12V 

increased TRPM6 currents [213]. In mice with a postnatal knockout of Trpm6, Egfr 

expression was significantly reduced in the liver [201]. Surprisingly, the effect of EGF 

was only evident for TRPM6 and not TRPM7, in this study. Yet there’s contradicting data. 

An earlier paper showed that EGFR actually inhibits TRPM7 currents by activating PLCγ, 

which is involved in PIP2 hydrolysis [210]. Another report indicated that in A549 lung 

cancer cells EGFR actually stimulates cell surface expression of TRPM7 and increases 

TRPM7 currents [214]. Moreover, in vascular smooth muscle cells, TRPM7 expression 
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is increased after EGF stimulation, which in turn increases intracellular magnesium levels 

and  ERK-1/2 phosphorylation, in a TRPM7-dependent manner [215]. Furthermore, EGF 

increases the interaction between EGFR and TRPM7 and the abovementioned effects 

were not observed for TRPM6 [215]. The discrepancy in these results could be due to 

the use of different cell models. Nevertheless, there is a link between EGF and 

magnesium homeostasis in humans – a mutation in EGF has been found to cause 

hypomagnesemia 4, renal (OMIM: 611718) and that specific mutation fails to induce 

TRPM6 currents compared to WT EGF [216]. Additionally, cancer patients receiving 

treatment with the EGFR inhibitor cetuximab develop hypomagnesemia [216]. 

TRPM6/7 also regulate their own activity. In general, they are present as 

homotetramers and their kinase domain can be involved in autophosporylation [217]. 

TRPM6 and TRPM7 can also form heterotetramers and can cross-phosphorylate, 

however the importance of this phosphorylation is not well understood [218]. Using 

manganese to study TRPM6/7 activity, one study has shown that TRPM7 results in 

higher influx than TRPM6, while 6 and 7 co-overexpression resulted in an additive effect 

[219]. A mutation in TRPM6 causing hypomagnesemia (S141L) prevented it from 

interacting with TRPM7 and reduced manganese uptake compared to wild-type TRPM6 

[219]. 

TRPM7 is N-glycosylated [202] but effect and regulation of its glycosylation has 

not been investigated. TRPM7 is the best studied magnesium transporter to date and 

yet much remains to be understood about its interaction and regulation. 
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N-linked glycosylation 

Asparagine (N)-linked glycosylation, or N-glycosylation, is a post-translation protein 

modification found in all domains of life [220]. It is important for proper localization, 

folding, secretion and function of proteins. N-glycosylation begins in the endoplasmic 

reticulum (ER) lumen, where the Glc3Man9GlcNAc2 [221] oligosaccharide is transferred 

from dolichol phosphate to the glycosylation sequon of proteins [222]. This reaction is 

catalyzed by the oligosaccharyltransferase (OST) complex [220]. The sequon is a 

conserved sequence of three amino acids N-X-S/T, where N represents asparagine, X 

could be any amino acid except proline, followed by either serine (S) or threonine (T).  

N-linked glycans transferred to nascent polypeptides in the ER are trimmed by 

glucosidase I and II, which remove terminal glucose residues, and by ER α-mannosidase 

I, which removes a mannose, resulting in a Man8GlcNAc2 [223] glycan. Once the protein 

with this glycan is shuttled into the Golgi, more mannose sugars can be added to the 

glycan resulting in a high-mannose form, alternatively Golgi α-mannosidase I will trim 

three more mannose residues to produce Man5GlcNAc2. Multiple glycosyltransferases 

then further modify the glycan expanding the range of possible glycoforms from hybrid 

to complex oligosaccharides [224]. This complex orchestration of multiple enzymes 

produces a plethora of possible glycans with varying functions. To date, the glycan 

repository GlyTouCan has described more that 120 thousand different glycans that were 

identified experimentally [225]. 

N-glycosylation regulates trafficking and plasma membrane localization of 

numerous receptors and transporters. Multiple members of the transient receptor 
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potential (TRP) channel family are N-glycosylated and their function depends on correct 

glycosylation [226]. For example, TRPM8, is N-glycosylated and mutations in the 

glycosylation sites result in reduction of its sensitivity to cold and cooling compounds 

[227]. Another member of the TRP family, TRPP2, requires N-glycosylation for proper 

biogenesis, otherwise it undergoes lysosomal degradation [228]. In the case of TRPM4B, 

the complex glycoform was prevalent at the cell surface compared to the high-mannose 

glycoform but mutating the N-glycosylation site did not abolish the function of the 

channel [229]. N-glycosylation of a mechanosensitive ion channel Piezo1 affects its 

trafficking and function, and it was hypothesized that this is linked with interactions the 

ECM [230]. 

The N-glycome is affected in many malignancies and this results in changes in 

cancer severity [231–233]. Inhibition of N-glycosylation in multiple carcinoma types 

through either mannoside acetyl-glucosaminyltransferase 5 knockout or 2-deoxy-D-

glucose treatment resulted in improved CAR T cell accessibility, increased solid tumour 

infiltration and decreased tumour size [234]. 

A surprising recent finding identified small non-coding RNAs that present the same types 

of N-glycans found on proteins and that are exposed on the cell surface [235]. Their 

function remains unknown, opening more novel avenues in N-glycan research. 

 
Link between N-glycosylation, magnesium and putative magnesium transporters 

The transfer of GlcNAc phosphate from UDP-GlcNAc to dolichol phosphate by DPAGT1 

is the first committed step in the formation of a core N-glycan [236]. UDP-GlcNAc is also 

necessary for complex glycan branching and sialylation [237]. Mutations in DPAGT1 in 
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the proximity of the magnesium-binding site result in a severe congenital disorder of 

glycosylation, type Ij (OMIM: 608093), with patients dying within their first year [238] or 

demonstrating fetal akinesia [239]. The enzymatic activity of wild-type and mutant 

DPAGT1 was sensitive to changes in Mg²⁺ concentration [238]. In Mrs2 knockdown cells, 

in which mitochondrial magnesium uptake is abolished, the concentration of UDP-

GlcNAc is significantly reduced [33]. 

A number of proteins have been ascribed the role of magnesium transporters, 

which was either not confirmed or shown to be erroneous [31, 36]. Prime among them 

is MAGT1, which stands for magnesium transporter 1 and which it most assuredly is not. 

It was first identified as a member of the oligosaccharyltransferase (OST) complex based 

on its homology with yeast OST proteins and was named IAP [240]. Then it was identified 

in a screen of magnesiotropic genes and characterized in Xenopus laevis oocytes where 

its overexpression resulted in magnesium uptake, and as such it was named MAGT1 

[241]. Later, it was shown that when either MAGT1 or its homologue TUSC3 are 

overexpressed in HEK293 cells, no increase in magnesium uptake was observed, but 

MAGT1 expression increased when cells were grown without magnesium. Knockdown 

of MAGT1 and TUSC3 resulted in decreased magnesium uptake [242]. However, recent 

cryo-EM structures have shown that MAGT1 forms part of the oligosaccharyltransferase 

complex OST-B, it is embedded into the ER membrane and participates in protein N-

glycosylation [38]. Another study has shown that MAGT1 is localized in the ER and that 

it affects protein N-glycosylation in a STT3B-dependent manner, playing the role of 

oxidoreductase [243]. Hemizygous mutations in MAGT1 cause congenital disorder of 

glycosylation, type Icc (OMIM: 301031) and XMEN (X-linked immunodeficiency with Mg²⁺ 
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defect, Epstein-Barr virus (EBV) infection and neoplasia) disease (OMIM: 300853). One 

of the phenotypes observed in XMEN disease is lack of magnesium influx in T cells in 

response to antigen receptor stimulation, which was initially attributed to the mutation in 

MAGT1 which was understood to be a magnesium transporter [244]. However, later 

evidence showed that patients with XMEN disease and MAGT1 mutation-associated 

congenital glycosylation disorder suffer from N-linked glycosylation reduction and 

exhibit an upregulation of TUSC3, potentially as a compensatory mechanism [245, 246]. 

Magnesium deprivation in T cells results in reduction of N-glycosylation of specific 

receptors such as NKG2D and CD70 and reduced cytotoxicity of T and NK cells, which 

could explain the susceptibility of XMEN patients to viral infections [246]. Recently, 

MAGT1 expression was restored using CRISPR knock-in in human hematopoietic cells 

from an XMEN patient and they observed increase in N-glycosylation of NKG2D and 

CD70 and restoration of cellular function [247]. All this data supports MAGT1 being an 

integral part of the OST and early observations about magnesium uptake could be 

explained by improper N-glycosylation of magnesium transporters, which would affect 

their localization and function.  

Another gene, Mmgt1, or membrane Mg²⁺ transporter 1, was miscategorized as 

a magnesium transporter by the same group that named MAGT1, which identified it in a 

screen of magnesium-responsive genes in the kidney cortex of mice with 

hypomagnesemia [248]. Having only two transmembrane helices, it’s hard to imagine 

how it would function as a transporter. MMGT1 was later identified to be involved with 

ER-associated degradation (ERAD) and was called TMEM32 [249]. Subsequently, it was 

shown to be an integral part of the ER membrane protein complex (EMC) involved in the 
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membrane insertion of tail-anchored membrane proteins, which is required for their  

N-glycosylation [250]. EMC is necessary for correct insertion of the first transmembrane 

domain of proteins and cooperates with SEC61, which correctly orients further 

transmembrane domains [251]. SEC61 interacts with OST which ensures proper protein 

N-linked glycosylation [252]. Other culprits in misidentified magnesium transporter 

studies are HIP14 and HIP14L [253], which have been shown to be palmitoyl 

acyltransferases that participate in reversible S-palmitoylation of proteins, which is 

necessary for correct trafficking and plasma membrane localization [254]. MAGT1 and 

MMGT1 participate in proper membrane orientation and N-glycosylation of proteins, 

while HIP14 and HIP14L participate in protein S-palmitoylation. Thus emerges an 

explanation of mischaracterization of these proteins as magnesium transporters: all 

these proteins could be involved in correct localization of magnesium transporters at the 

plasma membrane where they consequently affect magnesium transport. In the EMC 

studies, MMGT1 was designated as EMC5, however, like MAGT1, the original name 

persists and is recognized as the official gene name by the HUGO gene nomenclature 

committee. This results in these proteins still being described as magnesium 

transporters and numerous papers are published every year with these erroneous 

descriptions.  

  



 38 

 

 

 

 

 

Chapter 2 
 
ARL15 modulates magnesium homeostasis 
through N-glycosylation of CNNMs 
 

 

 

 

 

 
 
Yevgen Zolotarov*, Chao Ma*, Irene González-Recio, Serge Hardy, Gijs A.C. Franken, 
Noriko Uetani, Femke Latta, Elie Kostantin, Jonathan Boulais, Marie-Pier Thibault, Jean-
François Côté, Irene Díaz Moreno, Antonio Díaz Quintana, Joost G.J. Hoenderop, Luis 
Alfonso Martínez-Cruz, Michel L. Tremblay†, Jeroen H.F. de Baaij† 
 
* These authors contributed equally to the preparation of the manuscript 
† These are co-corresponding authors 
 
Cellular and Molecular Life Sciences (2021) 78: 5427–5445 



 39 

Abstract 

Cyclin M (CNNM1-4) proteins maintain cellular and body magnesium (Mg2+) 

homeostasis. Using various biochemical approaches, we have identified members of the 

CNNM family as direct interacting partners of ADP-ribosylation factor-like protein 15 

(ARL15), a small GTP-binding protein. ARL15 interacts with CNNMs at their carboxyl-

terminal conserved cystathionine-β-synthase (CBS) domains. In silico modeling of the 

interaction between CNNM2 and ARL15 supports that the small GTPase specifically 

binds the CBS1 and CNBH domains. Immunocytochemical experiments demonstrate 

that CNNM2 and ARL15 co-localize in the kidney, with both proteins showing subcellular 

localization in the endoplasmic reticulum, Golgi apparatus and the plasma membrane. 

Most importantly, we found that ARL15 is required for forming complex N-glycosylation 

of CNNMs. Overexpression of ARL15 promotes complex N-glycosylation of CNNM3. 

Mg2+ uptake experiments with a stable isotope demonstrate that there is a significant 

increase of 25Mg2+ uptake upon knockdown of ARL15 in multiple kidney cancer cell lines. 

Altogether, our results establish ARL15 as a novel negative regulator of Mg2+ transport 

by promoting the complex N-glycosylation of CNNMs.  
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Introduction 

Mg2+ is an essential cation for all living organisms. Mg2+ deficiency, therefore, causes 

organ dysfunction and is associated with a wide range of human diseases [3]. As co-

factor of ATP, Mg2+ is involved in over 600 enzymatic reactions and as such it plays 

important roles in a plethora of biological mechanisms including DNA transcription, 

protein synthesis and energy metabolism [3]. For example, decreased intracellular Mg2+ 

levels suppress cell cycle progression and are consequently associated with cell growth 

impairment [255]. Recent studies therefore have focused on intracellular Mg2+ 

concentration as a central mechanism for cellular metabolism and proliferation [18]. 

Among the various mechanisms of Mg2+ sensing and transport, proteins of the Cyclin M 

(CNNM) family were shown to play an important role in the intracellular sensing of the 

Mg2+ availability [151, 256]. The CNNM family has 4 members in mammalians, which are 

highly conserved but have different tissue distribution [18, 151, 195, 256]. CNNM1, 

CNNM2 and CNNM4 have highest expression levels in brain, kidney and intestine, 

respectively whereas CNNM3 shows a ubiquitous expression pattern [257]. Genetic 

defects of CNNMs have been demonstrated to be causative for disease. Mutations in 

CNNM2 are causative for a multi-organ syndrome comprising intellectual disability, 

seizures and renal Mg2+ wasting [OMIM: #616418] [157]. Patients with CNNM4 mutations 

suffer from Jalili syndrome, consisting of cone-rod dystrophy and amelogenesis 

imperfecta [OMIM: #217080] [162]. 

CNNMs interact with phosphatases of the regenerating liver (PRL-1-3) via the 

cystathionine-β-synthase (CBS) domain of CNNMs [102, 192]. CNNMs and PRLs have 
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been associated with progression of breast and colon cancers [192, 194]. Although the 

exact function of CNNM proteins is under debate [185, 258], it has been shown that 

engineered and naturally occurring mutations in CNNMs result in decreased Mg2+ 

transport in both cell and animal models [157, 192].  

Recently, a large GWAS identified the ADP-ribosylation factor-like protein 15 

(ARL15) locus to be associated with urinary Mg2+ excretion [96]. ARL15 is structurally 

similar to Ras-related GTP-binding proteins, which regulate intracellular vesicle 

trafficking [259, 260]. Within the kidney, ARL15 is highly expressed in the thick ascending 

limb (TAL) and distal convoluted tubule (DCT), like CNNM2, where Mg2+ reabsorption is 

tightly regulated [96]. However, the exact function of ARL15 and the mechanism by 

which ARL15 regulates renal Mg2+ handling are still unknown.  

