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1.ABSTRACT 
Magnesium is one of the most abundant elements found on earth. It is vital to 

both lower and higher organisms and required for neuronal transmission, cardiac 

conduction, and enzyme function. In higher organisms, the majority of Mg2+ is 

filtered in the kidney. Disturbances in this process result in various human 

diseases. CNNM2 (Cyclin and CBS Domain Divalent Metal Cation Transport 

Mediator 2) was identified as a Mg2+ responsive gene, but its exact role is still 

uncertain. In this thesis, various cell and in vivo models were utilized to 

understand the role of CNNM2. I found that CNNM2 is expressed mostly on the 

apical surface of the polarized MDCK cells which was supported by cell surface 

biotinylation and immunofluorescence experiments. Furthermore, ARL15 was 

identified as a novel interaction partner of CNNM2 by mass spectrometry. I found 

that ARL15 increased CNNM2 surface expression and monomerization. Moreover, 

deletion of Cnnm2 in mice resulted in brain malformations, reduced serum Mg2+ 

levels and prenatal death. To further elucidate the role of CNNM2 in vivo, a mouse 

model with targeted deletion of Cnnm2 in the kidney was generated by using Ksp 

cadherin-cre line which resulted in a partial reduction in the CNNM2 levels. Overall, 

this study contributed to the understanding of CNNM2 function by combining 

genetically engineered mouse models and in vitro models. 

Keywords: Magnesium, CNNM2, ARL15, interaction partners, mouse models



 
2 
 

1.1 Zusammenfassung 
Magnesium ist eines der am häufigsten vorkommenden Elemente auf der Erde. Es 

ist sowohl für niedere als auch für höhere Organismen lebensnotwendig und für 

die neuronale Übertragung, die kardiale Erregungsleitung und Funktion 

zahlreicher Enzyme erforderlich. In höheren Organismen wird der Großteil von 

Mg2+ in der Niere filtriert und reabsorbiert. Störungen in diesem Prozess führen zu 

verschiedenen genetischen Erkrankungen beim Menschen. CNNM2 (Cyclin und 

CBS Domain Divalent Metal Cation Transport Mediator 2) wurde als 

magnesiumresponsives Gen identifiziert, seine genaue Rolle ist jedoch noch 

unklar. In dieser Arbeit wurden verschiedene Zell- und In-vivo-Modelle verwendet, 

um die Rolle von CNNM2 zu verstehen. Ich fand heraus, dass CNNM2 

hauptsächlich auf der apikalen Oberfläche polarisierter MDCK-Zellen exprimiert 

wird, was durch Oberflächenbiotinylierungs- und Immunfluoreszenz-Experimente 

unterstützt wurde. Darüber hinaus wurde ARL15 durch Massenspektrometrie als 

neuer Interaktionspartner von CNNM2 identifiziert. Ich fand heraus, dass ARL15 

die CNNM2-Oberflächenexpression erhhöhte und dessen Monomerisierung 

bevorteilte. Bei Mäusen führte die Deletion von Cnnm2 zu Fehlbildungen des 

Gehirns, verringerten Mg2+ -Spiegeln im Serum und perinatalen Letalität. Um die 

Rolle von CNNM2 in vivo weiter aufzuklären, wurde ein Mausmodell mit gezielter 

Deletion von Cnnm2 in der Niere unter Verwendung der Ksp-Cadherin-Cre-Linie 

erstellt, was zu einer teilweisen Verringerung der CNNM2-Spiegel führte. 

Insgesamt konnte diese Studie unter Verwendung von gentechnisch veränderten 

Mausmodellen und In-vitro Modellsystemen zum Verständnis der CNNM2-Funktion 

beitragen. 

Schlüsselwörter: Magnesium, CNNM2, ARL15, Interaktionspartner, Mausmodelle 
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2.INTRODUCTION 

2.1 Magnesium 

Magnesium is one of the most abundant cations and plays a crucial role in all living 

organisms. It is water-soluble and its intracellular concentration ranges between 

10-30mM. However, only ~1mM of intracellular Mg2+ is freely available (the 

biologically active form) whereas the remaining fraction is bound to ribosomes and 

enzymes, ATP and polynucleotides  [1]. It exists in 3 different isotopes namely 
24Mg2+, 25Mg2+, 26Mg2+ [2]. In the late 1950s, a radioactive form of 28Mg2+ was 

introduced and used to study Mg2+ uptake assays [3]. Mg2+ is absorbed in the 

intestine and reabsorbed in the kidney and stored in bone. Excessive amount of 

Mg2+ is excreted via faeces and urine. Although Mg2+ is involved in hundreds of 

different reactions, I highlighted the most prominent roles of Mg2+ here  

(1) Mg2+ can bind to nucleic acids and stabilize their conformation especially 

important for B-DNA which is the most common type of DNA.  [4]. (2) Many 

enzymes require ATP as energy thus, Mg2+ is indispensable for enzymes as it binds 

to ATP. (3) Mg2+ can regulate enzyme activity by causing e.g. a conformational 

change. (4) DNA and RNA polymerases depend on Mg2+ for nucleic acid synthesis. 

Enzymes of DNA repair mechanisms also rely on the presence of Mg2+ [5]. (5) 

Mg2+ is central to chlorophyll (structure) and thus is important for plants and 

photosynthesis [6].  

 

2.2 Mg2+ homeostasis 

The reabsorption of magnesium occurs both paracellularly and transcellularly. 

Paracellular transport is the transfer of substances between intercellular space. It 

occurs passively and relies on concentration and electrochemical gradients. 

Transcellular transport, on the other hand, is the transfer of substances through 

cell membranes at the expense of energy. Transcellular transport relies on 

transporters and it can also occur against an electrochemical gradient.  The 

combined action of the intestine and kidney controls Mg2+ homeostasis in the 

organism. Bones serve as storage. The majority of Mg2+ is filtered through the 

kidney making it an important organ for Mg2+ balance. Hence, the following 

paragraphs describe Mg2+ regulation in the intestine and nephron. 
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2.2.1 Intestine 

Mg2+ absorption in the intestine relies on two pathways. The majority of Mg2+ is 

reabsorbed in the small intestine by the paracellular pathway. The driving force 

for this transport is lumen positive transepithelial voltage [7]. Transcellular Mg2+ 

reabsorption which accounts for approximately 11%, occurs in the distal colon [8]. 

On the lumen facing side, TRPM6 and TRPM7 mediate Mg2+ uptake. Experiments 

done on Cnnm4 deficient mice revealed that CNNM4 is located in the basolateral 

side and mediates Mg2+ extrusion [9]. Unlike human patients with CNNM4 

mutations, Cnnm4 deficient mice suffer from hypomagnesemia [10]. 

 

2.2.2 Kidney 

2.2.2.1 Proximal Tubule 

Early studies showed that 10-25% of Mg2+ is also reabsorbed in Proximal Tubules 

(PT) [11]. It has been presumed that this reabsorption occurs paracellularly [12]. 

However, the permeability of PT to Mg2+ is low and to initiate Mg2+ transport the 

ratio of concentration between tubular fluid to interstitial fluid must be 1.9 [13].  

It has been shown that cation-selective Claudin 2 is expressed in PT [14]. Hence, 

it can be a candidate for the paracellular Mg2+ transport in PT. Cldn2-/- mice show 

reduced water absorption, solutes, and increased sodium permeability P(Na) but did 

not result in increased fractional excretion of Mg2+ (FE(Mg)) which is independent 

of water reabsorption [15]. Overall, our understanding of Mg2+ transport in PT is 

still limited and further studies are necessary to elucidate it. 

 

2.2.2.2 Thick Ascending Limb 

The Thick Ascending Limb of Henle (TAL) is the major nephron segment for Mg2+ 

and Ca2+ reabsorption which occurs here paracellularly. The ascending limb spans 

medullary and corticomedullary parts. Mg2+ transport occurs in the latter segment. 

NKCC2 is located at the apical side and transports Na+ Cl- and K+ into the cell. 

ROMK transports K+ back to the lumen resulting in a positive potential across the 

apical membrane. On the other side, the activity of Na,-K-ATPase creates a 

negative charge at the interstitial space. Overall, with the combined action of 
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SLC12A1, KJNC1 CLCNKB and Na, K, ATPase creates positive transepithelial 

voltage which drives Ca2+ and Mg2+ paracellularly (Fig1).  Mutations in any of the 

first three genes and in FXYD2, encoding a subunit of the Na, K ATPase, cause 

Bartter‘s syndrome leading to secondary Mg2+ wasting accompanied by polyuria 

[16].  

The majority of Mg2+ reabsorption occurs paracellularly in TAL and claudins are 

the major players in the paracellular route (Fig1). Claudins can generate pores 

or barriers to control the transportation of substances and they are evolutionary 

conserved among Drosophila and C.elegans [17]. Major claudins that regulate 

paracellular ion transport in TAL are claudin-16, claudin-19, claudin-14 and cation-

selective Cldn10b. 