In this study, we identified CNNMs as direct interacting partners of ARL15 by 

binding to the CBS1 domain of CNNM2. We demonstrate that ARL15 is a negative 

regulator of cellular Mg2+ transport through its modulation of CNNMs N-glycosylation 

and the direct correlation of its expression to levels of intracellular Mg2+.  
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Results 

ARL15 is a new binding partner of CNNMs 

To identify protein interactions of CNNMs, pull-down of mouse CNNM2 carboxyl (C)-

terminal region was performed followed by mass spectrometry (Fig. 2.1A). Given that 

CNNM2 is known to regulate Mg2+ reabsorption in the DCT segment of the nephron, 

DCT-enriched kidney lysates were used. Twenty-four interacting partners of CNNM2 

were detected, including ARL15 (Fig. 2.1B). Since ARL15 has been shown to be involved 

in urinary Mg2+ excretion [96], we decided to further explore this particular interacting 

partner. To confirm the interaction between ARL15 and CNNMs, BioID of ARL15 was 

performed and we identified 221 proteins as potential interacting partners of ARL15 and 

CNNM2, CNNM3 and CNNM4 were among them (Supp. Fig. 2.1). GO biological process 

overrepresentation analysis indicated that Mg2+ homeostasis is one of the most highly 

enriched processes (Fig. 2.1C). Immunoprecipitation demonstrated that CNNM3 and 

ARL15 interact endogenously (Fig. 2.1D). To further confirm this association, co-

immunoprecipitation assays were performed with overexpressed ARL15 and the four 

members of the CNNM family. ARL15 binding was observed to a similar extent for each 

CNNM protein (Fig. 2.1E). Endogenous PRL-1 and PRL-2, which are well described 

interacting partners of CNNMs that regulate Mg2+ flux [192, 194], also co-precipitated 

with CNNMs and ARL15 (Fig. 2.1E). The above data indicates that ARL15 is a novel 

interacting partner of the four members of the CNNM family of Mg2+ modulators.  
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◀	Figure 2.1: ARL15 interacts with CNNMs.  
A. Immunoblot of GST-mCNNM2 c-tail pGex and empty pGex was used as control. The 
C-tail of mCNNM2 is purified and bind to glutathione beads. The DCT enriched fraction 
from 8 parvalbumin GFP mice were added to the bead. B. List of binding proteins to 
mCnnm2 C-tail (emPAI value). C. Representative pathways related to metal ion transport 
and Golgi-trafficking identified using gene ontology biological process 
overrepresentation analysis with ARL15 interacting partners. D. Endogenous CNNM3 
was immunoprecipitated from HEK293 lysates and endogenous ARL15 co-
immunoprecipitated with it. IgG antibody of the same subclass as CNNM3 antibody was 
used as negative control. E. Anti-FLAG beads were used to immunoprecipitate 
overexpressed FLAG-tagged CNNM1-4 proteins. The blot shows that ARL15 interacts 
with CNNM1-4, as well as endogenous PRL-1 and PRL-2. 
emPAI, Exponentially modified protein abundance index; TCL, Total cell lysate; IP, 
Immunoprecipitation; GST, Glutathione-S-transferase; ARL15, ADP ribosylation factor 
like GTPase 15; CNNM, Cyclin M. 
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Supplementary Figure 2.1: ARL15 interacting partners identified through BioID 
ARL15 interacting partners are presented with the size of the circle corresponding to the 
average spectral count and the edges between ARL15 and preys were obtained by 
augmenting the network using 3 different databases: BioGRID, IntAct and iRefIndex. 
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ARL15 interacts with CNNM2 cytoplasmic region 

The topology for CNNMs consists of a signal peptide, three transmembrane domains 

(TM) and an intracellular C-terminus containing the Bateman module (which in turn is 

formed by two consecutive CBS domains, CBS1 and CBS2) and a cyclic nucleotide 

monophosphate-binding homology domain (CNBH) domain) [257]. To determine which 

domain of CNNM2 is important for the interaction with ARL15, truncated CNNM2 

proteins were co-immunoprecipitated with ARL15 (Fig. 2.2A). The presence of the CBS 

domains is essential for the binding of ARL15 to CNNM2. The interaction of the proteins 

decreased by 36% when the CBS2 domain is removed (Fig. 2.2B and 2.2C). No 

interaction with the transmembrane domain was observed. The interaction between 

ARL15 and the Bateman module of CNNM2 was confirmed by gel filtration 

chromatography (Fig. 2.2D and 2.2E). Pure ARL15 and CNNM2BAT eluted as homodimers 

when they were independently loaded into a size exclusion chromatography column 

(Ve(ARL15)≈15.02 mL, Mexp(ARL15)≈ 36.03kDa; Ve(CNNM2BAT)≈14.67mL, Mexp(CNNM2BAT)≈ 43.98 kDa, 

respectively, where Ve indicates the elution volume and Mexp indicates the experimental 

molecular weight). The corresponding CNNM2BAT·ARL15 complex (peak marked with 

black asterisk) eluted as a heterotetramer 2xARL15+2xCNNM2BAT (Ve≈13.77 mL, Mth= 

74.58 kDa, Mexp≈ 73.41 kDa). To determine whether the interaction between ARL15 and 

CNNMs is dependent on Mg2+, ARL15 and CNNM were immunoprecipitated in the 

presence or absence of Mg2+. Results showed that the presence of 1 mM Mg2+ in the 

lysis buffer does not affect the association between ARL15 and CNNM2 compared to 

the condition of the lysis buffer without Mg2+ (Supp. Fig. 2.2A). In line with this, ARL15 

and CNNM3 binding was similar in both conditions (Supp. Fig. 2.2B).  
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◀	Figure 2.2: ARL15 interacts with CNNM2 cytoplasmic region.  
A. Schematic overview of CNNM2 constructs including the predicted protein domains 
and truncations. B. HEK293 cells were co-transfected with truncated CNNM2-HA and 
ARL15-Flag. The upper two blots show the detection of the Flag-tagged proteins in anti-
HA precipitated cell lysates. The lower two blots show input controls of HA-tagged and 
Flag-tagged proteins respectively. C. Quantification of ARL15/CNNM2 binding between 
the different truncated CNNM2 proteins. Results are the mean ± SEM of 3 independent 
experiments. * indicate significant differences compared to CNNM2 + ARL15 transfected 
cells (P<0.05).  SP, Signal peptide; TM, Transmembrane; CBS, Cytosolic cystathionine 
β-synthase; CNBH, Cyclic nucleotide monophosphate-binding homology domain； 
ARL15, ADP ribosylation factor like GTPase 15; CNNM, Cyclin M. D. SDS-
polyacrylamide gel run with the isolated fractions of the CNNM2BAT·ARL15 complex. 
Bands correspond to the isolated peak (marked with black asterisk in E) of the 
chromatographic run of the CNNM2BAT·ARL15 complex (Mth(ARL15monomer)=19.57 kDa and 
Mth(CNNM2BATmonomer)= 17.72 kDa, where Mth indicates the theoretical molecular weight of 
each subunit). E. Gel filtration of the CNNM2BAT.ARL15 complex and of its individual 
components. Bands correspond to the peak (marked with black asterisk) of the 
chromatographic run of the complex CNNM2BAT·ARL15 (Mth(ARL15monomer)=19.57 kDa and 
Mth(CNNM2BATmonomer)= 17.72 kDa, where Mth indicates the theoretical molecular weight of 
each subunit). F. The calibration trendline calculated from protein standards is y= -
0.2451x + 1.5726 (y = Kav; x = logM).                                                                           . 

 
Supplementary Figure 2.2. Binding of ARL15 and CNNM2/3 is independent of 
magnesium  
A. Co-immunoprecipitation of HEK293 cells transfected with ARL15-FLAG and HA-
CNNM2 treated with or without 1mM Mg2+ in lysis buffer. The upper two blots show the 
detection of the FLAG-tagged proteins in anti-HA precipitated cell lysates. The lower two 
blots show input controls of HA-tagged and Flag-tagged proteins respectively. B. Co-
immunoprecipitation of HEK293 cells transfected with ARL15-FLAG and V5-CNNM3 
treated with or without 1mM Mg2+ in lysis buffer. The upper two blots show the detection 
of the FLAG-tagged proteins in anti-V5 precipitated cell lysates. The lower two blots 
show input controls of V5-tagged and FLAG-tagged proteins respectively. The figure 
shows a representative blot of 3 independent experiments.  
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Docking models of the CNNM-ARL15 interaction 

To assess the role of the various cytoplasmic CNNM2 cytosolic domains as targets, 

ARL15 docking computations were carried out. The coordinates of the flexible linker 

joining the Bateman module with the CNBH domain were modelled onto the available X-

ray diffraction data of the CNNM2 cytosolic domains. Figure 2.3 displays the domain 

arrangement of CNNM2 cytosolic domains (Fig. 2.3A) as well as the electrostatic 

potential on their surface (Fig. 2.3B). Notably, the linkers joining the Bateman domain to 

the CNBH display a stretch of basic residues. Best score solutions displayed ARL15 

interacting with both CNNM2 monomers (Supp. Movie 1). ARL15 was partly inserted into 

the cleft between the Bateman and the CNBH domains (Fig. 2.3C-D). In each of the two 

symmetric solutions, the total buried solvent accessible surface per partner was 2,175.7 

Å2—1,830.8 Å2 (932.6 Å2
, from CBS1, 262.3 Å2 from the linker and 344.9 Å2 from the 

CNBH domain) with one of the two CNNM2 monomers and 344.9 Å2 (190.6 Å2
 from 

CBS1* and 154.3 Å2 from CNBH*) for the interaction with the second CNNM2 monomer. 

Such values are typical of rather stable complexes, and in the upper limit of non-obligate 

interactions [261]. In addition, the complex displays complementarity of charges at the 

rim of the interface, as shown in Fig. 2.3D. 

As pointed out, the CBS1 domains from complementary Bateman modules in the 

CNNM2 dimer contacted with ARL15, in particular that of the first monomer with a 

surface region defined between α−helix A, the β1-β2 hairpin loop and α-helix H1 in one 

of them, but also contacting the second monomer. Figure 2.3C shows the lowest energy 

solution found in different simulations. Other solutions with low energies corresponded 

to the hydrophobic surface of H0 helix pair, which interacts with the lipid bilayer, and 
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spots of the CNBH domains in which the absence of coordinates from the nearby 

unstructured regions disclosed an artifactual interaction site, otherwise concealed. 

Notably, Brownian Dynamics computations (Supp. Fig. 2.3A, Supp. Table 2.1) yielded 

results very similar to those displayed herein (Supp. Fig. 2.3). Thus, the interaction model 

herein is compatible with a 1:1 CNNM2:ARL15 stoichiometry. Other sets of solutions 

targeted the same region, but displayed different orientations of ARL15 towards CNNM2 

surface, and were not found in all simulations. The result in Fig. 2.3, however, was hardly 

dependent on the modelled conformation of the linker residues 525 to 546 (Fig. 2.3D). 

Nevertheless, in most simulations several positive residues of the linker mapped near 

the interface. As CNNM3 has been reported to bind ARL15 with an affinity higher than 

that for CNNM2, HEX docking simulations were also performed using a CNNM3 model 

(Supp. Fig. 2.3). Notably, ARL15 targeted the same site in CNNM3 as does in CNNM2, 

though the orientation differs by a slight rotation of ARL15. 

Recently, ARL15 was modelled used two different methods: template-based 

threading and ab initio modelling, while we applied template-driven simulated annealing 

[262]. Our ARL15 model is in line with this publication. 
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Figure 2.3: Computational structural model of the interaction between the CNNM2 cytosolic domains and ARL15.  
A. Richardson (ribbon) diagram of the cytosolic CNNM2 dimer domains. Each monomer is in a different color, and the 
model of flexible linker joining the Bateman domains to the CNBH ones are in light green. B. Electrostatic potentials at the 
surface of CNNM2 cytosolic domains. Electrostatic grids were generated with APBS 3.0 [263] at 150 mM ionic strength. 
Best solution of ARL15 (red ribbons) docking to CNNM2 computations. D. Dissection of the interface between ARL15 and 
CNNM2 (middle) illustrating both the surface and charge complementarity between the two partners. 
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Supplementary Table 2.1: Brownian Dynamics data 

 
 
Supplementary Figure 2.3: 
Overlay of different CNNM2 
and CNNM3 docking models 
A. Overlay of two solutions 
(dark and light cyan) from 
different HEX docking 
computations with the 
representative structure of the 
most populated cluster (yellow) 
from Brownian dynamics 
computations. B. Overlay of the 
results from HEX docking 
computations between Arl15 
and CNNM2 and CNNM3. 
CNNM3 was aligned to 
CNNM2—which is shown. The 
ARL15 bound to CNNM3 is in 
red ribbons. C. Comparison of 
CNNM2 and CNNM3 
electrostatic potentials at the 
surface level. Positive 
potentials are in blue, and 
negative in red. Color scales as 
in Fig. 3B. The CNNM3 model 
includes long disordered loops 
in the CNBH domain loops at 
the bottom of the structure. 

No  Size    Repr  
  

ReprE     ClAE    CLAED  ElE   ElDesE   HyDesE      spread    stddev       max 

1     61257 
    

141  -25.858  -25.609    0.743   -7.640    3.766  -21.984    28.666    15.109    44.108 

2     63258 
    

277  -25.069  -26.597    1.261   -7.960    6.939  -24.048    19.155     7.041    32.403 

3      13185 
    

200  -25.504  -26.276    0.600   -4.104    2.758  -24.158    9.718    16.588    46.429 

4      32649 
    

363  -24.803  -26.204    1.889   -1.591    4.212  -27.424    17.866    11.585    29.227 

5      9200   
  

484  -24.473  -25.335    0.439   -3.661    3.750  -24.562    4.455     8.879    28.354 

No:        Cluster Number 
Size:   Number of representative entries for the cluster 
Repr:      Representative chosen  
ReprE:     Total interaction energy of the chosen Representative 
ClAE:      Average total energy of all cluster members weighted with number of representatives. 
CLAED:     Weighted standard deviation of total energy of cluster entries in the complexes (f55) file 
Ele:       Electrostatic energy of the representative complex 
ElDesE:    Electrostatic desolvation energy of the representative complex 
HyDesE:    Hydrophobic desolvation energy of the representative complex 
spread:    arithmetic average of rmsd’s of each cluster member from the representative, weighted by occupancy 
stddev:    Stddev of the rmsd’s for a given cluster, weighted by occupancy 
max:       Maximum rmsd within one cluster from the representative 
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ARL15 and CNNM co-localize in the perinuclear region and in kidney DCTs 

The subcellular localization for the ARL15-CNNM complex was determined by 

immunocytochemistry in HEK293 cells. Overexpression of the mCherry-tagged Golgi-

marker Beta-1,4-Galactosyltransferase 1 (B4GALT1) showed co-localization with ARL15 

and CNNM2 in HEK293 cells, suggesting that the function of ARL15 is exerted within the 

perinuclear region containing the endoplasmic reticulum (ER) and the Golgi apparatus 

(Fig. 2.4A). Similar results were obtained with ARL15 and CNNM3, confirming that the 

proteins predominantly co-localize in the Golgi-apparatus (Fig. 2.4B). Since CNNM2 has 

been implicated in Mg2+ transport in the DCT segment of the kidney [257], we 

investigated whether ARL15 co-localizes with CNNM2 in this segment of the nephron 

(Fig. 2.4C). CNNM2 staining was concomitant with ARL15 staining in mouse kidney 

sections. In SK-RC-39 kidney cancer cells, similarly to HEK293, wild-type CNNM3 was 

co-localized with ARL15, however the co-localization with CNNM3 N-glycosylation 

mutant (N73A) was significantly decreased (Fig. 2.4D, Supp. Fig. 2.4A). Wild-type 

CNNM3 and ARL15 co-localize partially with ER (Pearson correlation of 0.72 and 0.46, 

respectively) and Golgi (Pearson correlation of 0.65 and 0.61, respectively) and also 

showed co-localization at the plasma membrane (Fig. 2.4D, Supp. Fig. 2.4B). CNNM3 

N73A mutant was mostly trapped in the perinuclear region and did not localize to plasma 

membrane (Fig. 2.4D, Supp. Fig. 2.4B). N-glycosylation of CNNM2 has been shown to 

regulate CNNM2 membrane trafficking [257] and it appears that it plays a similar role 

with CNNM3. One of the ARL15-interacting partners identified using BioID was 

ribophorin I protein (RPN1) (Supp. Fig. 2.1). RPN1 is part of the oligosaccharyltransferase 

complex that is involved in N-glycosylation and is found in the ER [264]. To confirm the 



 54 

interaction, co-immunoprecipitation assays with overexpressed CNNM3, ARL15 and 

RPN1 were performed (Supp. Fig. 2.5). CNNM3 interacted with RPN1 and ARL15, 

corroborating the localization of the three proteins to the ER as well (Fig. 2.4D). Our 

results demonstrate that ARL15 is localized in the ER and the Golgi-system and one of 

the enriched GO biological processes identified in ARL15 BioID was “Protein N-linked 

glycosylation via asparagine” (Fig. 2.1A), which suggests that ARL15 is involved in the 

N-glycosylation of CNNMs. 

 

 

 

 

 

 

 

 

Figure 2.4: ARL15 and CNNMs co-localize in the Golgi system. ▶ 
A. Immunocytochemistry of HEK293 overexpressing ARL15, CNNM2 and mCherry-
tagged Golgi-apparatus marker, B4GALT1. Nuclei are stained with DAPI. B. 
Immunocytochemistry of HEK293 overexpressing ARL15, CNNM3 and mCherry-tagged 
Golgi-apparatus marker, B4GALT1. Nuclei are stained with DAPI. C. Mouse kidneys 
were permeabilized and co-immunostained with anti-ARL15 and anti-CNNM2.  Merged 
pictures stained for ARL15 in green, CNNM2 in red and DAPI (nuclei) in blue. Bar in figure 
A and B represents 5 μm, bar in figure C represents 50 μm. Representative image 
presented of three independent experiments with three replicates. G, Glomerulus, PT, 
Proximal tubule, DCT, Distal convoluted tubule. D. SK-RC-39 cells were co-transfected 
with ARL15-mClover3, CNNM3-mCherry (WT or N73A N-glycosylation mutant) and 
pmTurquoise2-ER or -Golgi. Plasma membrane localization is indicated with arrows, co-
localization in the Golgi with triangles and co-localization in the ER with asterisks. 
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Supplementary Figure 2.4: Co-localization analysis of ARL15 and CNNM3 with 
Golgi and ER 
A. Pearson correlation between ARL15 and either wild-type (A15-C3WT) or  
N-glycosylation CNNM3 mutant (A15-C3N73A). 
B. Pearson correlation between ARL15, CNNM3 and Golgi and ER markers. The 
correlation was measured in samples with overexpression of ARL15 and either wild-type 
(A15 (w C3WT) for ARL15 and C3WT for CNNM3) or N-glycosylation CNNM3 mutant 
(A15 (w C3N73A) for ARL15 and C3N73A for CNNM3 mutant). 
 

 

Supplementary Figure 2.5: Co-immunoprecipitation of CNNM3, ARL15 and RPN1 
HeLa cells were co-transfected with CNMM3-FLAG, ARL15 and RPN1-V5 and 
immunoprecipitation was performed using magnetic FLAG beads. CNNM3 co-
immunoprecipitated with ARL15 and RPN1. 
TCL, Total cell lysate; IP, Immunoprecipitation; ARL15, ADP ribosylation factor like 
GTPase 15; CNNM, Cyclin M; RPN1, Ribophorin I.  
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CNNM3 N-glycosylation is modulated by ARL15 and Mg2+ 

As common post-translational protein modification, N-glycosylation plays important 

roles to regulate protein functions. Indeed, CNNM2 has been previously shown to have 

an N-glycosylation site close to its amino (N)-terminus, and it is necessary to stabilize 

CNNM2 on plasma membrane [257]. Using NetNGlyc [265], N-glycosylation sites were 

predicted in CNNM1, CNNM3 and CNNM4. The confirmed site in CNNM2 and the 

predicted sites in the three remaining CNNM family members were analogous (Supp. 

Fig. 2.6), all located in the extracellular N-terminal domain. The only other predicted 

CNNM3 N-glycosylation site was asparagine 395, which is located in the cytoplasmic 

CBS2 domain, which cannot be glycosylated due to its cytoplasmic localization. To 

confirm that CNNM3 does indeed have an N-glycosylation site similar to CNNM2, the 

predicted asparagine 73 (N73) was mutated to alanine (N73A mutant). Compared to wild-

type (WT) CNNM3, the N73A mutant migrated faster, which is indicative for the loss of 

N-glycosylation [266] (Fig. 2.5A). Endo H and PNGase F were used to characterize the 

type of glycans attached to CNNM3 (Fig. 2.5B). When WT CNNM3 was treated with Endo 

H, which cleaves high mannose and hybrid oligosaccharides from N-linked 

glycoproteins, the lower band of the doublet shifted further. Cleavage with PNGase F 

shifted all bands of CNNM3 to a lower molecular mass, indicating that the top band 

represents the hybrid/complex glycoform (Fig. 2.5A). To verify that N73 is the only site 

of N-glycosylation, a lectin gel-shift assay was performed, where concanavalin A lectin 

is added to the top part of the resolving gel and results in a retardation of N-glycosylated 

proteins during migration [267]. Wild-type CNNM3 resulted in a smear, indicating a 

retardation of N-glycosylated protein, whereas the N-glycosylation mutant N73A ran 
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without a smear, indicating that this is the only site of N-glycosylation (Fig. 2.5C). To 

assess the effect of ARL15 on CNNM3 N-glycosylation, four different kidney cancer cell 

lines were used: Caki-1 and RCC4 as well as ACHN and SK-RC-39, belonging to renal 

clear cell carcinoma and papillary renal cell carcinoma, respectively. ARL15 was stably 

overexpressed in these four cell lines and the pattern of endogenous CNNM3 bands was 

evaluated. In all four cell lines, overexpression of ARL15 resulted in the increase of 

hybrid/complex glycoform and a decrease in oligomannose glycoform of CNNM3 (Fig. 

2.5D). Interestingly, the effect of ARL15 expression on CNNM3 glycosylation could be 

modulated by the Mg2+ concentration in the growth media (Fig. 5E). When 

overexpressing ARL15 in SK-RC-39 cells, Mg2+ deficient medium resulted in an increase 

of the oligomannose CNNM3 glycoform. Additionally, CRISPR knockout of ARL15 

resulted in a decrease of complex glycoform of CNNM3 as can be seen in the last two 

lanes (Fig. 2.5E). Neither overexpression nor knockout of ARL15 resulted in changes to 

overall protein N-glycosylation (Supp. Fig. 2.7), indicating that the effect is specific to 

CNNMs. 

 

 

Supplementary Figure 2.6: N-glycosylation sequon is conserved in CNNMs 
The location of the predicted N-glycosylation residue is indicated. The glycosylated 
asparagine is highlighted by a box. Amino-acid conservation is indicated below the 
alignment. 

CNNM1 88  PSPTLNSGE N GTGDWAPRLV 107
CNNM2 103 LRVYGQNIN N ETWSRIAFTE 122
CNNM3 64  LRLFGPGFA N SSWSWVAPEG 83
CNNM4 76  LRLYGYSLG N ISSNLISFTE 95
               .   *  : .  .
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Figure 2.5: CNNM3 N-glycosylation is modulated by ARL15 and Mg2+  
A. Wild-type and N-glycosylation mutant CNNM3 were treated with PNGase F and Endo 
H glycosidases to assess the presence of different glycoforms of CNNM3 and to confirm 
asparagine 73 as the site of glycosylation. B. Schematic representation of different types 
of glycans. C. Lectin gel-shift assay of CNNM3 indicates that N73 is the only site of  
N-glycosylation D. Overexpression of ARL15 increases complex CNNM3  
N-glycosylation in kidney cancer cells. E. SK-RC-39 cells were grown in the presence of 
absence of magnesium in the media and the status of CNNM3 glycoforms was assessed 
using western blotting. CTRL, Control; sg, Guide RNA; Scr, Scramble; ARL15, ADP 
ribosylation factor like GTPase 15; CNNM, Cyclin M; PNGase F, Peptide:N-glycosidase 
F; Endo H, Endoglycosidase  
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Supplementary Figure 2.7: ARL15  
does not affect overall protein 
N-glycosylation 
A. Concanavalin A lectin blot which 
indicates levels of oligomannose  
N-glycosylation 
B. Ulex europaeus agglutinin lectin blot 
which indicates levels of fucose found 
only on complex N-glycans 
 

 

 

ARL15 affects Mg2+ flux and ATP production 

To determine whether ARL15 regulates CNNM-dependent Mg2+ transport, 25Mg2+ uptake 

was studied. Kidney cancer cells were stably transduced to either overexpress or 

produce a CRISPR knockout of ARL15. ARL15 overexpression decreased 25Mg2+uptake, 

while ARL15 knockout significantly increased 25Mg2+ uptake more than 3-fold in RCC4 

and SK-RC-39 cells (Fig. 2.6A). Since multiple enzymes involved in ATP production use 

Mg2+ as a co-factor and ATP is bound to intracellular Mg2+ to form Mg-ATP [3], we next 

assessed the impact of ARL15 expression on ATP production. In RCC4 and SK-RC-39 

cells, overexpressing ARL15 resulted in a significant decrease in ATP production (Fig. 

2.6B).  

Endogenous cell surface expression of CNNM3 was further confirmed using cell 

surface biotinylation assay in SK-RC-39 cells with overexpression or CRISPR-mediated 

knockout of ARL15. The complex N-glycosylated CNNM3 glycoform migrates at 

approximately 90kDa, whereas oligomannose glycoform of CNNM3 migrates at around 

75kDa. Although the plasma membrane expression of CNNM3 was not altered in the 
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presence or absence of ARL15 (Supp. Fig. 2.8), mainly the oligomannose CNNM3 

glycoform was observed at the plasma membrane in the ARL15 knockout cells. 

 

 

Figure 2.6: ARL15 affects Mg2+ flux and ATP production.  
A. 25Mg2+ uptake in stably overexpressed and knockdown ARL15 ACHN, Caki-1, RCC4, 
and SK-RC-39 cells. These various types of renal carcinoma cell lines were incubated 
with 25Mg2+ for 15 minutes and results were normalized to 0 minute. Each data represents 
the mean of 3 independent experiments ± SEM. * indicates significant difference 
compared to control cells. B. ATP production in stably overexpressed and knockdown 
ARL15 SK-RC-39 and RCC4 cells. Results are the mean ± SEM of 3 independent 
experiments. 
sg, Guide RNA; Scr, Scramble; OE, Overexpression; ARL15, ADP ribosylation factor like 
GTPase 15; CNNM, Cyclin M. 
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Supplementary Figure 2.8: ARL15 knockdown does not affect CNNM3 cell surface 
expression.  
Endogenous cell surface expression of CNNM3 was detected in SK-RC-39 cells by 
biotinylation. A. The upper immunoblots show CNNM3 cell membrane expression and 
the lower blot shows the total CNNM3 expression. B. The diagram shows the 
quantification of cell surface CNNM3 expression corrected for total CNNM3 protein 
expression. Results are the mean ± SEM of 3 independent experiments. 
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Materials and Methods 

DNA constructs 

Human CNNM2 cDNA with an in-frame HA tag before CNNM2 stop codon and an XhoI 

restriction site after CNNM2 stop codon was amplified using Phusion polymerase (New 

England Biolabs, Ipswich, MA, USA) and then the product was cloned into the pCINeo-

IRES-GFP vector using NheI and XhoI (New England Biolabs). To obtain truncated 

CNNM2 plasmids, primers (Forward：5’-CGGCTAGCGCCACCATGATTGGCTGTGGCGCTTG-

3’ and Reverse 1 (full-length CNNM2:05’-CCCTCGAGCTATGCGTAGTCTGGCACGT 

CGTATGGGTAACCGGTGATGGCGCCTTCGTTG-3’), Reverse 2 (CNNM2 transmembrane 

region: 5’-CCACCGGTCACGTCCTCCACCGTC-3’), Reverse 3 (CNNM2 

transmembrane+CBS1 region: 5’-CCACCGGTGTCATCGGGATCCAC-3’), Reverse 4 

(CNNM2 transmembrane+CBS1+link region: 5’-CCACCGGTGTGGTTATAAAAT-

TTGGTGATG-3’) or Reverse 5 (CNNM2 transmembrane+CBS1+link+CBS2 region: 5’-

CGGCTAGCGCCACCATGATTGGCTGTGGCGCTTG-3’) were synthesized. All primers were 

purchased from Biolegio BV (Nijmegen, Netherlands). The PCR product was purified 

using a NucleoSpin® Gel and PCR Clean up kit (Macherey Nagel, Düren, Germany). 

Subsequently, the truncated CNNM2 PCR products were cloned into the pCINE-IRES-

GFP vector by digestion with restriction enzymes NheI (New England Biolabs) and XhoI 

(New England Biolabs). 

To obtain C-terminal FLAG-tagged ARL15 and CNNM constructs, human coding 

sequences were amplified with appropriate primers containing attB1 and attB2 

recombination site overhangs. Amplification was carried out with KAPA HiFi polymerase 
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using GC buffer (Kapa Biosystems, Wilmington, MA, USA). Amplicons were gel purified 

and Gateway cloning was used to first recombine the amplicon into pDONR221 vector 

and then, pDEST26-C-FLAG (Addgene #79275) [268] vector, using Gateway BP or LR 

Clonase II enzyme mix, respectively (Thermo Fisher Scientific, Waltham, MA, US). 

Chemically competent DH5α E. coli were transformed with pDONR221 and pDEST26-

C-FLAG vectors. To obtain C-terminal mClover3-tagged ARL15, mClover3 was amplified 

from pKanCMV-mClover3-18aa-actin vector (Addgene #74259) [269] and at the C-

terminal of ARL15 vector using SLiCE cloning [270]. For fluorescence imaging of ER and 

Golgi pmTurquoise2-ER (Addgene #36204) and pmTurquoise2-Golgi (Addgene #36205) 

were used, respectively [271]. All constructs were verified by sequence analysis. 

 
Cell culture, transfection and transduction 

HEK293 cells were grown in Dulbecco's Modified Eagle Medium (DMEM) (Biowhittaker 

Europe, Vervier, Belgium) supplemented with 10% (v/v) fetal calf serum (PAA 

Laboratories, Linz, Austria), non-essential amino acids, and 2 mM L-glutamine at 37 °C 

in a humidified incubator with 5% (v/v) CO2 (New Brunswick Galaxy 170s). Cells were 

seeded 6 hours before transient transfection with Lipofectamine 2,000 (Invitrogen, 

Breda, The Netherlands), the ratio of DNA: Lipofectamine 2,000 was 1:2. 