Claudin-16: It was initially considered as pore permeable to Mg2+. However, later 

studies showed that the expression of claudin-16 in LLC-PK1 cells increased Na+ 

permeability rather than Mg2+. On the other hand, in MDCK-C7 cells, Mg2+ 

permeability was doubled which might be due to the different tight junction 

composition of the cell lines used in these studies [18, 19]. Mutations in CLDN16 

cause the autosomal recessive human familial hypomagnesemia with 

hypercalciuria and nephrocalcinosis (FHHNC- OMIM:248190) characterized by 

renal Mg2+ and Ca2+ wasting and nephrocalcinosis, ultimately resulting in kidney 

failure. Experiments that were done on isolated tubules of Cldn16-/- mice showed 

that transepithelial permeability ratio PMg/PNa was significantly decreased which is 

in favor of Claudin-16 as a Mg2+ pore [20].  

Claudin-19: It interacts with claudin-16 in the TAL and shares the same expression 

pattern. Patients with mutations in CLDN19 phenocopied CLDN16 deficiency. In 

addition to that, patients with mutations in CLDN19 show ocular defects [21]. It 

is, therefore, speculated that both claudins are involved in paracellular Mg2+ 

transport but cannot compensate for each other to regulate Mg2+ balance in TAL. 

Claudin-14: Expression of claudin-14 is Ca2+ sensitive [22]. It acts as a nonspecific 

cation blocker when co-expressed with claudin16-19 in MDCK cells [23] and is 

associated with kidney stones [24]. Moreover, Cldn14 deficient mice have higher 

serum Mg2+ levels and decreased urinary Mg2+ excretion [25]. Gong et. al. showed 

that claudin14 expression is controlled by Calcium Sensing Receptor (CASR) via a 

NFAT dependent microRNA- pathway [25].  
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Claudin10: Two main alternative spliced isoforms differ in the first exon and have 

distinct localization patterns [26]. Claudin10a is localized in the PT and creates 

pores for anions whereas claudin-10b is found in TAL and facilities paracellular 

cation transport. Specific deletion of Cldn10 in mice TAL resulted in lower sodium 

permeability but increased Mg2+ and Ca2+ absorption in TAL accompanied by 

nephrocalcinosis [27]. Patients with CLDN10 mutations have higher serum Mg2+ 

levels accompanied by hypokalemia and hypocalciuria [28].  

 

 

Fig 1. Mg2+ absorption in the thick ascending limb 

Claudin10-16-19 facilitates Mg2+ transport in the TAL which occurs paracellularly. The 
driving force for this movement is created by the combined action of NKCC2, ROMK, 
Na,K,ATPase. 

 

2.2.2.3 Distal Convoluted Tubule (DCT) 

Fine-tuning of Mg2+ reabsorption occurs in DCT which has high transepithelial 

resistance. Hence, Mg2+ transport occurs mostly transcellular (Fig2).  

Anatomically, DCT can be divided into early and late DCT. Early DCT cells contain 

TRPM6, an apical Mg2+ channel that interacts with parvalbumin, which is capable 

of binding Mg2+ in the cell [29]. The voltage-gated potassium channel Kv1.1 is 

localized at the apical side of the cells and promotes the extrusion of K+ thereby 

generating the driving force for Mg2+ uptake by TRPM6 [30]. TRPM6 is 

predominantly expressed in DCT and its’ activity is controlled by intracellular free 

Mg2+ levels and hormones and growth factors [31]. Patients with mutations in the 
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SLC12A3 (NCC) showed secondary hypomagnesemia which shows that SLC12A3 

indirectly influences Mg2+ homeostasis [32]. 

Late DCT cells on the other side, also express TRPM6 (lower compared to early 

DCT cells), ENaC and TRPV5 and are responsible for transcellular Na+ and Ca2+ 

transport, respectively.  

 

 

Fig 2. Mg2+ absorption in distal convoluted tubule 

Approximately 10% of Mg2+ absorption takes place in the DCT. Mg2+ enters the cells via 
TRPM6, then buffered and transported by Parvalbumin (PV) to the basolateral membrane. 
CNNM2 and SLC41A1 are proposed to mediate extrusion.   

                           

2.2.3 Mg2+ homeostasis regulating hormones 

Although there is no hormone that directly regulates blood magnesium levels, 

several hormones have been shown to regulate renal Mg2+ reabsorption. 

Vasopressin (also known as Anti-Diuretic Hormone, ADH) is released from the 

posterior pituitary gland and acts on the kidney specifically the collecting duct to 

increase water reabsorption. 

Parathyroid hormone (PTH) is an important regulatory hormone released from 

parathyroid glands in response to changes in ionized Ca2+ concentration [33]. It 

acts on the 25-hydroxyvitamin D3 1-alpha-hydroxylase enzyme which is 

responsible for the hydroxylation of vitamin D [34]. It has been shown that PTH 
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can be activated by lower serum Mg2+ levels and acts on TAL and DCT to increase 

Ca2+ and Mg2+ levels [35].  

 

2.3 Clinical importance of Mg2+ 

2.3.1 Mg2+ in neurological systems 

Low Mg2+ levels are associated with various neurological disorders such as 

migraine and seizures. In neurons, Mg2+ acts as a N-Methyl-D-aspartate (NMDA) 

receptor blocker which prevents entry of Ca2+ to the cells. If the cell membrane 

stays depolarized for a long period of time, Mg2+ is released from the NMDA 

receptor and the block is lifted. Consequently, Ca2+ can enter the cell and act as 

a secondary messenger. [36, 37].  

Mg2+ levels in patients with Alzheimer’s disease are negatively correlated with the 

global deterioration scale which is to characterize the clinical symptoms in the 

cognitive diseases [38-40]. 

It has been shown that cerebral spinal fluid Mg2+ levels are lower in treatment-

resistant depression which makes up nearly 60% of clinical depression cases [41]. 

The hypothesis is that in the case of Mg2+ depletion neuronal cells cannot produce 

enough ATP that is used by the Na+/K+ pump which consequently depolarizes the 

membrane and causes Ca2+ leaks that trigger glutamate release [42, 43]. 

Moreover, experiments performed in rats revealed that Mg2+ might increase 

synapse formation and improve maintenance [44, 45]. 

Lower Mg2+ levels are also associated with schizophrenia [46, 47]. In addition to 

mental disorders, altered Mg2+ levels were associated with traumatic brain injury, 

stroke, and tremors [48-50].  

 

2.3.2 Mg2+ and cardiovascular systems 

One of the major roles of Mg2+ in the cardiovascular system is that it functions 

as a cofactor of Na,K,ATPase which is responsible for establishing the membrane 

potential. Disturbances in the serum Mg2+ concentration could increase the 

occurrence of clinical symptoms such as long QT or ventricular tachycardia which 

consequently results in sudden cardiac death [51]. 
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Another important role of Mg2+ is to act as a Ca2+ channel blocker or antagonist 

for sodium which is crucial for setting up the electrochemical gradients that allow 

other ion trafficking. Although it is difficult to assess the underlying reason for 

cardiovascular diseases, a systematic meta-cohort analysis performed by Qu et. 

al. showed that there is an inverse correlation between dietary Mg2+ intake and 

total cardiovascular diseases [52].  

 

2.3.3 Mg2+ in immunological responses 

Studies showed that Mg2+ intake is inversely correlated with serum C-reactive 

protein concentration which is used as an indicator for inflammation [53]. Oral 

administration often attenuates the clinical symptoms [54]. Individuals with other 

chronic diseases are more vulnerable to inflammation caused by Mg2+ deficiency 

[55]. Mg2+ can act as a stress factor that in turn activates the hypothalamic-

pituitary-adrenal axis and sympathetic nervous system which ultimately increases 

NFkappaB levels and cause inflammatory response [53, 56].  

 

2.3.4 Hypermagnesemia 

Hypermagnesemia unlike hypomagnesemia, might not give clinical signs. It could 

occur due to high Mg2+ intake. Hypermagnesemia may be associated with 

neuromuscular dysfunction, hypotonia [57]. Hypermagnesemia also affects 

cardiac conductance which can be diagnosed by unusual electrocardiogram 

findings. Treatment of mild hypermagnesemia can be achieved by discontinuation 

of oral Mg2+ uptake whereas severe hypermagnesemia might require transient 

hemodialysis [58]. 

 

2.3.5 Hypomagnesemia  

Mg2+ concentration in the serum ranges from 0.7- 1.1mmol/l in humans and below 

0.7 mmol/l is termed hypomagnesemic [57]. Evaluation of serum Mg2+ levels 

achieved over 24h period as Mg2+ excretion follows the circadian cycle. Early 

clinical symptoms of hypomagnesemia include loss of appetite, nausea, and 

fatigue [59]. If not treated, severe hypomagnesemia can cause tremors, agitation, 

seizures, and arrhythmias [58]. Mg2+ deficiencies might arise from reduced 

intestinal absorption, gastrointestinal loss such as chronic diarrhea or poor 
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nutrition uptake [60, 61]. Moreover, a deficiency might be triggered by other 

medical conditions such as renal tubular disorders, diabetes, hyperthyroidism, or 

the use of loop diuretics [60, 62, 63]. Also, genetic defects cause 

hypomagnesemia including mutations in CLDN16, TRPM6, SLC12A3, BSND, 

CLDN19, CNNM2, CASR, FXYD2, and KCNA1, [64-70]. Mild hypomagnesemia is 

treated with oral Mg2+ administration. Depending on the conditions and symptoms, 

intravenous Mg2+ administration could be used [71].  