ACHN, Caki-1, HeLa, RCC4 and SK-RC-39 cells were grown in DMEM, high 

glucose (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS) 

(Thermo Fisher Scientific) and 2 mM GlutaMAX at 37 °C in a humidified incubator with 

5% (v/v) CO2.  
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For lentivirus production, HEK293T/17 cells were transfected with a 4:2:1 ratio of 

lentiviral construct of interest:PAX2:VSV-G. 24 hours later, the media was changed. 48 

hours later, the media was collected and filtered through a 0.45 μm filter. To infect the 

cells, media was substituted with HEK293T/17 supernatant containing virus with 8 μg/ml 

polybrene. 48 hours later, the media was changed to fresh media containing a selection 

reagent and the selection was carried out for 7 days.  

Cell lines used for experiments were obtained from ATCC. 

 
Site-directed mutagenesis 

To mutate asparagine 73 (N73) that was predicted to be the site of N-glycosylation of 

CNNM3 into alanine (A), pcDNA3.1-CNNM3-mCherry or pDONR221-CNNM3 carrying 

the wild-type sequence without a stop codon was amplified using a single primer PCR. 

Amplification was carried out with KAPA HiFi polymerase using GC buffer (Kapa 

Biosystems, Wilmington, MA, USA). The following primer was used: 5’-

GGCCCGGGCTTCGCCgcCAGCTCTTGGTCCTGGGTGG-3’, indicating the nucleotides 

necessary to introduce the mutation in lower-case letters. After amplification, the original 

plasmid was digested with DpnI (New England Biolabs) for 2 hours at 37 °C, which was 

followed by transformation of chemically competent DH5α E. coli. The construct was 

verified by sequencing. 
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Pull-down assay 

A pull-down assay was performed to determine which proteins of mice DCT interact with 

CNNM2. pGEX-mCNNM2 c-tail-GST was inserted in bacteria to be able to multiply the 

protein. Afterwards bacteria were lysed with lysis buffer (150mM NaCl, 5mM EGTA, 

Triton 1% (v/v), 1mg/ml pepstatin, 1mM PMSF, 5mg/ml leupeptin, 5mg/ml aproptin, 

50mM Tris/HCl, pH 7.5). Glutathione beads (Thermo Fisher, Rockford, IL, USA) were 

used to purify the samples to obtain only Cnnm2 c-tail. The beads were washed with 

pull down buffer (20mM Tris-HCL pH 7.4, 140mM NaCl, 1 mM CaCl2, 0.2% (v/v) triton-

x-100, 0.2% (v/v) NP-40, 1:1000 pepstatin, 1:1000 Aprotin, 1:400 Leupeptin, 1:100 

PMSF) and bacterial lysate was added to the beads followed by an incubation of 3 hours 

at 4 °C. After incubation, beads were transferred into a new tube and washed with pull 

down buffer. For kidney tissue, kidneys of 8 PV-GFP mice were dissected and minced 

in small pieces. The DCT was selected and dissolved in pull down buffer followed by 

homogenizing of the mixture using ultra turrax. After 30 minutes of incubation on ice, 

aliquots were taken and centrifuged. Supernatant was added to the beads followed by 

an incubation overnight rotating at 4 °C. After incubation, beads were washed with pull 

down buffer, Laemmli and DTT were added, and Western blot was performed. Migration 

was stopped when the sample was 1 cm in the running gel. Then samples were cut out 

and measured with mass spectrometry. 
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BioID 

BioID was performed as previously described [272]. Briefly, cleared lysates from 

ARL15A86L expressing Flp-In™ T-REx™ HeLa cells were incubated with streptavidin 

beads (17-5113-01, 5 ml, GE Healthcare). Trypsin digestion on beads was performed 

and peptides were collected in water, dried in a SpeedVac and pellets were resuspended 

in 5% formic acid prior to their injection into the mass spectrometers. Digested peptides 

from HEK293 and HeLa cells were respectively injected into LTQ-Orbitrap Velos and Q 

Exactive (Thermo Fisher) onto a 75 μm i.d. × 150 mm Self-Pack C18 column installed in 

the Easy-nLC 1000 system (Proxeon Biosystems) coupled to a Nanospray Flex Ion 

Source, at the IRCM Proteomics core facility.  

Raw mass spectrometry files were analyzed, as previously described [272], using 

the Human RefSeq database (version 57) supplemented with ''common contaminants'' 

from Max Planck Institute (https://maxquant.org/), Global Proteome Machine 

(http://www.thegpm.org/crap/index.html) and decoy sequences with the Mascot search 

engine through the iProphet pipeline integrated in ProHits. Significance Analysis of 

INTeractome (SAINT; version 3.6.1) files generated with ProHits using iProphet protein 

probability ≥ 0.9 and unique peptides ≥ 2, comparing samples against negative controls, 

were used to estimate interactions statistics with ProHits-viz [273].  (https://prohits-

viz.lunenfeld.ca/). An average probability (AvgP) ≥ 0.95 was used as a cutoff to consider 

statistically significant and of high confidence interactions. Gene ontology 

overrepresentation analysis was performed using PANTHER 15.0 [274]. 
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Gel filtration 

Gel filtration chromatography of the CNNM2BAT.ARL15 complex was performed using 1 

mg/mL protein at 0.5 ml/min using a Superdex 200 Increase 10/300 GL column in 50 

mM Hepes, pH 8.5, 200 mM NaCl, 1 mM MgCl2, 1 mM TCEP buffer. The following values 

were used: Vo=8.61 mL,void volume; Vt=24 mL, total column volume. The calibration 

trendline is y= -0.2451x + 1.5726 (y = Kav; x = logM). The standard proteins used to 

calibrate the column were: 1, thyroglobulin; 2, gamma-globulin; 3, ovoalbumin; 4, 

myoglobin; 6, Vitamin B12. 

 
ARL15 model 

A model of the structure of ARL15 was generated by simulated annealing as 

implemented in MODELLER [275] using as templates the X-ray diffraction coordinates 

of the complex between human ARL2 and BART (pdb code 3DOE chain A; 36.3 identity) 

complex between murine ARL2 and PDEδ (pdb code 1KSG chain A; 36.3 identity) murine 

ARF6 (pdb code  6BBQ; 35.67% identity) human ARF6 (pdb code 2A5G; 35.67% 

identity). Results were monitored in UCSF Chimera [276]. A single structure—displaying 

the lowest zDOPE [277] score (-0.58) and an RMSD value of 3.54 Å with respect to the 

closest template—out of 100 results was selected. This structure was subjected energy 

minimization using the Amber 14SB force field [278]. A final check was performed with 

Coot [279] before deposition and the ModelArchive server. 
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CNNM2 models  

To generate alternative linker conformations, in addition to completing sidechains from 

a SAXS model, simulated annealing computations were carried out using MODELLER 

[275]. 100 conformations were generated, arranged according to their zDOPE [277] 

scores and tested for collisions with other subunits with UCSF Chimera [276]. At the end, 

three different conformations were tested. A model of the cytosolic domains of CNNM3 

was also generated using the full precursor sequence (NCBI accession code 060093.3) 

and the XRD coordinates of the CNNM2 and CNNM4 cytosolic domains, obtained from 

corresponding crystals of the independent cytosolic domains and from SAXS data of the 

entire cytosolic region of CNNM4 [280]. The dimeric assembly of the complementary 

Bateman modules used in the model corresponds to the flat (ATP-bound and/or PRL-

bound like) conformation of the CBS module (association of two Bateman domains) [191, 

280]. The modeled region showed a 53.6 % sequence identity with respect to the 

template. Best model showed 6.1 Å RMSD with respect to the template, and a zDOPE 

value of 0.39. This positive value is mainly due to the model including flexible loop and 

linker regions. 

 
Docking models  

Docking computations were carried out with benchtop HEX [281] and compared with 

Brownian dynamics (BD) computations (see Supplemental methods). Hex computations 

included shape evaluation, in vacuo electrostatics and Decoys As a Reference State 

(DARS) potentials [282]. In every simulation, 20000 structures were generated, clustered 

using a RMSD cut-off value of 3 Å and arranged according to their energies. First 100 
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were selected for analysis. Post-processing consisted in a short OPLS energy 

minimization as implemented in the software. 

 
Brownian dynamics 

Docking modeling was complemented with Brownian Dynamics computations using the 

WebSDA server [283] to test if results could be reproduced by other methods. The force-

field grids used in BD included all electrostatics and desolvation [284, 285] grids. 

Charges were added with PDB2PQR [286]. 

200 trajectories of BD computations were run in docking mode. A total of 500 

non-redundant complexes were recorded along the computations. Supplemental table 

2.1 displays the summary of the clustering analysis of the distinct complexes found. First 

cluster corresponds to binding to CNBH domains at regions nearby missing structure, 

so they are considered artefactual. Cluster 2, however, showed the highest population 

and—on average— displayed lowest energies, and the lowest dispersion of 

conformations, according to RMSD values with respect to the representative structure. 

Supplemental figure 2.3 illustrates the consistency between the BD computations and 

docking simulations performed with Hex (see main text). 

 
Glycosidase and tunicamycin treatment 

20 µg of protein from SK-RC-39 cells were treated with N-glycosidase F (PNGase F) and 

Endoglycosidase H (Endo H) (New England Biolabs) according to the manufacturer's 

instructions. Briefly: protein was denatured at 100 ℃ for 10 minutes, 1 unit/µl of a 

glycosidase was added with appropriate buffers and digested at 37 ℃ for 1 hour. SK-
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RC-39 cells grown in DMEM were treated with tunicamycin (Sigma-Aldrich) at 1 ug/ml 

for 8 hours to inhibit N-glycosylation. 

 
Immunohistochemistry 

5 μm kidney frozen sections were fixed with formalin and washed with TN buffer (0.1 M 

Tris/HCl (pH 7.6) 0.15 M NaCl). Then, the sections were permeabilized in TN-Triton (TN 

with 0.1% (v/v) Triton X-100) for 30 minutes. After incubation, the sections were washed 

and blocked with TN with 0.5% (w/v) Blocking Reagent TSA fluorescein system (Perkin 

Elmer, Waltham, MA, USA) for 30 minutes. The sections were incubated overnight at 4 

℃ with the following primary antibodies: guinea pig anti-CNNM2 (1:100), rabbit anti-

ARL15 (Sigma-Aldrich, St. Louis, MO, USA, 1:50). For detection, kidney sections were 

incubated with Alexa Fluor 488 conjugated goat anti-rabbit and Alexa Fluor 596 

conjugated goat anti-Guinea pig IgG secondary antibodies (Thermo Fisher, Rockford, IL, 

USA, 1:300). Images were visualized using AxioCam cameras (Zeiss, Oberkochen, 

Germany) and AxioVision software (Zeiss). 

 
Immunocytochemistry 

HEK293 cells were seeded at a low density on 0.01% (w/v) poly-L-lysine (Sigma, St 

Louis, MO, USA) coated coverslips and were transfected the subsequent day using 

Lipofectamine 2000 (Invitrogen, Breda, The Netherlands). Cells were transfected with the 

following constructs: pLenti6-CNNM3-V5, pDEST26-ARL15-FLAG, and mCherry-Golgi-

7. After 24 hours, cells were washed with PBS, followed by fixation for 10 minutes using 

4% (w/v) methanol-free formaldehyde (ThermoFisher, Waltham, MA, USA) in PBS. 

Afterwards, cells were permeabilized for 10 minutes in 0.1% (v/v) Triton-X100 and 0.3% 
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(w/v) bovine serum albumin solution. Subsequently, cells were treated with 50 mM NH4Cl 

in PBS to reduce background. Thereafter, cells were washed 3x in PBS followed by 

blocking in 16% (v/v) normal goat serum (Merck Milipore, Burlington, MA, USA) 

supplemented with 0.1% (v/v) Triton-X100 for 30 minutes. Cells were then probed with 

primary antibody diluted in blocking buffer overnight at 4 ℃. Cells were washed three 

times and incubated in secondary antibodies for 45 minutes at room temperature in the 

dark. Cells were washed three times with PBS and subsequently mounted using 

mounting medium supplemented with 4′, 6-diamidino-2-phenylindole (DAPI; Southern 

Biotech, Birmingham, AL, USA). Images were made using the Zeiss LSM880 

(Oberkochen, Germany) and analyzed using the freely available Fiji software [287]. The 

following antibodies were used: mouse monoclonal anti-V5 (Thermo Fisher, Rockford, 

IL, USA, 1:1,000) and rabbit polyclonal anti-FLAG (Sigma-Aldrich, St. Louis, MO, USA, 

1:1,000), Alexa Fluor 488 conjugated goat anti-rabbit and Alexa Fluor 647 conjugated 

goat anti-mouse (Thermo Fisher, Rockford, IL, USA, 1:300). 

 
Fluorescence imaging 

SK-RC-39 cells were transfected with pcDNA3.1-CNNM3-WT-mCherry WT, pcDNA3.1-

CNNM3-N73A-mCherry, ARL15-mClover3, pmTurquoise2-ER and pmTurquoise2-Golgi 

using Lipofectamine 2000 (Invitrogen, Breda, The Netherlands) for 24H and then 

transferred to an 8-chamber slide (ibidi GmbH, Fitchburg, WI, USA). Cells were fixed with 

4%PFA for 10 min, briefly rinsed with PBS, then coverslips were mounted with Mowiol 

mounting medium (Millipore Sigma, Darmstadt, Germany). Slides were cured for 24 hrs 
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and pictures were taken by using the Zeiss LSM880 with Airyscan processing (Zeiss, 

Oberkochen, Germany). 

 
Western blot 

Cells were lysed with lysis buffer added 1 mg/ml pepstatin, 1 mM PMSF, 5 mg/ml 

leupeptin, 5 mg/ml aproptin protease inhibitors. The lysis buffer contained 50 mM Tris-

HCl (pH 7.5), 1 mM EDTA, 1 mM EGTA, 150 mM NaCl, 1 mM sodium-orthovanadate, 10 

mM sodium-glycerophosphate, 50 mM sodium fluoride, 0.27 M sucrose, 10 mM sodium 

pyrophosphate, 1% (v/v) Triton X-100. Protein concentrations were measured by 

performing a Bicinchoninic Acid protein assay (BCA) (Fisher Scientific, Hampton, NH, 

USA) and 20 µg protein was used for western blot. Blots were then incubated in primary 

antibody overnight rolling at 4 °C. Primary antibodies were diluted in 1% (w/v) milk 

diluted in TBST as following; anti-HA (Cell Signaling technology, Leiden, The 

Netherlands) diluted 1:5,000, anti-FLAG (Sigma-Aldrich, St. Louis, MO, USA) diluted 

1:5,000, anti-V5 (Thermo Fisher, Rockford, IL, USA) diluted 1:5,000, anti-β-actin (Sigma-

Aldrich, St. Louis, MO, USA) diluted 1:10,000, all are raised in mice. After washing with 

Tris-Buffered Saline and Tween 20 (TBST), blots were incubated for 1 hour rolling at RT 

in secondary antibody which was anti-mouse antibody raised in sheep (Sigma-Aldrich, 

St. Louis, MO, USA) diluted 1:10,000. Then, proteins were visualized with were made 

with ChemiDoc (Bio-Rad Laboratories Inc, Hercules, CA, USA). Subsequent analysis 

was done using ImageJ [287]. Lectin gel-shift assay was performed as described 

previously [267]. Briefly, upon polymerization of a standard 6% SDS-PAGE gel, 5 mm of 
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6% SDS-PAGE containing 10 mg/ml concanavalin A (Sigma-Aldrich, St. Louis, MO, 

USA) was poured on top and allowed to polymerize. 

 
Co-Immunoprecipitation 

HEK293 or HeLa cells were seeded and transfected in petri dishes, 24 to 48 hours after 

transfection cells were lysed with lysis buffer. 12 hours before collecting the transfected 

HEK293 cells, carbobenzoxy-Leu-Leu-leucinal (MG132) (Sigma-Aldrich, St. Louis, MO, 

USA) dissolved in Dimethyl sulfoxide (DMSO) were treated to the HEK293 cells. BCA 

assay was performed to determine the protein concentration of the lysates. Input 

samples were taken to be able to check transfection efficiency by performing western 

blot. For co-immunoprecipitation samples, 30 µl/sample protein A/G plus agarose beads 

(Santa Cruz Biotechnology, CA, USA) were washed with PBS. And 1.5 µl/sample in 

mouse raised antibody for human HA (Sigma-Aldrich, St. Louis, MO, USA) was added to 

the beads. For negative control, no antibody was added to the beads. Samples were 

then incubated for 2 hours rotated at 4 °C. Unbound antibodies were removed by 

washing with lysis buffer. Then lysates with the same amount of proteins (as calculated 

with the BCA test) were added to the beads and incubated overnight rotated at 4 °C. 

After incubation, lysates and beads were washed with PBS, Laemmli and DTT were 

added, and western blot was performed. For FLAG-tagged protein immunoprecipitation, 

for each sample 20 µg of ANTI-FLAG® M2 affinity agarose gel (Sigma-Aldrich, St. Louis, 

MO, US) were pre-blocked with 5% (w/v) BSA and 300 ug of total cell lysate (TCL) was 

pre-cleared with 20 µg of Protein A/G agarose mix, for 2H at 4°C on a rotator. TCL 
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supernatant was collected and incubated with pre-blocked FLAG beads for 2 hours at 

4°C on a rotator. 

 
CRISPR-Cas9 experiments 

sgRNAs targeting ARL15 were cloned into lentiCRISPRv2 plasmid (Addgene #52961) 

[288] using Golden-Gate Assembly with the Esp3I endonuclease following the standard 

protocol [289]. For lentivirus production, HEK293T/17 were transfected using 

Lipofectamine 2000 (Invitrogen, Breda, The Netherlands) with 4:2:1 ratio of 

lentiCRISPRv2:PAX2:VSV-G. 24H later the media was changed. 48H later the media was 

collected and filtered through a 0.45 μm filter. To transduce the cells, media was 

substituted with HEK293T/17 supernatant containing virus with 8 μg/ml polybrene. 48H 

later the media was changed to fresh media containing puromycin and the selection was 

carried out for 7 days. 

 
ATP production 

5,000 kidney cancer cells were plated per well in a 96-well plate and ATP production 

was measured after growing overnight. CellTiter-Glo 2 kit (Promega) using 

manufacturer's instructions. 

 
25Mg2+ uptake 

Cells were seeded in petri dishes and 24 hours after transfection cells were reseeded 

into 12-well plates. Two days after transfection, cells were washed once with basic 

uptake buffer without Mg2+ (125 mM NaCl, 5 mM KCl, 0.5 mM CaCl2, 0.5 mM Na2HPO4, 

0.5 mM Na2SO4, 15 mM HEPES/NaOH, pH 7.5), followed by an incubation for 0 or 15 
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minutes at 37°C with basic uptake buffer containing 1 mM 25Mg2+ (Cortecnet, Voisins Le 

Bretonneux, France). After incubation, the basic uptake buffer containing 25Mg2+ was 

removed and cells were washed with ice cold PBS. Then cells were lysed with 1 ml nitric 

acid which was then diluted in Milli-Q until a nitric acid (Sigma Aldrich, St. Louis, MO, 

USA) concentration of 10%. Samples were analysed with ICP-MS (inductively coupled 

plasma mass spectrometry). 

 
Cell surface biotinylation 

Petri dishes were coated with poly-L-lysine before seeding and transfection. Two days 

after transfection the cells were washed with PBS-CM (100 ml 10x PBS, 1 mM MgCl2, 

0.5 mM CaCl2, pH 8.0 adjusted with NaOH, Milli-Q until total volume of 1,000 ml) followed 

by adding 0.5 mg/ml Sulfo-NHS-LC-LC-biotin (Thermo fisher scientific, Rockford, USA). 

After 30 minutes incubation, cells were washed with 0.1% (w/v) PBS-CM BSA and PBS. 

Cells were then lysed with lysis buffer, and protein concentration was measured with a 

BCA test. Input samples were taken to be able to check transfection efficiency by 

performing Western blot. Then, lysates with the same amount of proteins (as calculated 

with the BCA test) were added with the neutravidin agarose beads (Thermo fisher 

scientific, Rockford, USA) and incubated overnight rotated at 4°C. After incubation, 

protein lysates were washed with lysis buffer and Laemmli and DTT buffer were added 

and incubated at 37°C for 30 minutes before loading the protein samples on SDS-PAGE. 
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Statistical analysis 

Results are expressed as mean ± standard error of the mean (SEM). Biotinylation results 

of experiments are statistically analyzed by performing one-way ANOVA followed by 

Tukey as post-test. 25Mg2+ uptake results with CNNM2 and ARL15 are statistically 

analyzed by performing a two-way ANOVA followed by Tukey as post-test. Differences 

with p<0.05 were regarded as statistically significant. 
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Discussion 

In this study, we identified ARL15 as a novel interacting partner of CNNMs. ARL15 binds 

to CNNMs in the ER and regulates their complex N-glycosylation in the Golgi system 

(Fig. 2.7). Our data suggest that the complex N-glycosylation of CNNMs reduces their 

activity at the plasma membrane, as reflected in a reduced 25Mg2+ uptake in renal 

carcinoma cells. As such, ARL15 may affect cellular Mg2+ homeostasis and energy 

metabolism. 

ARL15 is a member of the superfamily of ARF-like (ARL) proteins, which have 

been functionally characterized as small GTPases. Although ARL15 has been relatively 

scarcely studied to date, many studies have demonstrated that other ARL and ARF 

proteins are involved in vesicle trafficking [290]. Our immunocytochemistry in HEK293 

cells demonstrated that ARL15 is predominantly localized in the plasma membrane and 

the perinuclear region (Fig. 2.4), which is in line with previous reports of ARL15 in 3T3-

L1 pre-adipocytes [92]. Moreover, proximity labeling of ARL15 identified many Golgi-

specific proteins (Supp. Fig. 2.1), such as golgins (GOLGA3, GOLGA4, GOLGB1), Golgi 

SNAP receptor complex member 1 (GOSR1), and Golgi scaffolding protein GOPC, that 

also interacts with another member of the ARF family ARFRP1 [291]. However, the 

localization with RPN1, a protein of the oligosaccharyltransferase complex, suggests 

that the interaction between ARL15 and CNNMs is already formed in the ER. Indeed, 

several ARF proteins, e.g. ARF1 and ARF3, have been shown to regulate ER-to-Golgi 

trafficking [292]. 
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The main finding of our study is that ARL15 binds CNNMs and modulates their 

activity via N-glycosylation. Biosynthesis of glycoproteins commences in the ER, where 

a pre-assembled oligosaccharide is bound onto the nascent protein by oligosaccharyl-

transferases. After passing the ER, a series of reactions further assemble the glycan in 

the medial-Golgi and maturation takes place in the trans-Golgi. Three different types of 

N-glycans are commonly present on proteins; oligomannose, hybrid and complex  

N-glycans. Our results demonstrate that ARL15 stimulates the formation of complex  

N-glycans on CNNMs. Although ARL15 does not possess the enzymatic capacity to 

change the glycosylation per se, we have identified several proteins of the 

oligosaccharyltransferase complex in our BioID experiments (e.g. RPN1, STT3A and 

STT3B) (Fig. 2.1). Moreover, protein N-glycosylation was among the enriched GO-terms 

in our analysis. Additionally, LMAN1 was identified in the BioID experiments. LMAN1 is 

located in the ER-Golgi intermediate compartment (ERGIC) and it participates in ER-to-

Golgi trafficking of proteins by binding oligomannose N-glycan moieties of  

N-glycosylated cargo [293]. We hypothesize that trans-Golgi trafficking via ARL15 is an 

essential step in the complex glycosylation of CNNMs. A similar mechanism has been 

postulated for ARFGEF1, which regulates the N-glycosylation and trafficking of integrins 

[294]. 

Multiple solute carrier proteins were identified in the ARL15 BioID. These are 

transmembrane proteins which are N-glycosylated. For example, the importance of  

N-glycan glycoforms in its localization has been shown for mouse Slc12a2 [295].  

N-glycosylation of another putative ARL15 interacting partner SLC26A3 has been 

implicated in its plasma membrane expression and activity [296].  
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The N-glycosylation of CNNMs is essential for their plasma membrane 

expression. CNNMs contain a single N-glycosylation site in the extracellular N-terminal 

region [257]. Mutation of the Asn73 residue to Ala in CNNM3 completely abrogated its 

N-glycosylation (Fig. 2.5A) and its membrane expression (Fig. 2.4D). Similar results were 

previously obtained for Asn112 residue in CNNM2 [257]. In this study, we demonstrated 

that not only the presence of, but also the composition of the glycan is essential for the 

protein function. ARL15 overexpression resulted in a complex glycosylation of CNNM3, 

which was accompanied by a significant reduction of 25Mg2+ uptake. Vice versa, ARL15 

downregulation resulted in oligomannose glycoform and increased 25Mg2+ uptake. 

Altogether, we propose a model in which the composition of the N-glycan affects CNNM 

activity (Summarized in Figure 2.7). 

Multiple roles for N-glycosylation of plasma membrane proteins have been 

described, ranging from effects on membrane trafficking, membrane stability and protein 

degradation [297, 298]. In our experiments, neither ARL15 overexpression nor ARL15 

downregulation affected the plasma membrane localization of CNNM3 (Supp. Fig. 2.7), 

suggesting that membrane trafficking of CNNM3 is not affected by ARL15. 

Consequently, changes in N-glycosylation may directly affect the activity of CNNM3 at 

the plasma membrane. It has been extensively described that N-glycans interact with 

glycan-binding proteins in the extracellular spaces, such as lectins. Lectin-glycan 

interactions are involved in many biological cellular processes such as apoptosis, 

differentiation as well as regulation of membrane transport [299]. Indeed, binding of 

lectins and other glycan-binding proteins has been shown to regulate TRPV5-mediated 
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Ca2+ transport [300, 301]. Whether the binding of lectins explains the changes in CNNM3 

activity remains to be defined. 

 

 
Figure 2.7: Summary of the effect of ARL15•CNNM complex on Mg2+ flux. 
In the presence of ARL15, it interacts with CNNMs in the ER and Golgi, resulting in their 
complex N-glycosylation, which in turn decreases Mg2+ uptake. In the absence of ARL15, 
CNNMs are found in less complex glycoforms and that results in increased Mg2+ uptake. 
ER, Endoplasmic reticulum; ARL15, ADP ribosylation factor like GTPase 15; CNNM, 
Cyclin M.  
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The interaction model that we developed is compatible with a 1:1 CNNM2:ARL15 

stoichiometry. ARL15 interacts with the Bateman CBS1 domains, in particular with a 

surface region defined between α−helix A, the β1-β2 hairpin loop and α-helix H1. Indeed, 

co-immunoprecipitation experiments confirmed that the CBS domains are essential for 

ARL15 binding (Fig. 2.2B). The interaction also involves the CNBH domains 3C, thereby 

explaining the larger affinity observed with the full-length constructs. Overall, the 

interaction displays high surface complementarity and presents a core of hydrophobic 

and polar residues surrounded by charged ones. Interestingly, the negative-charged 

residues present in the CNNM2 docking site is complementarity to the positive-charged 

surface of ARL15 (Fig. 2.3D). The interaction of ARL15 with CNNM3 cytosolic domain 

seems to use the same region. The more negative charge as compared to CNNM2 may 

explain the larger affinity toward positively charged ARL15. Notably, no overlap is 

observed between the binding site of ARL15 and PRL, which mostly binds CBS2 by its 

long loop region comprising β5 and β6 [191] (Supp. Movie 1).  

The identification of ARL15 as a novel regulator of CNNM Mg2+ transport activity 

is of particular interest in the DCT segment of the kidney. In the DCT, transient receptor 

potential cation channel subfamily M member 6 (TRPM6) facilitates apical Mg2+ transport 

[302]. Basolateral Mg2+ extrusion in the DCT is regulated by CNNM2. Consequently, 

mutations in CNNM2 and TRPM6 have been shown to cause renal Mg2+ wasting in 

patients [156, 157, 303]. Interestingly, the ARL15 locus was recently associated with 

urinary Mg2+ wasting in a GWAS [96]. In the same study, TRPM6 channel activity was 

shown to be significantly increased in the presence of ARL15 [96]. Our results 

demonstrate that ARL15 also binds CNNM2, suggesting that both the apical and 
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basolateral Mg2+ transport mechanisms are simultaneously regulated. These findings 

explain how ARL15 determines urinary Mg2+ excretion. Interestingly, overexpression of 

ARL15 resulted in decreased ATP levels (Fig. 2.6B). Intracellular Mg2+ and ATP levels are 

closely associated, as ATP must be bound to this cation to be biologically active [3]. 

Indeed, previous studies have shown that PRL-2 knockdown and decreased intracellular 

Mg2+ levels, reduce intracellular ATP levels and regulate cellular metabolism [18, 304]. 

Given that ARL15 overexpression reduced CNNM-mediated Mg2+ uptake, the 

expression of ARL15 may indirectly regulate cellular metabolism. Indeed, ARL15 has 

been associated with a wide range of metabolic parameters and diseases in GWAS, 

including adiponectin, HDL, diabetes mellitus and body shape [82–84, 305–307]. As 

these studies did not analyze Mg2+ status as a modifying factor, it cannot be excluded 

that ARL15 has additional functions that explain these associations. Indeed, ARL15 has 

been demonstrated to modify the insulin-signaling pathway in myotubes [308]. 

Overall, our work establishes complex N-glycosylation of CNNMs as an essential 

process to regulate their activity. This crucial post-translational modification promoted 

by ARL15 on CNNMs adds to recent mechanisms of CNNMs modulation such as their 

circadian rhythm expression [309] and their interactions with the PRL family by a 

magnesium-sensitive mechanism [18, 192]. The increasing complexity of CNNMs 

regulation provides a dynamic system to ensure the correct levels of intracellular 

Mg2+ during metabolic changes and cell requirements.  
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Connecting the post-translational modification of CNNMs and 

the regulation of TRPM7 

We identified the involvement of the small GTPase ARL15 in the modulation of CNNM 

glycoforms and subsequent changes in magnesium flux and ATP production. 

Nevertheless, the direct mechanism of Mg2+ regulation was not uncovered. Additionally, 

the role of the interplay between ARL15 and PRLs, which strongly interact with CNNMs, 

has not been studied. Since the BioID experiment unveiled not only the interaction 

between ARL15 and CNNMs, but also its interaction with TRPM7, the canonical 

magnesium channel. We sought to understand the function of this interaction in the 

following chapter. We have found that ARL15 is indeed involved in the interaction 

between CNNMs and TRPM7. CNNMs were found to be inhibitory regulators of TRPM7. 