 

2.4 CNNM (ACDP) Family 

CNNM (cyclin and CBS domain divalent metal cation transport mediators) was 

discovered in a process to identify genes responsible for Urofacial Syndrome in 

2003 [72]. Upon cloning CNNM1, researchers further identified three more CNNMs 

by comparative homology analysis. CNNMs share domains that are well conserved 

in a large number of species and have weak homology to cyclins. Hence, they 

were initially named ancient conserved domain protein (ACDP) [72]. The currently 

accepted nomenclature is “CNNM” although the cyclin function was not shown. 

Most CNNMs are expressed ubiquitously however they are enriched in several 

organs (Table1).  

 

Protein Tissue References 

CNNM1 brain, kidney, testis [73-77] 

CNNM2 kidney, Testis, brain, lungs, 

liver, colon, spleen, small 

intestine, heart,  

[67, 78-81] 

CNNM3 skeletal muscle, kidney, 

brain, lung, spleen, liver small 

intestine 

[77, 80, 82, 83] 

CNNM4 colon, odontoblast, sperm, 

small intestine 

[77, 80, 83-85] 

 

Table 1. Expression of CNNMs in different organs. Data contains rat, mouse and 
human organs. 
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Fig 3. Sequence alignment of human CNNMs  

Conserved regions containing transmembrane domains and CBS domains are highlighted 
in the box. Conserved amino acids are denoted with (:) and semi-conserved amino acids 
are shown by (*).  

  

CNNM proteins contain four TM regions, two CBS domains (also known as Bateman 

module) and a cyclic nucleotide binding-homology domain (Fig4). The 

conservation is highest among the region containing the CBS domains (Fig3). The 

crystal structure of full-length CNNMs has not yet been determined, however, 

some studies partially revealed the soluble part of CNNMs [86]. Other proteins 

such as AMP-activated protein kinase (AMPK), chloride channel (ClC) and bacterial 

Mg2+ transporter MagtE also contain CBS domains making this region important 

for Mg2+ homeostasis.  
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Fig 4. Structure of CNNM proteins  

Domains of CNNM proteins are shown in the boxes with a dif ferent texture. Numbers 
indicate the number of amino acids. N refers to the N termini of the protein. 

 

The function of CNNMs is debatable. There are two major hypotheses (I) CNNMs 

are Na+/Mg2+ exchangers. (II) CNNMs are not a Na+/Mg2+ exchanger but act as a 

sensor to regulate Mg2+ homeostasis. The first hypothesis is backed by; 1-

Overexpression of CNNM4 reduces intracellular Mg2+ concentrations ([Mg2+]i) 

revealed by imaging analysis with a ratiometric probe, Mag-Fura 2 [85]. 2-When 

CNNM4 was downregulated, [Mg2+]i was increased.  Moreover, CNNM2-4 

expressing cells tend to die probably due to low intracellular [Mg2+]i [67, 87].  3-

Measurements with the Mg2+ sensitive dye Magnesium Green showed that Mg2+ 

extrusion does not require extracellular Na+.  

The second hypothesis claims that CNNMs are not Na+/Mg2+ exchangers because 

1- CNNMs share high homology with bacterial CorC in which requires CorA to 

function but not transport Mg2+ itself and the topology of CNNM family is different 

from typical Mg2+ transporters since they contain 4 transmembrane domains (in 

case of Slc41A1 for example, it contains 10-11 transmembrane domains) [88-90]. 

Moreover, the structure of CNNM2 does not favor a pore formation between 

transmembrane regions. 2- Several independent groups could not show CNNMs 

mediated Mg2+ influx or efflux against Na+ gradient by using Mg2+ sensitive 

probes [83, 91-93]. Overall, Mg2+ work is challenging as probes sensitive to 

osmolality changes and are affected by Ca2+ concentrations [94]. 3- Increased 

Mg2+ influx and efflux depend on other proteins such as TRPM6-7 and PRLs. [76, 

92, 95].  
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The Phosphatase of Regenerating Liver (PRL)s family consist of three closely 

related proteins that belong to a protein tyrosine phosphatase superfamily. They 

are pro-oncogenic proteins and are highly expressed in metastatic liver tissues. 

Phylogenetic analysis showed that PRLs and the CNNM protein co-evolved which 

may indicate a functional link [93]. Recently, it has been shown that members of 

the PRL family interact with CNNM proteins through CBS domains and this 

interaction is influenced by intracellular Mg2+ levels [93, 96, 97]. PRL-CNNM 

interaction has mostly been studied in CNNM3 and evidence of CNNM2-PRL1 

interaction based on the crystal structure of the intracellular Carboxterminus of 

CNNM2 and PRL-1 [98]. However functional data is still missing regarding this 

interaction. 

On the other hand, CNNM4 was shown to interact with adaptor protein complexes 

AP-1A and AP-1B which are clathrin-mediated cargo proteins. Knocking down 

these genes in MDCK cell lines diminished the basolateral localization of CNNM4 

[99]. 

 

2.4.1 CNNM2 

The CNNM2 gene (also known as ACDP2) consists of eight exons that are 

translated into a 875 amino acid protein in mammals. Similar to other members 

of the CNNM family, CNNM2 contains three transmembrane domains and one re-

entry loop (Fig5). Initially identified as a candidate gene responsible for urofacial 

syndrome -a rare genetic disorder characterized by urinary tract disorder 

accompanied by unusual face expression- and was localized to the nucleus [73]. 

The majority of type 1 membrane-bound proteins (classified by a single 

transmembrane spanning region and the presence of the C-terminus inside the 

cell) contain a signal peptide important for correct trafficking [100-102]. CNNM2 

also contains a very long signal peptide (64 amino acids) and contains the first 

predicted transmembrane domain. Cleavage of the signal peptide, which has been 

shown to take place in the endoplasmic reticulum upon heterologous expression, 

has been confirmed by the presence of the respective peptide in mass 

spectrometry of tissue samples  [83].  

As stated, CBS domains are conserved in bacterial Mg2+ transporters and can bind 

ATP which may indicate a potential role in sensing intracellular metabolites [103]. 
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It has been proposed that CBS domains of CNNM2 act as Mg2+ sensors by changing 

their conformation upon binding to Mg-ATP [104].   

CNNM2 has 2 isoforms (CNNM2A and CNNM2B). The second isoform lacks exon 

six. RT-PCR experiments demonstrated that both are expressed ubiquitously 

however CNNM2A expression is enriched at kidney, lung, spleen and the highest 

expression is seen in the testis whereas, CNNM2B is enriched in the brain, lung, 

spleen and the highest expression is seen in the kidney [83]. CNNM2 is known to 

have a glycosylation site at the position N112 which is shown to be important for 

correct membrane trafficking [83].  

 

Fig 5. The topology of CNNM2   

Schematic representation of human CNNM2 is obtained from Protter software 
(https://wlab.ethz.ch/protter/start/). CBS domains are indicated with green and red 
colors. The signal peptide cleavage site is shown with a red dashed line. Transmembrane 
domains are indicated by numbers in yellow. The cell membrane is demonstrated in the 
blue f illing.   

 

Goytain and Quamme investigated mDCT (mouse distal convoluted tubule) 

immortalized cell lines cultured in low Mg2+ to identify Mg2+ responsive genes. 

They showed that the expression of CNNM2 was five-fold upregulated in response 

to low Mg2+ concentrations. Mice fed with a low Mg2+ diet confirmed the 

upregulation of CNNM2 [73, 105]. Using Xenopus oocytes to measure Mg2+ 
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currents in patch-clamp experiments determined that CNNM2 was a functional 

Mg2+ transporter that is independent of Na+. CNNM2 has two splicing variants (V1 

and V2 where the sixth exon is alternatively spliced) and Sponder et al. proposed 

that CNNM2 V1 is a Mg2+ transporter but not CNNM2 V2 based on the growth of 

the yeast -genetically deficient in major Mg2+ transporters- in the presence of Mg2+ 

[106] and measured Mg2+ currents when CNNM2 is overexpressed. However, their 

further studies revealed that CNNM2 is not a Mg2+ transporter. The discrepancy 

might be due to the usage of different cell lines which results in different 

localization of CNNM2 isoforms [91].  