Furthermore, a cascade of dynamic changes in response to magnesium levels was 

unraveled which showed that the interactions between ARL15, PRL-1/2 and CNNM3 

regulate the activity of TRPM7.  
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Abstract 

Transient receptor potential melastatin 7 (TRPM7) is a ubiquitously expressed 

magnesium channel that is required for the maintenance of magnesium homeostasis 

through its activity in the intestine and the kidneys. We have identified ADP-ribosylation 

factor-like protein 15 (ARL15) to interact with cyclin and CBS domain divalent metal 

cation transport mediator (CNNM) proteins and to enhance their interaction with TRPM7. 

TRPM7 influences cells morphology and the presence of CNNMs reverses that effect. 

Using a novel genetically encoded magnesium reporter we demonstrate that CNNMs 

inhibit the activity of TRPM7. Presence of ARL15 increases the inhibitory effect of 

CNNMs, whereas PRL-1/2 decreases that effect. Overexpression PRL-2 modulated 

subcellular localization of CNNM3 away from the plasma membrane to cytoplasm. We 

found that magnesium itself regulates the interaction between TRPM7 and CNNM3, 

PRLs and ARL15. Absence of magnesium reduces the interaction between TRPM7 and 

CNNM3, reduces the interaction between ARL15 and CNNM3 and increases the 

interaction between CNNM3 and PRL-1/2. Knockdown of PRL-1/2 without magnesium 

increased the interaction between TRPM7 and CNNM3. Our results reveal a novel 

dynamic regulation of TRPM7 through CNNMs and their interacting partners – PRLs and 

ARL15. 
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Introduction  

TRPM7 is a ubiquitously expressed divalent cation channel which is predominantly 

involved in the influx of magnesium, calcium and trace metals [197, 199, 310]. It is 

required for proper development [311, 312] and magnesium homeostasis [198, 255]. 

TRPM7 and its homologue, TRPM6, are unique among the TRP family of channels in that 

they contain a serine/threonine kinase in the C-terminal region of the protein [210, 313]. 

TRPM7 is involved in cellular proliferation [314–317], migration [316, 318–320], growth 

of primary tumours [321, 322] and metastases [320, 323]. TRPM7 regulates cell 

morphology and adhesion by affecting filopodia, lamellipodia and focal adhesion 

formation [211, 316, 319, 324, 325]. TRPM7 regulates cell intravasation by affecting 

shear sensitivity of tumour cells [326]. TRPM7 is itself regulated by intracellular 

magnesium ([Mg²⁺]i) and the native form of ATP bound to magnesium (Mg•ATP), where 

low magnesium increases and high magnesium suppresses the channel activity [197, 

322]. However, this mechanism is not well understood.  

Magnesium transport mediators CNNMs modulate Mg²⁺ homeostasis and they 

are regulated by their interactions with PRLs and ARL15 [192, 327]. PRLs (phosphatases 

of regenerating liver) have been associated with progression of multiple cancer types, 

such as breast cancer and colon cancer [102]. Some of PRLs’ proto-oncogenic activity 

is linked with their interaction with CNNMs, which affects Mg²⁺ flux and growth, as well 

as progression of different cancers [182, 192, 194]. 

We have recently identified a novel CNNM interacting partner, ARL15 (ARF-like 

protein 15) that regulates magnesium homeostasis [327], and that has been previously 
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shown to affect urinary magnesium handling through its regulation of TRPM6-mediated 

currents [96]. However, it is not understood if and how ARL15 regulates TRPM7 and 

what function do CNNMs and PRLs play in that regulation. 

In this study we show that all 4 members of the CNNM family interact with TRPM7, 

and that this interaction is significantly strengthened in the presence of ARL15. Using a 

novel genetically encoded magnesium reporter we demonstrate that CNNMs inhibit 

TRPM7 activity. TRPM7-mediated changes in cell morphology are abrogated by 

CNNMs. A dynamic interplay between TRPM7 and CNNM3 is affected by PRL-2 and 

ARL15 and mediated by magnesium concentration. Furthermore, TRPM7-mediated 

signaling is suppressed by CNNM3 and the localization of CNNM3 is affected by  

PRL-2. Our study has uncovered a novel layer of regulation of TRPM7 that responds to 

changes in magnesium levels. 
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Results 

ARL15 interacts with TRPM7 and strengthens its interaction with CNNMs 

The BioID experiment performed in our previous paper indicated that ARL15 not only 

interacts with CNNMs but with TRPM7 as well [327]. To confirm the interaction between 

CNNM3, ARL15 and TRPM7 we performed co-immunoprecipitation (co-IP) experiments 

with these overexpressed proteins (Fig. 3.1A). CNNM3 interacted with TRPM7 and the 

presence of ARL15 significantly strengthened the interaction. To test whether this effect 

extends to all four members of the CNNM family we performed co-IPs of TRPM7, ARL15 

and CNNM1-4. ARL15 strengthened the interaction between all four CNNMs and TRPM7 

(Fig. 3.1B). We have previously shown that a single mutation (D426A) in the extended 

loop of the CNNM3 Bateman domain abolishes its interactions with PRLs [182]. To verify 

whether this interaction is necessary to interact with TRPM7, co-IPs of TRPM7 and a 

CNNM3-WT or CNNM3-D/A mutant were performed in the absence and presence of 

ARL15. The CNNM3 D426A mutation did not abolish the interaction with TRPM7 (Fig. 

3.1C, lanes 3 and 6). As described previously, wild-type ARL15 affected TRPM6 channel 

activity when both proteins were overexpressed together, while a dominant negative 

mutant of ARL15 (T46N) did not have an effect [96]. To test whether the ARL15 T46N 

mutant would affect the interaction between CNNM3 and TRPM7, co-IPs were 

performed. ARL15 mutant acted in a similar way to wild-type, and it still strengthened 

the interaction between CNNM3 and TRPM7 (Fig. 3.1C, lane 8). We noticed that ARL15 

was not detected when it was overexpressed without CNNM3 (Fig. 3.1C, lanes 4 and 7). 

To test whether CNNM3 was required for its expression, we overexpressed ARL15 in the 
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absence and presence of CNNM3 or MG132, a proteasomal degradation inhibitor. 

Without CNNM3 or MG132, ARL15 was not detected. However, the presence of either 

proteasome inhibitor or CNNM3 prevented ARL15 degradation (Supp. Fig. 3.1). 

 
 
Figure 3.1: Interaction between TRPM7, ARL15 and CNNMs 
A. HA-TRPM7 was immunoprecipitated from HEK293 cells with doxycycline inducible 
TRPM7 expression with overexpression of CNNM3-V5 with and without ARL15-FLAG. 
CNNM3 interacted with TRPM7 and the presence of ARL15 increased the interaction. B. 
HA-TRPM7 was co-expressed with FLAG-tagged CNNM1-4 and ARL15-V5. 
Immunoprecipitation of TRPM7 showed that it interacted with all four CNNMs and that 
ARL15 increased that interaction. C. HA-TRPM7 was co-overexpressed and 
immunoprecipitated with WT and mutants of ARL15 and CNNM3, which did not affect 
the interactions. 
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Supplementary Figure 3.1: Degradation of ARL15 is inhibited by CNNM3. 
ARL15-FLAG was overexpressed in HEK293 cells with or without CNNM3-V5. The cells 
were treated for 24H with either vehicle or MG132. Overexpression of CNNM3 and 
MG132 treatment prevented ARL15 degradation. 
 

Genetically encoded magnesium reporter 

We have recently shown that PRL-1/2 translation is regulated specifically by intracellular 

magnesium levels due to ribosome stalling at the upstream open reading frame (uORF) 

[18]. Based on this work, we fused the 5ʹ UTR of PTP4A2 to a destabilized firefly 

luciferase (Fig. 3.2A) to create a reporter that has an inverse response to the intracellular 

magnesium concentration: the lower is the [Mg²⁺]I the stronger is the luciferase signal.  

We confirmed that it responds specifically to changes in extracellular magnesium (Fig. 

3.2B), but not to other divalent cations transported by TRPM6/7, calcium, and zinc (Fig. 

3.2C, D). A reporter without the PTP4A2 5ʹ UTR did not respond to changes in 

magnesium (Supp. Fig. 3.2A). To further assess the specificity of the reporter, cells were 

treated with FCCP, which is known to induce magnesium release from mitochondria to 

cytosol [328]. In the condition of depleted cytosolic magnesium, we observed a 

significant decrease in the activity of the reporter upon treatment with FCCP, due to the 

release of mitochondrial magnesium (Supp. Fig. 3.2B). Since the reporter responded 
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specifically to changes in magnesium but not to other divalent cations transported by 

TRPM7, we assessed the effect of TRPM7 overexpression on its activity. Similarly to the 

lack of magnesium in the media, cells expressing low endogenous levels of TRPM7 

produced in a significantly higher reporter signal, indicating lower [Mg²⁺]I, compared to 

cells overexpressing TRPM7 (Fig. 3.2E). The reporter without the PTP4A2 5ʹ UTR did not 

respond to changes in TRPM7 expression (Supp. Fig. 3.2C). We confirmed that 

overexpression of TRPM7 results in an increase in [Mg²⁺]i using Magnesium Green, a 

magnesium-specific fluorescent indicator (Supp. Fig. 3.2D).  

Next, we tested the effect of NS8593, a magnesium-dependent TRPM7 channel 

inhibitor [329]. Treatment of cells with endogenous TRPM7 levels with the inhibitor 

resulted in a slight (1.1-fold) but significant increase in the reporter activity (Fig. 3.2F). 

Application of NS8593 to cells overexpressing TRPM7 resulted in a larger increase in 

reporter activity (1.7-fold), indicating that there was a relatively larger inhibition of 

magnesium uptake (Fig. 3.2F).  

These results demonstrate that the novel magnesium reporter is specific to [Mg²⁺]i 

and it responds to changes in TRPM7 expression levels. 
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Figure 3.2: Genetically encoded luciferase reporter is specific to magnesium.  
A. A schematic of the reporter design – firefly luciferase with a destabilizing sequence 
CP fused at the C-terminus and PTP4A2 5ʹ UTR containing the ribosome stalling uORF 
upstream of the start codon. B. HEK293 cells transiently transformed with the reporter 
and renilla luciferase control constructs were grown with and without magnesium for 
24H and lytic luciferase assay was performed at the endpoint. C, D. HEK293 cells with 
stable expression of the construct were grown in a media with different calcium (C) and 
zinc (D) concentrations and live time course luciferase assay was performed, the 6H 
signal peak is presented. E. HEK293 cells with inducible TRPM7 expression were 
transfected as in A and the reporter signal was recorded 24H after treating the cells with 
DMSO or doxycycline. F. HEK293 cells with inducible TRPM7 expression and stable 
expression of the reporter were treated with either DMSO of doxycycline, with and 
without NS8593. T-test (B, E), one-way ANOVA (C, D) and two-way ANOVA followed by 
Tukey’s multiple comparison test were performed. 
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Supplementary Figure 3.2: Activity of the reporter and Magnesium Green  
A. Same as Fig 3.2B except a reporter without PTP4A2 5’ UTR was used B. HEK293 
cells with stable expression of the reporter were grown with or without magnesium in the 
media and were treated with either FCCP or DMSO and 6H time point was recorded C: 
Same as Fig 3.2E except a reporter without PTP4A2 5’ UTR was used. D. Magnesium 
Green probe was used in HEK293 cells with inducible expression of TRPM7, which were 
treated with either DMSO or doxycycline. T-test or two-way ANOVA followed by Tukey’s 
multiple comparison were used. 
 

CNNMs inhibit TRPM7  
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the effect of their overexpression on TRPM7 activity. It was previously shown that 

TRPM7 plays a role in cell morphology and cytoskeletal rearrangement, with 
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formation [197, 324]. Knockdown of TRPM7 decreased cell surface area and magnesium 

0

250

500

750

1000

1250

Lu
m

in
es

ce
nc

e 
(R

LU
)

- Mg² ⁺ + Mg² ⁺

**
*

0

20

40

60

- Mg² ⁺ + Mg² ⁺

ns
N

or
m

al
iz

ed
 lu

m
in

es
ce

nc
e 

(a
.u

.) FCCP
–
+

***

A B

- T R PM7 + T R PM7
0

20

40

60

80

100

N
or

m
al

iz
ed

 lu
m

in
es

ce
nc

e 
(a

.u
.)

ns

C D

- T R PM7 + T R PM7
0.0

0.5

1.0

1.5

2.0

N
or

m
al

iz
ed

 fl
uo

re
sc

en
ce

 in
te

ns
ity

****



 97 

was necessary to counteract this effect [319]. To confirm previous observations, we 

overexpressed TRPM7 in HEK293 cells and observed cell rounding (Fig. 3.3A) and 

decreased confluency (Fig. 3.3B), compared to cells with endogenous TRPM7 

expression Overexpression of CNNMs without inducing TRPM7 did not have a 

significant effect on cell morphology (Fig. 3.3A). However, overexpression of either 

member of the CNNM family restored TRPM7-mediated changes in cell morphology and 

cell confluency (Fig. 3.3A, B). Only TRPM7-expressing control cells without CNNM 

overexpression were unable to reach complete confluency (Supp. Fig. 3.3). 

Overexpression of CNNMs in TRPM7-induced cells allowed them to become confluent 

at the same rate as control cells without induction of TRPM7 expression (Supp. Fig. 3.3). 

When CNNMs were overexpressed in cells with endogenous TRPM7 levels, the activity 

of the Mg²⁺ reporter increased slightly (1.2-1.3-fold), indicating a decrease in intracellular 

magnesium (Fig. 3.3C). A larger increase (1.6-2.2-fold) in reporter activity was observed 

upon overexpression of CNNMs in the context of TRPM7 induction, indicating that 

overexpression of TRPM7 augmented magnesium uptake and [Mg²⁺]i, which was 

significantly inhibited by CNNM overexpression (Fig. 3.3C). 
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Figure 3.3: CNNMs inhibit TRPM7 
A. HEK293 cells with doxycycline inducible expression of TRPM7 were transfected with 
control (GFP) plasmid or CNNM1-4 expressing plasmids for 24H, then TRPM7 was 
induced, and cell confluency was measured over time. The pictures show cell 
morphology at 38H post TRPM7 induction. B. Confluency of the cells from A. 
Overexpression of either of the four CNNMs counteracted the effect of TRPM7 on 
confluency C. HEK293 cells with doxycycline inducible expression of TRPM7 and stable 
expression of the magnesium luciferase reporter were transfected as in A. Luminescence 
was recorded 24H after induction of TRPM7. Two-way ANOVA followed by Tukey’s 
multiple comparison was used for statistical comparisons. 
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Supplementary Figure 3.3: CNNMs rescue TRPM7-induced growth phenotype  
Confluency of the cells in a 148H experiment associated with Fig. 3.3A, showing that 
cells with TRPM7 and CTRL overexpression fail to reach maximum confluency. This 
phenotype is rescued by overexpression of CNNMs. 
 