 

2.4.2 Clinical importance of CNNM2 

Although the exact role of CNNM2 is still under debate, there is a consensus about 

the importance of CNNM2 in Mg2+ homeostasis. Our group found that expression 

of CNNM2 was increased as a compensatory mechanism to the absence of Cldn16 

in mice that suffers from hypomagnesemia since paracellular Mg2+ and Ca2+ 

transport are altered [107]. CNNM2 together with Trpv5 were upregulated to 

compensate for the Mg2+ loss in later DCT. Mutation analysis of patients from two 

families with a history of unexplainable hypomagnesemia revealed a point 

mutation at c.117delG (p.Ile40SerfsX15) and c.1703C>T (p.Thr568Ile). It is 

important to note that the second mutation is located within the CBS domain and 

both mutations are heterozygous. Cell surface biotinylation experiment using 

MDCK cells transfected with CNNM2 T568I revealed that membrane localization of 

a mutated protein is affected. However, this effect was minor and was not 

confirmed by immunocytochemistry [67].  

In 2014, patients carrying de novo homozygous and heterozygous CNNM2 

mutations have been identified [92]. Importantly, patients with homozygous 

mutations suffer from, mental retardation and slight brain malformation 

accompanied by seizures. Brain malformation could also be seen after the 

knockdown of Cnnm2 in zebrafish [92]. Although, CNNM2 is also expressed in the 

brain, until now the role of CNNM2 beyond the kidney is not studied in detail. 

Recently, several more patients with novel mutations were reported [108, 109] 

(Fig6). These mutations have been associated with various phenotypes ranging 

from isolated hypomagnesemia to brain malformations and epilepsy. 
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Fig 6. Localization of known CNNM2 mutations in man. 

Schematic representation of human CNNM2 is obtained from Protter software 
(https://wlab.ethz.ch/protter/start/). Cell membrane is shown in blue f illing and amino 
acids that mutations occurred are shown in red. CBS domains indicated with blue tones. 

 

2.5 Overview of the thesis 

There is no consensus regarding the precise role of CNNM2 in Mg2+ homeostasis, 

therefore in this thesis, I focused on the following points.  

1- Subcellular localization and distribution of CNNM2 

In the literature, CNNM2 is mostly studied in HEK cells due to the ease of handling 

and transfection. In this thesis, however, I performed series of experiments to 

understand its localization and subcellular distribution by using MDCK and COS7 

cell lines since the MDCK cell line has the ability of polarization, therefore, better 

reflects, and mimics the complexity of cellular processes.  

2-Identification of CNNM2 partners  

Several proteins are known to interact with CNNM family proteins. Those studies 

focused on other members of the family therefore currently, there is no study that 

particularly investigates the interaction partners of CNNM2. Identifying interaction 

partners may help us to understand the regulation mechanism that CNNM2 

involves. Hence, a series of experiments involving mass spectrometry and 

immunofluorescence was performed to identify its interaction partners. 
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3-Investigation of CNNM2 function in vivo 

Experiments by using cell cultures provide limited outcomes as it does not reflect 

the complexity of tissues. To test our observation in more detail, we have utilized 

the Cnnm2 deficient mice model. In addition, we have generated kidney-specific 

Cnnm2 knockout mice which particularly focuses on the effect on the kidney.
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3. RESULTS 
3.1 Subcellular localization of CNNM2 

The main goal of the following series of experiments was to evaluate the 

subcellular localization of CNNM2. For this purpose, COS7 cells which are derived 

from monkey kidney tissues and MDCK-C7 cells, derived from dog kidney cells 

were used. The main difference between the two cell lines is that MDCK-C7 cells 

can form an epithelial layer and be polarized to the sites separated by a tight 

junction. Polarization is important for a variety of proteins since the trafficking of 

many proteins depends on the specific orientation of the membrane (i.e. apical 

and basolateral sites).  

 

3.1.1 Position of HA-tag influences CNNM2 expression 

The membrane topology of CNNM2 was identified in a previous study by placing 

HA tags at different positions of CNNM2 [67]. The effects of differentially 

positioned HA tags were tested by immunocytochemistry.  

HA tags were placed in the extracellular part (position 2 and 3) and intracellularly 

(position 6 and C-terminus). and since CNNM2 contains a relatively long signal 

peptide and in the mature protein, the first transmembrane domain cleaved away, 

further positions were chosen (Fig7A). Bright-field images of transfected COS 

cells showed expression of the different constructs that affected the cell viability 

(Fig7B). Bright-field images showed that position 2 resulted in higher cell death 

compared to others. Immunocytochemistry showed differential CNNM2 

distribution in cells. In position 2, CNNM2 was predominantly located in relatively 

big vesicle-like structures whereas, at position 6, it was ubiquitously distributed 

within a cell. Other positions showed expression at the membrane and in the small 

intracellular vesicles (Fig7C).    
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Fig 7. Position of HA-tag affects CNNM2 expression and cell viability 

(A) schematic representation of CNNM2 topology and position of HA tags (B) Bright-f ield 
image of cells transfected with dif ferent CNNM2 constructs. C) Immunodetection of 
CNNM2 with dif ferentially positioned HA tags (in red). SP signal peptide, TM 
transmembrane domain. Scale bars are 10 µm.  

 

3.1.2 Polarization affects CNNM2 distribution 

To understand whether polarization affects endogenous CNNM2 expression, I have 

seeded MDCK-C7 cells on a filter that provides medium accessibility from both 

sides and helps polarization. When MDCK cells were not polarized (Day 1), CNNM2 

showed intracellular distribution, and E-cadherin expression between cell-cell 
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junctions was not completely formed. However, upon polarization, CNNM2 and E-

cadherin expression were shifted to the cell membrane (Fig8).   

 

 

 

Fig 8. Polarization affects CNNM2 distribution 

MDCK-C7 cells were seeded on f ilters and incubated for 1 day or 7 days (non-polarized 
and polarized respectively) which was followed by immunofluorescence detection of E-
cadherin (in green) and CNNM2 (in red). Scale bars are 20 µm. 

 

3.1.3 CNNM2 is localized on the apical side of MDCK-C7 cells 

After showing that polarization is important for CNNM2 expression, I investigated 

the subcellular distribution of endogenous CNNM2. Immunodetection of CNNM2 

with apical (gp-135) and basolateral markers (E-cadherin, Na+K+-ATPase) 

revealed that CNNM2 predominantly localizes to the apical side (Fig9A). 

Subcellular localization of CNNM2 was approximately 3-fold higher in the apical 

surface (Fig9B).  The cell surface biotinylation experiment confirmed the apical 

localization of endogenous CNNM2 (Fig9C). 
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Fig 9. CNNM2 localized in the apical surface of MDCK-C7 cells.  
 
(A) Filter-grown MDCK-C7 cells were f ixed on day 7 and co-stained with CNNM2 (red) and 
E-cadherin (green) or Na,K-ATPase (green) antibodies. The number of pixels on both apical 
and basal surface was counted by Image-J software and the ratio of apical to the basal 
expression of endogenous CNNM2 was presented in (B). (C) Biotin is added from either 
apical or basal surface and immunoprecipitated by streptavidin which was followed by 
detecting with corresponding antibodies. Scale bars are 10 µm.  
 

3.1.4 Investigation of the subcellular distribution of CNNM2 in 

transfected MDCK-C7 cells 

We investigated whether ectopic expression of CNNM2 with or without HA tags 

affect the subcellular distribution of CNNM2 by immunodetection using filter grown 

MDCK-C7 cells (Fig10A). Pixel analysis revealed no significant difference between 
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CNNM2-WT or CNNM2-HA transfected cells in terms of apical to basal surface 

expression ratio (Fig10B) The ratio of apical to the basolateral surface was 

around 3-fold in CNNM2 transfected cells, similar to endogenous CNNM2. 

 

 

 

Fig 10. Subcellular distribution of CNNM2 is not affected in transfected MDCK-C7 
cells.  
Immunodetection of CNNM2 (green) and ZO-1 (red) in MDCK-C7 cells transfected with 
corresponding plasmids. Immunodetection was performed on day 4 since in the later 
stages, transfection efficiency significantly decreases. X-Z sections and maximum intensity 
projections were presented in (A). The number of pixels on the apical and basal cell surface 
was counted and the ratio was presented in (B). 3 randomly selected cells from at least 
two independent experiments shown in the bar graphs. The student’s t-test was performed 
and p<0.05 was considered signif icant. Bars indicate SD± mean. Scale bars are 10 µm. 
 

3.1.5 Different start methionines affect the subcellular 

distribution of CNNM2 

CNNM2 contains three methionine at the beginning of the sequence (Fig11) that 

could potentially give a rise to functional isoforms. Such a phenomenon is called 

alternative translation initiation and can be seen in eukaryotes  [110-112]. 
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Fig 11. Schematic representation of the amino acid sequence of CNNM2   

The canonical amino acid sequence of CNNM2 contains three methionines within the f irst 
27 amino acids. Generated constructs (M1, M2, M3) contain only one methionine at 
indicated order and other methionines are mutated to isoleucine.  

 

To test if different methionine affects the subcellular distribution of CNNM2, I have 

cloned different forms of CNNM2 with only one start methionine where the other 

methionines were mutated to isoleucine namely M1, M2, M3 (Fig11). 

Immunocytochemistry followed by pixel analysis of apical and basal surface 

revealed that CNNM2 that starts with second methionine (M2) has a significantly 

higher apical to the basal ratio (Fig12A-B).  
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Fig 12. Different start methionines affect the subcellular distribution of CNNM2 

MDCK-C7 cells were transfected with corresponding plasmids and immunostaining was 
performed by E-cadherin and FLAG antibodies (CNNM2) and X-Z sections and maximum 
intensity projections of confocal images were presented in (A). Pixels on both sides of the 
cell surface were counted and the ratio of apical to the basal side is presented in (B) two 
independent experiments shown in the bar graphs that indicate SD± mean. One-way 
ANOVA with Dunnett’s multiple comparison test was performed. Scale bars 10 µm. 
 

3.1.6 CNNM2 does not localize to mitochondria 

To analyze whether different methionines affect organelle distribution of CNNM2, 

I have analyzed the CNNM2 protein sequence in the TargetP v1 database [113] 

which predicts localization of proteins in three-class mitochondrial, secretory 
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pathways, or other localization which can be anything such as a membrane or 

other organelles.    

According to the predictions, the sequence that starts with M1 fell into the ‘other’ 

category with 80% probability whereas the sequence starts with M2 located in 

mitochondria with 85% probability. M3 resulted in 53% in mitochondria 42% in 

secretory pathways (Table 2).  

 Mitochondrial localization  Secretory pathways  Other 
M1 0,12 0,08 0,8 
M2 0,85 0,03 0,12 
M3 0,53 0,42 0,05 

 

Table 2. Protein localization prediction database TargetP.  

Each CNNM2 sequence that starts with different methionine was analyzed with the TargetP 
database (http://www.cbs.dtu.dk/services/TargetP-1.1/index.php) which gives 
predictions about the probability of mitochondrial, secretory pathways, or other which was 
not specif ied. 
 

Next, I tested whether CNNM2 localizes to mitochondria as predictions. 

Immunocytochemistry showed that neither of CNNM2 starts with different 

methionine localized on mitochondria (Fig 13). 
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Fig 13. CNNM2 with different start methionine does not localize in mitochondria.  

Immunodetection of CNNM2 in COS7 cells transfected with corresponding plasmids (M1, 
M2, M3) that contain a FLAG tag. Mitochondria stained with MitoTracker Red™ dye. 
Magnif ied regions showed on the right side. Scale bars are 10 µm.  
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3.2 Identification of CNNM2 interactors  

CNNMs were shown to interact with several proteins. However, those studies 

focused on other members of the CNNM family. Here, we specifically focused on 

identifying the interaction partners of CNNM2. Upon identification of partners, 

further experiments were done to confirm the interaction. 

MDCK-C7 cells that stably express CNNM2 with HA tag at position 2 or without 

CNNM2 as control (only HA tag with a backbone vector) were generated and 

CNNM2 was immunoprecipitated by HA tag (Fig14A-B).  

 

 

 

Fig 14. Precipitation of CNNM2 in MDCK cells stably expressing CNNM2  

(A) Schematic representation of CNNM2 showing the positions of HA tags (numbers). 
Immunoprecipitation is confirmed in (B). IN: Input, SN: Supernatant, IP: Immuprecipitate 
SP: Signal peptide, TM: transmembrane domains CBS: cystathionine-beta-synthase 

 

Mass spectrometry was performed on precipitated protein samples and analysis 

of data revealed 63 potential interactors that have various roles (Fig15A-B).  

A recent meta-genome study conducted on 9099 individuals revealed a novel locus 

near ARL15.  In the same study, they showed that ARL15 localized to DCT and 

regulated TRPM6 channel activity [114]. Therefore, we hypothesized that ARL15 

could interact with CNNM2 to regulate Mg2+ homeostasis. 
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Fig 15. Potential candidates after mass spectrometry analysis  

(A) Upon mass spectrometry analysis, 13 proteins with higher abundance were ranked 
and presented. (B) Gene ontology assessment of interactors was performed and grouped 
by cellular components and (C) biological process. Results presented as tables. 

 

3.2.1 Investigation of the subcellular distribution of Arf like 

protein 15 (ARL15) in transfected cells 

The subcellular distribution of ARL15 was examined in transiently transfected 

MDCK-C7 monolayers. Confocal microscopy imaging revealed that ARL15 was 

equally distributed on both sides of the cell and was also detected in intracellular 

vesicles (Fig16A-B). ARL15 is a small GTPase that was thought to have a similar 

function as ARFs which are localized to Golgi [115]. Co-immunodetection of ARL15 

and γ-adaptin (trans Golgi network marker) showed that most of ARL15 localized 

to TGN (Fig16C). However, it must be noted that some vesicles did not overlap 

with γ-adaptin. 
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Fig 16. Subcellular distribution of ARL15 

(A) Immunodetection of ARL15 in transfected polarized MDCK-C7 cells. X-Z sections were 
taken by confocal microscopy and presented. Red pixels on both sides were counted and 
the ratio of apical to the basal expression of ARL15 was shown in (B). Transiently ARL15 
transfected MDCK-C7 cells were f ixed and ARL15 (red) and endogenous γ-adaptin (green) 
were co-detected (C). Scale bars 10 µm. 

 

3.2.2 ARL15 interacts with CNNM2 

We have found ARL15 in our mass spectrometry analysis as a CNNM2 interacting 

protein. We focused on this protein since it was recently shown to be important 

for Mg2+ homeostasis [114]. This interaction was further investigated in transiently 

co-transfected MDCK-C7 cells that grew as monolayers and showed that ARL15 



Results 
 

 
30 
 

and CNNM2 were colocalized in lateral membranes (Fig17A). CNNM2-ARL15 

interaction is validated by coimmunoprecipitation of CNNM2 from transfected 

COS7 cells (Fig17B).    

 

Fig 17. ARL15 interacts with CNNM2 

(A) Immunodetection of CNNM2 and ARL15 in transfected polarized MDCK-C7 monolayers. 
X-Z section of confocal microscopy imaging and middle section view was presented. (B) 
COS7 cells cotransfected with HA-tagged CNNM2 and FLAG-tagged ARL15. 
Immunoprecipitates were probed with FLAG (green) and HA (red) antibodies. It should be 
noted that inputs (IN) and IP (immunoprecipitated) samples were in the same gel however 
not next to each other thus, for visualization purposes, it has been rearranged.   

 

3.2.3 ARL15 increases CNNM2 expression and monomerization 

After identifying ARL15 as CNNM2 interaction protein, the following experiments 

were done to understand how ARL15 affects CNNM2. For this purpose, total 

CNNM2 expression and CNNM2 that is expressed on the cell surface were studied 

by cell surface biotinylation on transiently transfected COS7 cells (Fig18A). We 

used pCI empty vector in combination with CNNM2 (refer to CNNM2 in the figure) 

to have an equal amount of DNA in the transfection compare to CNNM2-ARL15 co-

transfections and actin served as a control for normalization. Results showed that 

in the presence of ARL15, expression of both total and cell surface fraction of 

CNNM2 were increased (Fig18B-C). Moreover, high molecular weight bands that 
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are resistant to Sodium dodecyl sulfate (SDS) were seen in the western blot 

image. They were consistently showed up in western blot. The ratio of monomers 

to multimers with or without ARL15 demonstrated that ARL15 increases the 

monomerization of both total and cell surface expression of CNNM2 (Fig18D-E). 

 

Fig 18. ARL15 increases total and cell surface expression of CNNM2 

COS7 cells were transiently transfected with CNNM2 and mock (refer to “CNNM2”) or 
CNNM2 and ARL15 and a cell surface biotinylation experiment was performed. Western 
blot image was shown in (A) Actin was used to control the quality of biotinylation as it is 
not located at the cell membrane. Band intensities from at least three independent 
experiments were measured by Image-J and total expression was normalized to actin. The 
ratio of the total (B) and cell surface fraction (C) of CNNM2 expression with or without 
ARL15 were shown. The ratio of monomers to multimers of the total (D) and cell surface 
fraction (E) of CNNM2 were shown. All the intensities were further normalized to CNNM2 
for visualization and presented in bar graphs. Bars indicate SD± mean. The student’s t-
test was performed and p<0.05 was considered signif icant. 
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3.3 Investigation of CNNM2 deficient mice 

The physiological role of CNNM2 is associated with maintaining Mg2+ balance in 

organisms and mutations in CNNM2 are associated with hypomagnesemia [92]. 

In this part, we have generated Cnnm2 deficient mouse models to study the 

function of Cnnm2 in vivo. 