PRL-2 affects CNNM3 localization 

We have previously shown that PRLs interact with CNNMs and affect magnesium 

transport, where knockdown of PRL-2 decreased magnesium uptake [192]. Additionally, 

magnesium and TRPM7 expression influence PRL-1/2 translation itself [18]. To 

understand the role of PRLs in the inhibitory effects of CNNMs on TRPM7 activity, we 

performed co-localization studies of PRL-2 and CNNM3. We saw that wild-type CNNM3 

was localized at the plasma membrane and cytoplasm (Fig. 3.4, row 1). However, 

overexpression of PRL-2 resulted in a change in CNNM3 localization since it was no 

longer found at the plasma membrane and was concentrated in the cytoplasm, whereas 

PRL-2 itself was still found at the plasma membrane (Fig. 3.4, row 2). The localization 

pattern of CNNM3-D426A mutant, which cannot interact with PRLs [182], was similar to 
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CNNM3 interacted with ARL15 and TRPM7 (Fig. 3.1C). As expected, overexpression of 

PRL-2 had no effect on the localization of CNNM3-D426A mutant (Fig. 3.4, row 4). 

 

 

Figure 3.4: PRL-2 affects CNNM3 localization 
moxGFP-PRL-2, CNNM3-mCherry (WT and D426A mutant) and pmTurquoise2-ER were 
overexpressed in HEK293 cells. Confocal microscopy images indicate that WT CNNM3 
is relocalized from the plasma membrane to the cytoplasm upon PRL-2 overexpression. 
White arrows indicate plasma membrane localization. 
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Signaling interplay between CNNM3, PRL-1/2 and TRPM7 

To further understand the effect of CNNMs on TRPM7 inhibition, we looked at how 

CNNM3 affects TRPM7-mediated downstream signaling. We have previously shown that 

expression of PRL-1/2 is sensitive to intracellular magnesium levels [18]. Overexpression 

of TRPM7 increases [Mg²⁺]i and results in downregulation of PRL-1/2 [18]. On the other 

hand, overexpression of CNNM3 increases PRL-1/2 levels [182]. Here, we show that 

CNNM3 counteracts the TRPM7-induced downregulation of PRL-1/2 (Fig. 3.4A), 

presumably through inhibition of TRPM7-mediated magnesium uptake. TRPM7 has 

been linked with mTORC1 activation in lymphocytes, where knockout of TRPM7 resulted 

in delayed mTORC1 signaling observed by phosphorylation of S6K and 4E-BP1 [315]. 

Upon overexpression of TRPM7, we observe that S6 is hyperphosphorylated at 

S6K/RSK-dependent serines 234/236 and at S6K-dependent serines 240/244 [330] (Fig. 

3.4A). Overexpression of CNNM3 alone does not affect S6 phosphorylation, but it does 

counteract the hyperphosphorylation induced by TRPM7 when both proteins are 

overexpressed. ERK-1/2 follows a pattern of phosphorylation similar to S6. 

CNNM3 and TRPM7 have an antagonistic effect on S6 phosphorylation, PRL-1/2 

expression (Fig 3.4A) and intracellular magnesium (Fig 3.3C). PRL-1/2 affect magnesium 

uptake [192, 194] and respond to [Mg²⁺]I [18]. We sought to understand the effect of 

PRL-1/2 on TRPM7 signaling by modulating their expression and observing the effect 

on S6 phosphorylation. When both PRL-1 and PRL-2 were knocked down using siRNA, 

the effect of TRPM7 on S6 phosphorylation was dampened (Fig. 3.5B). When PRL-2 was 

overexpressed, the opposite effect was observed, with increased S6 phosphorylation 

compared to endogenous PRL expression (Fig. 3.5B). This could be understood in the 
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light of inhibition of TRPM7 by CNNM3 as we have shown above. Overexpression of 

PRL-2 changes localization of CNNM3 from plasma membrane to the cytoplasm (Fig. 

3.4), thus preventing alleviating the inhibition of TRPM7 at the cell surface. Knockdown 

of PRL-1/2 would have the opposite effect and would enhance the inhibition of TRPM7 

by CNNM3 at the cell surface. 

 

Figure 3.5: Interplay between CNNM3, PRL-1/2 and TRPM7 
A. HEK293 cells with doxycycline inducible expression of TRPM7 were transfected with 
control (GFP) or CNNM3 plasmid for 24H, TRPM7 was then induced for 24H. B. Same 
as A except cells were first transfected with control or PTP4A1/2-targetting siRNA for 
24H, then with control (GFP), CNNM3 or PRL-2 plasmid for 24H and finally TRPM7 was 
then induced for 24H. 
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Magnesium regulates interactions between TRPM7 and the CNNM3/PRL-2/ARL15 
complex 

The activity of TRPM7 is regulated by intracellular magnesium [197, 322], but this 

mechanism of action is not well understood. To better understand how magnesium itself 

affects TRPM7, we performed co-immunoprecipitation experiments in low and 

physiological magnesium concentrations. When TRPM7 was immunoprecipitated, less 

CNNM3 was observed to interact with it in low magnesium conditions compared to 

physiologically relevant levels (Fig. 3.6A). Similarly, when IP of CNNM3 was performed, 

its interaction with TRPM7 was reduced in low Mg²⁺ (Fig. 3.6B). Considering that CNNM3 

plays an inhibitory role in magnesium uptake, decreasing the interaction between 

TRPM7 and CNNM3 in low Mg²⁺ conditions would allow increased magnesium influx. 

PRL-2 expression is increased under low magnesium conditions [18], it interacts with 

CNNM3 and alters its localization from cell surface to the cytoplasm, thus preventing 

TRPM7 inhibition. We observe that in a low [Mg²⁺]e condition, when CNNM3 is 

immunoprecipitated, its interaction with PRL-1/2 is increased, while less TRPM7 was 

found to interact with it (Fig. 3.6C). To understand the role of PRL-1/2 in this interaction, 

we used siRNAs targeting both phosphatases and found that when CNNM3 is 

immunoprecipitated, depletion of PRLs increases the interaction between CNNM3 and 

TRPM7 in low magnesium condition (Fig. 3.6D). ARL15 which strengthened the 

interaction between CNNM3 and TRPM7 interacted less with CNNM3 under low [Mg²⁺]e 

condition (Fig. 6E). Thus, a dynamic interplay emerges where the interaction between 

CNNM3 and TRPM7 is regulated by PRL-1/2 and ARL15 in response to changes in 

magnesium concentrations. 
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Figure 3.6: Magnesium regulates the interaction between TRPM7 and the 
CNNM3/PRL-2/ARL15 complex 
A. HA-TRPM7 was immunoprecipitated from HEK293 cells with doxycycline inducible 
TRPM7 expression grown with and without magnesium and Western blotting was 
performed. B. Same as A, except endogenous CNNM3 was immunoprecipitated. C. 
Same as B with additional observation of endogenous PRL-1/2. D. Control or PRL-1/2 
targeting siRNAs were transfected into HEK293 cells with doxycycline inducible TRPM7 
expression grown with and without magnesium and immunoprecipitation of CNNM3 was 
done followed by Western blotting. 
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Discussion 

In this study we have identified several novel interactions that regulate magnesium 

homeostasis and the activity of TRPM7 (summarized in Fig. 3.7). First, we observed that 

the four members of the CNNM family of magnesium modulators interact with the 

TRPM7 magnesium channel. Second, that interaction is significantly strengthened in the 

presence of the small GTPase ARL15, which we have recently identified as an interacting 

partner of CNNMs that affects magnesium flux [327]. Third, CNNMs appear to have an 

inhibitory effect on the activity of TRPM7 as a magnesium channel, on its ability to affect 

cytoskeletal rearrangements and on its downstream signaling. Finally, magnesium itself 

regulates the interaction between members of the CNNM/PRL-1/2/ARL15 complex and 

TRPM7. Under normal magnesium conditions, CNNMs interact with TRPM7 at the 

plasma membrane, where ARL15 enhanced the interaction to inhibit magnesium uptake 

since cells contain enough magnesium. Once extracellular magnesium concentration 

decreases, intracellular concentration follows. To alleviate this reduction in magnesium 

the cells respond in following ways: expression of PRL-1/2 goes up [18], their interaction 

with CNNMs increases, that changes their localization to endosomes, which have been 

previously shown to harbor CNNMs [331] and PRLs [104], the interaction between 

ARL15 and CNNMs decreases. All these steps result in derepression of TRPM7, which 

increases magnesium influx. 
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Figure 3.7: Summary of the interactions between CNNMs/PRL-1/2/ARL15 and 
TRPM7 and their effect on magnesium flux 
 

Ubiquitously expressed TRPM7, as well as its homologue expressed mostly in the 

kidney and intestine, TRPM6, are well studied magnesium channels that regulate 

magnesium homeostasis. TRPM6 and TRPM7 are in turn regulated by intracellular 

magnesium and Mg•ATP levels [197, 302, 332–334]. It was suggested that the kinase 

domain of TRPM7 is involved in the regulation of the channel’s activity by intracellular 
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free magnesium [334]. However, mice expressing kinase-dead TRPM7 do not show 

changes in homeostasis of magnesium and other divalent cations [198], nor was the 

sensitivity of the channel to [Mg²⁺]i affected by autophosphorylation or a kinase-dead 

mutant [217]. Therefore, the precise mechanism of the channel’s regulation by 

intracellular magnesium is still not well understood. We propose here that CNNMs act 

as inhibitors of TRPM7 function, and that the interaction between CNNMs and TRPM7 

is regulated by PRL-1/2 and ARL15 and is dependent on magnesium concentration. This 

dynamic change in interactions between CNNMs, PRL-1/2 and ARL15 in response to 

intracellular magnesium levels allows to regulate the activity of TRPM7. 

PRLs have been demonstrated to be involved in the progression of multiple 

cancer types (reviewed in [102]). We were first to show that PRLs interact with CNNMs 

and that this interaction is involved in magnesium transport [192]. The importance of this 

interaction in cancer development was also demonstrated [182, 192, 194], which 

highlighted the potential role of magnesium in cancer growth. Likewise, TRPM7 is 

overexpressed in multiple cancers and is involved in their progression, which is 

dependent on magnesium in multiple cases (reviewed in [335] and [336]). In addition, 

TRPM7 is involved in the regulation of cellular morphology [319, 324] and cytoskeletal 

dynamics, which alters the proliferation and migration of cancer cells [335, 337, 338]. A 

recent paper demonstrated that TRPM7 regulates intravasation and formation of 

metastatic lesions by sensing shear stress [326]. Thus, it would be important to better 

understand the effect of CNNMs, PRL-1/2 and ARL15 on cancer progression as a 

consequence of TRPM7 regulation.  
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Mutations in CNNM2 and TRPM6 result in hypomagnesemia (OMIM: 613882, 

616418, 602014) due to dysfunction in renal magnesium reabsorption and intestinal 

absorption. Regulation of magnesium homeostasis occurs in the intestine and kidneys 

and TRPM6 is expressed in both organs [339], while CNNM2 is expressed in the kidneys, 

and more specifically both proteins are expressed in the distal convoluted tubule (DCT) 

of the nephron [3]. ARL15 is also localized in the DCT [327] and PRL-2 was shown to be 

expressed in the kidney [340]. A recent paper linked CNNM4 with the development of 

non-alcoholic steatohepatitis due to magnesium dysregulation [184]. Inhibition of 

TRPM7 with 2-APB resulted in decreased magnesium import and lipid accumulation 

which was reversed by reducing CNNM4 levels [184], perhaps due to reversal of its effect 

on TRPM7. Better understanding and targeting of the dynamic interactions between 

CNNMs, PRLs, ARL15 and TRPM6/7 could help alleviate multiple human diseases 

related to dysregulation of magnesium homeostasis.  

 
Materials and methods 

DNA constructs 

The following constructs were previously described: human FLAG-tagged pDEST26-

CNNM1-4, pcDNA3.1-CNNM3-mCherry and FLAG-tagged ARL15 [327], V5-tagged 

wild-type CNNM3 and D426A mutant [182]. V5-tagged ARL15 was obtained from the 

McGill Platform for Cellular Perturbation (MPCP) cloned into pLX317 plasmid. 

pmTurquoise2-ER (Addgene #36204) [271] and moxGFP (Addgene #68070) [341] were 

obtained from Addgene. PRL-2 was cloned into moxGFP plasmid using SLiCE cloning 

[270].  
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Magnesium reporter construct was created by cloning PRL-2 5ʹ UTR upstream of 

firefly luciferase was as previously described [18]. Firefly luciferase with destabilizing 

sequence was amplified from CMV-LUC2CP/ARE plasmid (Addgene #62857) [342]. 

PRL-2 5ʹ UTR firefly luciferase was cloned into pZDonor-AAVS1-poromycin vector using 

SLiCE cloning. sgRNAs targeting the AAVS1 locus were cloned into pSpCas9(BB)-2A-

GFP (PX458) (Addgene #48138) [343]. The sequences forward and reverse sgRNA oligos 

are below:  

Forward: 5ʹ-CACCGGGGCCACTAGGGACAGGAT-3ʹ 

Reverse: 5ʹ-AAACATCCTGTCCCTAGTGGCCCC-3ʹ 

Cloned plasmids were transformed into chemically competent DH5ɑ Escherichia 

coli bacteria by heat shock, plated on agar plates containing the appropriate antibiotic 

and grown overnight at 37 ℃. Single colonies were selected, expanded in liquid media 

and plasmids were extracted using a Presto Mini Plasmid kit (Geneaid #PDH100). 

 
Degradation of ARL15 

1.5 μg of each pDEST26-ARL15-FLAG and pLenti6-CNNM3-V5 or pcDNA3.1-GFP as 

control were transfected into HEK293 cells using Lipofectamine 2000 (Invitrogen 

#11668019). Cells were treated 5 μM of MG132 proteasome inhibitor (Cayman Chemical 

#10012628) or DMSO overnight. Cells were lysed and Western blotting was performed. 

 
Site-directed mutagenesis 

To introduce the T46N mutation into ARL15, pDONR221-ARL15 without a stop codon 

was amplified using a single primer PCR using KAPA HiFi polymerase (Roche 

#07958846001). The following primer was used: 5ʹ-ACAGGTTCTGGCAAA-
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aacAGTCTGTTGTCCAAAC-3ʹ, with the codon introducing the mutation indicated in lower 

case. After PCR, the original plasmid was digested with DpnI for 2H at 37 ℃, followed 

by the transformation of chemically competent DH5ɑ. 

 
Cell culture and transfection 

HEK293 and HeLa cells were grown in high glucose DMEM (Fisher Scientific, 

#SH30081.01) supplemented with 2 mM GlutaMAX (Life Technologies, #35050061), 1% 

gentamicin (Wisent Bioproducts, #450-135-XL) and 10% FBS Life Technologies, 

#12483020) at 37 ℃ in a humidified incubator with 5% (v/v) CO2. Transfection was 

performed with Lipofectamine 2000 (Invitrogen #11668019) for protein overexpression 

at 1:2 (μg DNA:μL Lipofectamine) or Lipofectamine RNAiMAX (Fisher Scientific #13-778-

150) for siRNA at 4:1 (nM siRNA:μl Lipofectamine). Dharmacon siRNA were purchased 

from Horizon for knockdown of PRL-1 (L-006333-00-0005), PRL-2 (M-009078-01-0005) 

and non-targeting control (D-001810-10-05). Nucleotides and Lipofectamine were mixed 

in 1X OptiMEM and incubated at room temperature for 25 min (Life Technologies 

#31985070). 

HEK293 cells with doxycycline inducible N-terminal HA-tagged TRPM7 

expression [333] were a gift from Drs. Carsten Schmitz and Anne-Laure Perraud 

(Integrated Department of Immunology, National Jewish Health and University of 

Colorado) and were grown and transfected in the same manner as HEK293 cells. TRPM7 

expression was induced with 1 μg/mL doxycycline (Sigma-Aldrich, #D3072). 
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For experiments with cation exclusion, custom high glucose DMEM without 

magnesium, calcium, phenol red and L-glutamine was used (Wisent Bioproducts, #319-

129-CL). It was supplemented with MgSO4, CaCl2 and ZnCl2 as needed. 