 

3.3.1 Cnnm2-/- mice die perinatally and display exencephaly 

Previously, Dr. Tilman Breiderhoff used CRISPR/Cas9 strategy to generate Cnnm2-

/- mice. This strategy uses an endonuclease namely Cas9 and guide RNAs (gRNA) 

designed specifically to the target genome.  Mixture of gRNA-Cas9 was delivered 

to the fertilized mouse zygotes at 1-cell stage with the help of FEM 

(Forschungseinrichtungen für Experimentelle Medizin) at Charite. As a result, 

deletions were introduced in exon 1 of the Cnnm2 locus. 

Breeding of F1 Cnnm2+/- mice resulted in Cnnm2-/- embryos which died within the 

first hours after birth. However, the cesarean section on embryos on day 18.5 

showed that the number of each genotype fits in the Mendelian ratio (Cnnm2+/+: 

27%, Cnnm2+/-: 49% Cnnm2-/-: 24%) (Fig19D). More than 200 Cnnm2-/- 

embryos were analyzed with c-section and approximately 40% of Cnnm2-/- pups 

had brain malformation (Fig19 B and D). This might be due to the fact that high 

Cnnm2 expression was observed in the brain. Embryo preparation in an earlier 

time frame showed that brain malformation occurs earlier than day 14.   
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Fig 19. Loss of Cnnm2 causes brain malformation in mice 

The strategy of CRISPR/Cas9 mediated generation of Cnnm2-/- mouse was shown in (A). 
Representative embryo pictures day 18.5 were shown in (B). Representative genotyping 
images are shown in (C). The lower and upper band showed -/- and +/+ allele respectively 
whereas the double band indicated with +/-. (For detail, see methods) The percentage of 
genotypes that were born was shown in (D). The number of the analyzed embryos was 
noted inside the bar. Percentage of Cnnm2-/- pups with or without exencephaly (brain 
malformation) was shown in (E) 

 

3.3.2 Electrolyte measurements of Cnnm2 deficient mice 

CNNM2 patients suffer from hypomagnesemia, a condition that results in low 

serum Mg2+ levels. To test whether Cnnm2 deficient mice have also had lower 

serum Mg2+ levels we have measured blood serum parameters.  Since Cnnm2-/- 

mice die shortly after birth, the number of knockout mice was limited compared 

to wild-type or Cnnm2+/- mouse. Nonetheless, results showed that there is an 8% 

reduction in serum Mg2+ levels of Cnnm2+/- newborns compare to wild-type 

siblings. The difference between Cnnm2-/- and wild-type mice was significantly 

lower (approximately 30%) (Fig20A).  

Low serum Mg2+ levels are often accompanied by higher Ca2+ levels which were 

possibly due to activation of the Ca2+ -sensing receptor (CaSR). Therefore, we 

have measured serum Ca2+ parameters. Results showed that Cnnm2-/- newborns 

had 60% more Ca2+ in their serum compared to wild-type mice. The difference 

between wild-type and Cnnm2+/- was not significant (Fig20B). 
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Fig 20. Electrolyte measurements of Cnnm2 deficient and wild-type mice 

Serum Mg2+ (A) and Ca2+  levels (B) were measured, and the number of animals was 
indicated with dif ferent shapes. The student’s t-test was performed for comparison and 
p<0.05 was considered signif icant. *, **, *** indicates p<0,05 p<0,01 p<0,001 
respectively. Bars indicate SD± mean 

 

3.3.3 Investigation of CNNM2 and ARL15 in kidney tubules  

Immunohistological localization of CNNM2 was investigated on the frozen section 

obtained from Cnnm2+/+, Cnnm2-/- embryo at day 18.5. Claudin-10 was used to 

mark the thick ascending loop of Henle whereas NCC (Sodium-chloride symporter 

also known as Slc12a3) marked distal convoluted tubules (Fig21B). CNNM2 was 

found in the basolateral side of also known as NCC positive cells which indicate 

distal convoluted tubule localization (Fig21A). A slight background staining was 

also observed.  
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Fig 21. Localization of CNNM2 in kidney tubules. 

Frozen kidney sections were obtained from Cnnm2+/+, Cnnm2-/- embryo at day 18.5 and 
stained with antibodies against NCC (green) and Cnnm2 (red) (A) or Claudin-10 and 
CNNM2 (B).  

Immunohistological localization of ARL15 was investigated on the frozen section 

obtained from wild-type embryos on day 18.5. Low-density lipoprotein receptor-

related protein 2 (Lrp2) was used to mark proximal tubules whereas NKCC2 

(Sodium-potassium-chloride cotransporter also known as Slc12a1) marked TAL. 

ARL15 was found in the basolateral side of also known as NKCC2 positive cells 

which indicate TAL Corre et. al. also demonstrated that ARL15 localized in DCT 

and TAL [114] (Fig22A-B). 

 

Fig 22. Localization of ARL15 in kidney tubules. 

Frozen kidney sections were obtained from wild-type embryos at day 18.5 and stained 
with antibodies against ARL15 and Lrp2 (A) or ARL15 and NKCC2 (B). 
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To investigate whether ARL15 colocalizes with CNNM2 in DCT, frozen sections 

obtained from Cnnm2+/+, Cnnm2-/- embryo at day 18.5 stained with antibodies 

against Parvalbumin (DCT marker), CNNM2 and ARL15. Immunostaining showed 

that CNNM2 and ARL15 colocalized although the parvalbumin antibody failed (Fig 

23). 

 

     

Fig 23. ARL15 colocalizes with CNNM2 possibly in DCT. 

Frozen kidney sections were obtained from Cnnm2+/+, Cnnm2-/-  embryo at day 18.5 and 
triple stained with antibodies against ARL15 (Alexa Fluor 594-red) and CNNM2 (cy5-
purple) and parvalbumin (supposed to be Alexa Fluor 488-green). The parvalbumin 
antibody failed to stain thus not included in the f igure. 

 

Upon confirming the colocalization, we further investigated the expression levels 

of ARL15 to see if ARL15 is affected in the absence of Cnnm2. qPCR performed on 

brain and kidney tissues extracted from Cnnm2+/+ and Cnnm2-/- embryos at day 

18.5 revealed approximately 12% decrease in the brain but not in the kidney 

(Fig24). 
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Fig 24. ARL15 expression decreased in the brain of Cnnm2-/- embryos 

mRNA expression of ARL15 is measured in the kidney and the brain of Cnnm2+/+ and 
Cnnm2-/- embryos at day 18,5 by qRT-PCR and normalized to Tpb (TATA-box binding 
domain1). Data was analyzed by Livak method 2^ -(ΔΔCT) and presented SD± mean.  The 
experiment consists of three replicates. p<0.05 was considered statistically signif icant.  

 

 

3.3.4 Generation of mice with kidney-specific deletion of Cnnm2  

Cnnm2 deficient mice are not viable hence, we generated kidney-specific deletion 

Cnnm2 (cKO) by using CRISPR/Cas9 strategy to insert loxP sites to the mouse 

genome. For this purpose, two gRNA flanking exon 1 were designed (Fig25A). 

Since there are conserved regulatory elements present upstream of a gene, we 

have particularly selected the region conserved relatively less compared to other 

regions. As a donor DNA, long single-stranded DNA (lsDNA) was utilized (for 

technical details, see material method).  Advantages of using lsDNA such as lower 

off-target effects comparing to plasmids have been shown previously [116]. RNP 

mixture containing gRNA, Cas9 and lsDNA delivered to fertilized mouse egg via 

pronuclear injection followed by transplantation to the pseudo-pregnant foster 

mothers. F0 founder mice were genotyped and the presence of loxP sites at the 

desired location was confirmed. Founder mice were backcrossed with wild-type 

C57BL/6 and germline transmission was confirmed (Fig25B). Through multiple 

inbred crossing, mice have homozygous floxed alleles (Cnnm2fl/fl) were generated. 

Cnnm2fl/fl mice appear to be normal in morphology. They reached adulthood and 

are fertile. To achieve kidney-specific deletion of Cnnm2, Cnnm2fl/fl mice crossed 



Results 
 

 
40 
 

with Ksp-Cre mice (hereinafter cre) which cre expression is driven by kidney-

specific Ksp-cadherin promoter [117, 118].  The offspring of this breeding appears 

to grow normally and did not have morphological abnormalities.  

 

 

 

Fig 25. Generation of kidney-specific deletion of Cnnm2  
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(A) Cartoon showing the strategy. (B) genotyping image confirms floxed allele. 
Marker is shown on the left side of the image. 

 

 

 

Fig 26. Cnnm2fl/fl Ksp cre mice do not suffer from hypomagnesemia 

Tissues were obtained from adult mice with indicated genotype stained with CNNM2  (red) 
and NCC (green) antibodies (A). (B) Tissues from corresponding organs are harvested and 
the expression of CNNM2 is measured. Data was analyzed by Livak method 2^ -(ΔΔCT) and 
presented SD± mean. The experiment consists of two replicates. Thus, statistical 
information is not applicable. Serum Mg2+ levels are shown in (D).  
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To check the presence of CNNM2 after cre recombination, we have stained adult 

kidney tissues obtained from wild-type and Cnnm2fl/fl cre+ animals. Despite the 

recombination, CNNM2 is still present in the NCC positive tubules indicating the 

DCT (Fig26A). We have confirmed the reduction in the kidney by qRT-PCR (Fig 

26B) but not in the brain (Fig26C). Approximately 40% reduction of CNNM2 does 

not result in lower serum Mg2+ levels (Fig 26D).  Our analysis showed that 

Cnnm2fl/fl ksp-cre mice do not suffer from hypomagnesemia. 
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4.DISCUSSION 

4.1 Summary of the main findings and limitations 

Cnnm2 was identified as a Mg2+ responsive gene in Cldn16 deficient mice and later 

it was understood that mutations in CNNM2 results in hypomagnesemia. Since 

then, many groups have tried to understand the function of CNNM2 by utilizing 

various methods. However, to date, the role of CNNM2 is poorly understood. With 

this study, we have shown (i) the subcellular distribution of CNNM2 in cultured 

polarized and non-polarized cell models. (ii) We have identified ARL15 as a CNNM2 

interaction partner. (iii) generated mouse models to study its role in vivo. In the 

following paragraphs, I will discuss the results and possible future directions in 

detail. 

Our lab previously elucidated the topology of CNNM2 by placing HA-tag to the 

different positions within the protein. In many studies, heterologous expressed 

CNNM2 is often used with epitope tags due to a lack of an antibody that specifically 

recognizes CNNM2. The HA epitope is a relatively small tag (9 amino acids) thus, 

its’ effect is often underestimated. In this study, I showed that using HA at 

different positions affected CNNM2 expression and localization (Fig7).  

In the literature, CNNM2 is mostly studied by using nonpolarized cell lines such as 

HEK293. They have certain advantages over polarized cells such as being easier 

to maintain and producing high amount of protein which often results in more 

drastic effects. However, using non-polarized cells leaves out potentially important 

functional questions such as protein trafficking which happens to be different in 

polarized cells [119, 120]. In this study, we have utilized both non-polarized and 

polarized cells and showed that when cells are polarized, the subcellular 

distribution of CNNM2 changes (Fig8). Since commercial antibodies are not 

specific or reliable, it is important to note that in this study, I have used an 

antibody that we have generated with the help of a commercial supplier. The 

specificity of this antibody is confirmed on the kidney tissues of Cnnm2-/- embryos 

(Fig23) but not on cells due to lack of knockout cell line.  

Using polarized MDCK-C7 line revealed that CNNM2 is expressed on both sides but 

unexpectedly predominantly on the apical side of the cell (Fig9). However, 

staining in mouse kidney sections showed basal localization (Fig23). Moreover, 

in this work, I have not seen similar localization as claimed by Stuvier et. al. that 
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finds CNNM2 on the lateral membrane but not on the apical side of MDCK cells. In 

the mass spectrometry result, TRPM7 was found to be one of the most prominent 

candidates (Fig15) supporting the apical localization because TRPM7 is shown to 

form heterodimers with TRPM6 on the apical side of the cell [121, 122]. This 

discrepancy might be explained by several possibilities:  

(i) CNNM2 is expressed in the DCT of nephron however, MDCK cells are derived 

from collecting duct which comes after DCT region consequently may not 

represent DCT features. Moreover, they do not express TRPM6 or NCC which are 

characteristics of a DCT cell [123, 124]. It is known that MDCK cells have more 

than 11 sub-clones and each clone may act differently [125]. For example, unlike 

MDCK-I, the MDCK-II line constitutes a leaky epithelial layer [123]. In this regard, 

the only difference between MDCKI and MDCKII is the passage number since 

MDCK-II cells are derived from a late passage of MDCK-I cells [125].  

(ii) Although it is not very common, different cell types may express the same 

protein on different sides. For example, well-known basolateral marker Na+-K+-

ATPase localized to the apical side in retinal pigment cells [126]. Another example 

of apical localization of Na+, K+, ATPase can be seen in the morula stage of the 

bovine embryo [127].  Currently, these phenomena are not explained well thus, 

further studies are necessary.   

(iii) Although 2D monolayers have a more sophisticated regulation mechanism 

compare to non-polarized cells, they are still much less complex than 3D tissues 

thus, may not represent features of 3D systems. Recently, to overcome this 

problem using cysts derived from MDCK cells has become popular and can be 

considered as the middle form between 2D and 3D systems [128-130].   

(iv) As stated above, passage number can be a factor that determines the behavior 

of MDCK cells. The cells that I have used in this study are above passage 80. The 

possibility of altered physiology of late passage cells should not be excluded. Apical 

localization was further confirmed by using transfected MDCK cells (Fig10).   

CNNM2 is a special protein since it contains three methionine in its amino terminus 

from which the translation could start (Fig11). This phenomenon is called 

alternative translation initiation and is thought to give evolutionary advantages to 

the organism [131]. The mechanism though is not clear in some cases, 

alternatively translated protein could localize to different organelles and have 

distinct functions [132]. Kazak et. al. performed a genome-wide computational 
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screen and identified 126 proteins including CNNM2 that could undergo an 

alternative translation initiation process which would result in a predicted 

localization to mitochondria [132]. Therefore, in the next step, we have checked 

alternatively translated CNNM2 and found that when translation starts from the 

second methionine, the apical to the basal ratio of CNNM2 expression is increased. 

(Fig12).  

Sponder et. al. showed that Cnnm2A partially localizes to mitochondria in Jurkat 

cells [91]. Besides, when different forms of CNNM2 with ATI analyzed using 

localization prediction tools, CNNM2 starting from the second methionine was 

predicted to localize to mitochondria (Table 2). Taken all into consideration, we 

hypothesized whether CNNM2 localizes to the mitochondria. However, the results 

did not confirm the hypothesis in COS7 cells (Fig13).  They have come to this 

conclusion by partial co-detection of CNNM2 with COXIV (mitochondrial protein). 

However, the diameter of Jurkat cells is approximately 11µm [133] which is 

relatively small compare to COS7 cells which are around 25µm [134] . In a 

combination of small diameter and limited resolution of the confocal microscope, 

their results may be overinterpreted.  

The balance established by the combined actions of kinases and phosphatases are 

crucial to cells in order to function properly. While kinases add phosphate groups, 

phosphatases are responsible to remove them. Hence mutations in this 

mechanism that alters this balance may result in diseases including cancer [135, 

136]. Recently, the family of PRL (phosphatase of regenerating liver) has been 

shown to interact with CNNM3 [93, 97]. PRLs are oncogenes that are involved in 

tumor progression [137]. Since Mg2+ is required for cell proliferation, cancer cells 

demand more Mg2+ to grow and expand [138]. Thus, the interaction becomes 

important since PRL regulates the Mg2+ homeostasis through CNNM3 [93]. This 

interaction occurs in the CBS domains of CNNM3. Since CNNMs share very high 

homology in CBS domains, CNNM2CBS-PRL1 interactions are proposed and 

supported with crystallography [98]. In this study, we utilized a mass 

spectrometry approach to identify the CNNM2 interactome. 63 potential candidate 

includes different groups of protein however we have not found PRLs in the 

interactome (Fig15). Instead, we have identified a novel interaction partner 

(ARL15) of CNNM2 by mass spectrometry in MDCK cells. Huttin et. al. took a broad 

approach to identify human proteome network by individually performing affinity 



Discussion 

 
46 
 

purification-mass spectrometry for thousands of genes (for database: 

https://bioplex.hms.harvard.edu/) [139]. In line with our results, they also found 

ARL15-CNNM2 interaction in HEK293T and HCT116 cells. Overall, three different 

cell line confirms the interaction.  

Among the potential candidates, we focused on ARL15 (Arf-like protein 15) that 

belongs to the small GTPase family since ARL15 has been linked to Mg2+ 

homeostasis [114]. Although forming a protein family with ARFs, ARLs can be 

functionally diverse. Overall, there are more than 20 members of the ARL family 

identified [140]. ARLs are involved in intracellular vesicular trafficking. For 

example, well-studied Arl1 functions as a tethering complex in Golgi and involves 

in various cellular processes such as secretory trafficking, salivary granule 

formation [141] and neuronal development [142]. In contrast, ARL4 may function 

in the nucleus [143]. By using both polarized and non-polarized MDCK cells, we 

revealed the membrane and Golgi localization of ARL15 (Fig16). Although the 

function of ARL15 is unknown, being present in the trans-Golgi network may 

implicate a secretory trafficking role because in the presence of ARL15, both total 

and cell surface expression of CNNM2 is increased (Fig18). 

As mentioned previously, mutations in CNNM2 are associated with 

hypomagnesemia [67, 92]. To understand the role of CNNM2 in vivo, we have 

generated two mice models (Fig19 and 25). The first model had a complete 

deletion of Cnnm2. The deletion of Cnnm2 resulted in lower serum Mg2+ 

concentrations. Interestingly, approximately 40% of embryos displayed a brain 

malformation. Our observation is supported by a recent paper that reported 

patients homozygous for mutations in CNNM2 with brain malformation [144]. This 

suggests that the severity of the phenotype depends on the redundancy of the 

mutated allele. Moreover, in our mouse model, we have observed elevated serum 

Ca2+ concentrations (Fig20). It is known that low Mg2+ in the serum could activate 

CaSR which in turn increases not only Mg2+ but also Ca2+ levels in the serum [145, 

146]. This phenomenon is seen in some of the patients that are admitted to the 

hospital due to aberrant Ca2+  levels [147].  