 
Generation of stable cell lines 

pZDonor-AAVS1-UTR-fLuc and lentiCRISPR v2 (Addgene #52961) containing sgRNA 

targeting the AAVS1 locus were transfected in HEK293 and HeLa cells us Lipofectamine 

2000. Puromycin antibiotic selection was performed followed by single clone expansion. 

Luciferase activity assays were performed to identify the most active clones. Integration 

into the AAVS1 locus was confirmed by PCR. 

 
Proliferation analysis 

Reverse transfection was used with 50 ng of DNA and 0.1 μL of Lipofectamine 2000 in 

10 μL of OptiMEM per well in a 96-well plate. 5000-20000 HEK293-TRPM7 cells in 90 

μL of DMEM were added to each well. 12 hours later, doxycycline was added to the well 

to induce TRPM7 expression. The plate was then placed inside IncuCyte ZOOM system 

with a 4X objective. Photos of wells were taken every 2 hours for 6 days and then 

analyzed in the IncuCyte software to measure cell confluence. 

 
Luciferase activity assay 

Luciferase assays were performed as described previously [18]. Briefly, for firefly and 

Renilla luciferase lytic assay Dual-Glo luciferase assay system (Promega #2920) was 

used. For live luciferase measurements, original media was aspirated and replaced with 

MFM media with 100 μM D-luciferin, the plate was sealed with clear adhesive tape and 
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the readings were collected every 10 minutes for 25-48H. SpectraMax i3 (Molecular 

Devices) plate reader was used for luminescence measurements. 

 
Fluorescence imaging 

HEK293 cells were transfected with moxGFP-PRL-2 with either pcDNA3.1-CNNM3-

mCherry WT or D426A mutant, and pmTurquoise2-ER. The cells were transferred into a 

chamber slide (ibidi #80841). 4% PFA was used to fix cells for 10 min, washed with PBS 

and mounted with Mowiol mounting medium (Sigma-Aldrich #81381). Zeiss LSM880 

confocal microscope with Airyscan processing was used to take pictures. 

 
Western blot 

Western blotting was done as described previously [327]. The following antibodies were 

used: PRL-1/2 (Sigma-Aldrich #05-1583), CNNM3 (Proteintech #13976-1-AP), HA (Cell 

Signaling #3724), FLAG (Cell Signaling #14793), pS235/236 S6 (Cell Signaling #4858), 

pS240/244 S6 (Cell Signaling #2215), S6 (Cell Signaling #2317), pERK1/2 (Cell Signaling 

#4376S), ERK1/2 (Cell Signaling #4695), Actin (Sigma-Aldrich #A3853), V5 (Life 

Technologies #R96025) 

 
Co-Immunoprecipitation 

HEK293 cells were transfected for 24h, TRPM7 expression was induced for another 24h 

and the cells were lysed in a mild IP lysis buffer containing 150 mM NaCl, 20 mM Tris, 

1% Triton X-100 at pH 7.5. BCA assay was performed to measure protein concentrations 

(Fisher Scientific #PI23225). Anti-FLAG (Sigma-Aldrich #M8823) and anti-HA (Fisher 

Scientific #88836) magnetic beads were used to immunoprecipitate tagged proteins. The 
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beads were washed and pre-blocked with 5% BSA for 1h on a rotator at 4℃. Protein 

lysates were pre-cleared with washed plain agarose beads (Agarose Bead Technologies 

#A-1040S-500) for 1h on a rotator at 4℃. The lysates and beads were mixed and 

incubated on a rotator for 2H at 4℃. After incubation, lysates were aspirated away from 

beads on a magnetic rack and the beads were washed 5 times with the IP lysis buffer. 

2X Laemmli buffer with 2-mercaptoethanol (Life Technologies #21985023) was added to 

the beads after washing and incubated at 100℃ for 5 min. The buffer was cooled down, 

separated from the beads, and subjected to Western blotting. 

 
Statistical analysis 

GraphPad Prism 9 was used for statistical analysis. T-test, one-way or two-way ANOVA 

followed by Tukey multiple comparison test was used depending on the experimental 

design. At least 3 replicates were used for analysis.  
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Magnesium is vital for the proper functioning of our cells and for our health [3]. As a 

cofactor magnesium is involved in hundreds of enzymatic reactions and numerous 

metabolic pathways. Due to poor diet and type 2 diabetes, among other issues, rates of 

hypomagnesemia are high in many countries [41, 81, 344]. Multiple genetic mutations 

result in hypomagnesemia and carry an associated health burden [345, 346]. 

Additionally, progression of multiple cancers has been linked with genes involved in the 

regulation of magnesium transport [102, 182, 192, 316, 322]. 

Our laboratory was the first to discover the involvement of PRLs in magnesium 

regulation through their interactions with CNNMs [192]. Since then multiple studies have 

expanded on the effect of this interaction on magnesium flux and cancer progression 

[108, 109, 182, 194]. As an additional layer of regulation, Hardy et al. showed in 2019 

that PRL-1/2 expression is regulated by intracellular magnesium through ribosome 

stalling at PTP4A1/2 uORFs. Given the importance of magnesium in a large number of 

metabolic pathways, it is not surprising that multiple proteins are involved in a complex 

regulatory network that tightly regulates magnesium flux. 

This thesis explores the role of ARL15 in magnesium homeostasis through post-

translational modification of the CNNM family of magnesium modulators. It also 

uncovers a dynamic complex composed of CNNMs and either PRL-1/2 or ARL15 and 

its function in the regulation of the canonical magnesium channel TRPM7. 

A poorly studied small GTPase ARL15 was previously linked with renal 

magnesium handling and regulation of TRPM6 magnesium flux [96]. However, the 

mechanism by which ARL15 affects magnesium uptake or regulates TRPM6 was not 

uncovered in that study.  
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To understand the role of ARL15 in magnesium regulation, we performed BioID 

experiments and identified multiple potential interacting partners, many of which 

grouped into gene ontology categories related to metal ion transport. The magnesium 

ion homeostasis category containing the CNNMs was significantly enriched. We have 

chosen renal cancer cells lines to carry out our studies for two reasons: kidneys are the 

organs involved in magnesium reabsorption and ARL15 was significantly downregulated 

in TCGA renal cancer datasets compared to normal tissue. We confirmed the interaction 

of ARL15 with CNNMs by co-immunoprecipitation experiments. Modulation of ARL15 

expression resulted in the change in post-translational N-glycosylation forms of CNNM3. 

The interaction between CNNM3 and ARL15 was computationally modelled, and it 

indicated that while PRLs and ARL15 interact with different domains of CNNMs, there is 

a potential for competition. Changes in extracellular magnesium concentration had an 

effect on N-glycosylation as well. Overexpression of ARL15 resulted in decrease in 

magnesium uptake and ATP production, while its knockout significantly increased 

magnesium uptake. The activity of ARL15 reinforces the link between N-glycosylation 

and magnesium transport. Several proteins involved in post-translation modifications of 

proteins, such as N-glycosylation (MAGT1 and MMGT1) and S-palmitoylation (HIP14 

and HIP14L), were misclassified as magnesium transporters in the past [241, 248, 253]. 

This was probably due to the fact that they affect the activity and localization of actual 

magnesium transporters or transport modulators, similar to how ARL15 affects CNNMs. 

A recent paper showed that ARL15 is S-palmitoylated [94] and according to our BioID 

data ARL15 interacts with ZDHHC5, while BioGRID [347] shows an interaction with 

ZDHHC11. These palmitoyltransferases belong to the same family as HIP14 (official gene 
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name: ZDHHC17) and HIP14L (ZDHHC13). This potential link between S-palmitoylation 

and magnesium flux could be an interesting avenue to explore in the future. 

We have shown that ARL15 influences magnesium homeostasis, but the 

mechanism of action was not completely understood. One of the interacting partners 

identified in the BioID study was TRPM7 – the canonical magnesium transporter. To 

further explore the link between ARL15, CNNMs and TRPM7 we performed co-

immunoprecipitation experiments with these proteins. We observed that TRPM7 

interacted with CNNMs, and that this interaction was highly strengthened in the 

presence of ARL15. To assess changes in magnesium flux we have developed a 

genetically encoded magnesium sensor based on the 5ʹ UTR of PTP4A2 [18]. We have 

shown that it specifically responds to changes in magnesium levels but not to other 

cations. Using this sensor and other methods, we were able to show that CNNMs play 

an inhibitory role on multiple aspects of TRPM7 activity: magnesium influx, cell 

morphology and downstream signaling. Our lab has previously shown that PRL-1/2 

increase magnesium influx through their interactions with CNNMs [192]. In this paper we 

further uncovered this mechanism: PRL-2 interaction with CNNM3 modulates its 

localization from the plasma membrane to the cytoplasm and reduces CNNMs’ 

interaction with TRPM7. This in turn disinhibits TRPM7 and increases magnesium influx. 

Furthermore, upregulation of PRL-2 expression increases TRPM7 downstream signaling, 

while knockdown of PRL-1/2 dampens it. It has been previously shown that high 

intracellular magnesium and Mg•ATP inhibit the channel activity of TRPM7 [197, 322]. 

To better understand the regulation of TRPM7 by Mg²⁺ we modulated extracellular 

magnesium levels and performed co-immunoprecipitation experiments. Lack of 
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magnesium decreased the interaction between TRPM7 and CNNM3 when either protein 

was immunoprecipitated, while increasing the interaction between PRL-1/2 and CNNM3. 

Meanwhile, ARL15 interaction with CNNM3 decreased. While TRPM7 is directly 

regulated by intracellular magnesium [348], these changes in its interactions with 

CNNMs/ARL15/PRL-1/2 in response to Mg²⁺ levels could partly explain how TRPM7 is 

regulated by magnesium. Low magnesium decreases TRPM7 inhibitory ARL15•CNNM3 

interaction and increases activating PRL-1/2•CNNM3 interaction. This could also explain 

how ARL15 decreases magnesium uptake and PRL-1/2 increase it – not by direct 

regulation of Mg²⁺ flux through CNNMs but via modulation of TRPM7 activity. 

We have shown that ARL15 and magnesium affect N-glycosylation of CNNM3. 

We then demonstrated that ARL15 strengthens the interaction between CNNM3 and 

TRPM7. What remains to be seen is whether changes in CNNM3 N-glycosylation affect 

its interaction with TRPM7. Additionally, TRPM7 has been shown to be N-glycosylated 

[202, 349] and yet it is unknown whether magnesium or ARL15 can affect TRPM7 

glycoforms and what roles, if any, these glycoforms might play.  

Prior to this work, ARL15 was identified as having a role in adiponectin secretion 

[92] and renal magnesium handling [96]. We have found a link between ARL15 and N-

glycosylation. Whereas in Chapter 2 we show that general N-glycosylation is not 

affected by ARL15, these studies were done in cells with long-term modulation of ARL15 

expression. The acute effect of ARL15 was not studied and could be important in 

understanding its activity on post-translational modification of proteins. A large 

proportion of targets identified in the ARL15 BioID are transmembrane proteins which 

are involved in the transport of small molecules and cations. Other members of the ARF 
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and ARL family of proteins are involved in trafficking [290, 292]. It is possible that ARL15 

exerts its effects through modulation of trafficking of its interacting partners through the 

ER and Golgi. The effect of ARL15 on the activity of these proteins and the molecules 

they transport should be elucidated in future studies.  

Expression of CNNMs and PRLs has been linked with progression of various 

cancers, [102, 109, 194], specifically breast cancer [182, 192]. The expression of PRLs 

is upregulated in multiple malignancies and this was shown to increase their growth and 

metastatic rates [102, 117, 182]. More and more evidence is accumulating that this effect 

is not independent from their involvement in magnesium transport though the interaction 

with CNNMs [109, 182, 192]. Our data indicates that PRLs oppose the inhibitory effect 

of CNNMs on TRPM7. This would increase magnesium uptake and ATP production and 

would allow to satisfy cancer cells’ hunger for energy required during growth and 

metastasis. On the other hand, ARL15 increases the inhibitory effect of CNNMs on 

TRPM7 and decreases magnesium uptake, which makes sense given that ARL15 

expression is significantly reduced in colon, breast, lung and two subtypes of kidney 

cancers (TCGA Research Network: https://www.cancer.gov/tcga). This decrease in 

ARL15 expression would allow for increased magnesium uptake and proliferation. In 

addition, N-glycosylation is modulated in many cancers [231-233] and the effect of 

ARL15 on cancer N-glycome should be further explored. TRPM7 has been linked with 

breast cancer metastasis [337] and its expression regulates cell shear sensitivity and 

intravasation [326]. Since we have shown that TRPM7 is regulated by CNNMs, PRLs and 

ARL15, their involvement in the progression of breast and other cancers and metastasis 

formation should be examined.  
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During the writing of this thesis, two papers [97, 350] were published that 

uncovered the interaction between TRPM7 and the members of the CNNM family. The 

paper by Kollewe et al. showed that TRPM7 interacts with CNNMs, ARL15 and PRL-1/3 

and that ARL15 but not CNNMs, inhibits TRPM7 activity. The paper by Bai et al. 

confirmed the interactions between TRPM7, CNNMs, ARL15 and PRL-1. However, they 

showed that CNNMs have a dual function: they activate, rather than inhibit, TRPM7 

divalent cation influx activity while themselves directly increase Mg²⁺ efflux activity. They 

also showed that overexpression of ALR15 decreases TRPM7-mediated Zn²⁺ influx, 

while its knockdown had an opposite effect. Additionally, they demonstrate that PRL-2 

stimulates TRPM7 activity, even in the absence of CNNM3 and CNNM4. The results of 

these two papers are difficult to reconcile: they disagree on the effects of CNNMs on 

TRPM7 activity while agreeing on the effect of ARL15. Our data also does not 

correspond perfectly with these publications: we show that CNNMs and ARL15 inhibit 

TRPM7, while PRL-1/2 indirectly activate it. These disagreements reinforce the 

complexity of studying magnesium regulation. While two recent papers on the structure 

of archaeal and bacterial homologues of CNNMs [154, 155] point towards their ability to 

transport magnesium, they do not invalidate the possibility of mammalian CNNMs to act 

as Mg²⁺ sensors. CNNM3 lacks the residues necessary for magnesium coordination that 

were found in prokaryotic homologues and yet it is able to regulate magnesium flux 

through TRPM7. As suggested by Bai et al., CNNMs could act as both TRPM7 regulators 

and genuine magnesium transporters. The tools available to study intracellular 

magnesium concentration, such as magnesium indicators, are not perfect and we hope 
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that the genetically encoded sensor that we developed can further advance the study of 

magnesium regulation.  

In conclusion, first, we have uncovered the role of a poorly described small 

GTPase ARL15 in the regulation of magnesium homeostasis through post-translational 

modification of CNNM magnesium transport mediators. Second, we described a novel 

layer of magnesium homeostasis regulation by dynamic interactions between the 

magnesium channel TRPM7 and CNNM magnesium mediators, fine-tuned by ARL15 

and PRL-1/2, in response to changes in magnesium levels. As such, we have uncovered 

numerous interactions and novel regulatory mechanisms that modulate magnesium 

homeostasis. 
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