Since Cnnm2 deficient mice died within a few hours, we have generated kidney-

specific Cnnm2 deficient mice by using the Cre-Lox-System (Fig25). Until now, 

multiple kidney-specific cre lines have been reported (for a detailed review see 

[148]). However, it is important to note that many of these lines are specific to a 
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single tubular segment. For example, Sglt2-cre line is utilized to achieve deletion 

in the proximal tubules whereas nephrin-cre is used for the deletion in the 

glomerulus. Therefore, we have chosen a cre line in which cre expression is driven 

by cadherin16 promoter (line known as ksp-cre) that is presumably expressed 

throughout the distal nephron [117, 149]. Moreover, Chubanov et. al. successfully 

deleted Trpm6 in the kidney which is mostly expressed in the DCT similar to 

CNNM2 by using the same cre line. Surprisingly, we found that CNNM2 expression 

was still present and although decreased approximately 40%, this decrease did 

not affect serum Mg2+ levels (Fig26a-d). We confirmed the presence of cre allele 

thus, recombination must have occurred. 

Our results suggest that although ksp-cre is expressed throughout the nephron, 

it is not as effective in the DCT as it is in the thick ascending limb or collecting 

ducts.  

 

4.2 Unsolved questions and future directions  

Epithelial polarity must be maintained to ensure proper function. Thus, the 

problem of understanding how proteins are secreted to their final destinations 

intrigued many research groups over several decades. Upon the development of 

polarized cell lines such as MDCK or Caco-2, studies elucidating mechanisms of 

cellular polarity gained momentum. In the early 80s, the presence of apical and 

basolateral sorting signals was shown in these cell lines [150, 151]. 

Glycosylphosphatidylinositol (GPI) anchor, N and O-linked protein glycosylation 

are considered apical sorting signals [152-154]. Moreover, several proteins 

including Na, K, Cl cotransporter (NKCC2) and megalin have short motifs that 

direct them to the apical surface [155, 156].  

On the other hand, basolateral sorting signals often are consisting of tyrosine-

based motifs (YXX Ø, NPXY where X can be any amino acid and Ø is a bulky 

hydrophobic residue) or di-hydrophobic-based sorting signals present at the C- 

terminal of proteins [157-159]. Both apical and basolateral sorting mechanisms 

may utilize adaptor proteins (AP) and Rab GTPases in combination with other 

proteins in the trans-Golgi network [160]. Indeed, a recent study showed that 

basolateral sorting of CNNM4 requires combined action of µ1A, µ1B, two subunits 

of adaptor protein-1 [99]. It is still unknown whether Rab GTPases and/or AP 

proteins involve in trafficking CNNM2.  
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One of the surprising outcomes of this study is to find CNNM2 in the apical side of 

polarized MDCK cells. Cnnm2 contains a long signal peptide that is cleaved away 

in the endoplasmic reticulum which is important for membrane localization [83]. 

It is not clear whether this signal peptide could influence apical localization. 

Moreover, previous study showed that the Asparagine at position 112 undergoes 

N-glycosylation which consequently affects the expression of CNNM2 at the cell 

surface [83]. However, that study was performed by using non-polarized cells, 

hence, is lacking directional information. Thus, it would be plausible to hypothesize 

that N-glycosylation of CNNM2 may contribute to its apical localization in polarized 

MDCK cells. Our results showed that ARL15 increased CNNM2 expression at the 

cell surface, however, it is not clear whether this increase is due to the altered N-

glycosylation pattern of CNNM2 due to ARL15. 

In this study, we demonstrated that when translation starts from the second 

methionine (M2) subcellular distribution of CNNM2 was altered. However, it is not 

clear whether this form is indeed functional.  

Here, we generated a kidney-specific Cnnm2 knockout mice model. Our model 

only had a partial reduction of Cnnm2 thus, hypomagnesemia was not observed 

which might be due to the low expression of the ksp-cre. Thus, other kidney-

specific cre lines must be considered for future studies. 



Material and Methods 
 

 
49 
 

 

5. MATERIAL AND METHODS 

5.1 Materials 
Reagents and chemicals Company 
100x "Non-Essential Amino Acids" (NEAA) Invitrogen 
Acrylamid/Bisacrylamid Biorad 
Ammoniumacetat Applied Biosystems 
APS Merck 
Complete Mini, Protease Inhibitor Cocktail Roche 
DAKO-Pen DAKO 
DAPI Invitrogen 
dATP Carl Roth 
DMEM 1X Invitrogen 
dNTP NEB 
DTT Serva 
Fetal calf serum Invitrogen 
Geneticin (G418) Invitrogen 
Ketamin Pfizer 
Western blot running buffer Biorad 
Sodiumbicarbonat Invirtogen 
Nuclease-free water Qiagen 
Ponceau S Carl Roth 
TEMED Biorad 
RNA later Ambion 
SDS Biorad 
B-merchaptoethanol Sigma-Aldrich 
Tissue freezing medium Thermofisher 
Western blot transfer buffer Biorad 
Tris-HCL pH 6.8 (western blot) Biorad 
Tris-HCL pH 8.6 (western blot) Biorad 
Trizol Reagent Invitrogen 
Trypsin-EDTA (0.05% or 0.25%) Invitrogen 
Ampicilin Carl Roth 
Kanamycin Carl Roth 
Penicilin/Streptomycin Gibco 

 

Table 3. Reagents and chemicals used in this study. 

Device Model Company 
Gel/blot detection system FuxionFX VILBER 
Agarose gel 
electrophoresis 

Horizon 11.14 Gibco 

Electroporation device  Gene Pulsar II Biorad 
Electrophoresis power 
supply 

Standard power pack 
24 

Biometra 

Homogenisator 1 mililiter Wheaton 
Thermoblock Thermoblock TDB120 Biosan 
Cryostat CM3050S Leica 
Microwave R212 Sharp 
Pipette  Pipeman P series  Gilson 
Thermocycler MyCycler Biorad 
pH meter MP220 Basic Metler Toledo 
Ultracentrifuge L8-60M  Beckman Coulter 
Centrifuge Micro 22R Hettich 
Centrifuge Micro 200R Hettich 
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Table 4. Devices used in this study. 

 

Commercial Kit systems  Company 
High Pure PCR product purification kit Roche 
Lumi-Light western blot kit Roche 
Omniscript reverse transcription kit Qiagen 
Pierce BCA Protein assay kit Thermo Scientific  
RNeasy mini kit Qiagen 
Nucleospin DNA purification kit Machery-Nagel 

 

Table 5. Commercial kits used in this study. 

 

Name Company 
Alkaline Phosphatase  NEB 
DNAase I  Invitrogen 
Phusion High fidelity DNA polymerase Finnzymes 
Proteinase K Carl Roth 
Restriction enzymes NEB 
RNAase A Carl Roth 
T4 DNA ligase  NEB 
Taq DNA polymerase NEB 
HIFI assembly mix NEB 

 

Table6.Enzymes used in this study. 

Name  Host Clone no Company Usage (IF) Usage 
(WB) 

Anti-HA Rat 3F10 Roche 1:250 1:1000 
Anti-Ecadherin Mouse Clone 36 BD Bioscience 1:150 1:1000 
Anti-Na,K,ATPase Mouse   1:150 1:1000 
Anti-gp-135 Mouse 3F2:D8 Merck 1:150 1:1000 
Anti-ZO-1 Mouse 1A12 Thermofisher 1:150 1:1000 
Anti-FLAG Mouse M2 Sigma 1:150 1:1000 
ARL15 (HPA044604) Rabbit  Atlas - 1:1000 
ARL15 (063820) Rabbit  Atlas 1:150 - 
Anti-Beta Actin Mouse  Sigma - 1:2000 
Anti NKCC2 Guinea 

pig 
 Gift from Clinical 

physiology lab 
(Charite-CBF) 

1-1000 - 

Anti NCC Rabbit  Gift from Clinical 
physiology lab 
(Charite-CBF) 

1:500 - 

Anti LRP2 Guinea 
Pig 

 Gift from Clinical 
physiology lab 
(Charite-CBF) 

 - 

CLDN10 Rabbit  Thermofisher 1:150 - 
      
      

Table7. First antibodies used in this study. 

 

 

Name Company Usage 
Anti-Guinea IgG HRP DAKO 1:1000 
Anti-Rat IgG HRP DAKO 1:1000 
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Anti-Rabbit IgG HRP DAKO 1:1000 
Anti-Mouse IgG HRP DAKO 1:1000 
Anti-Rat IgG AlexaFluor 594  1:1000 
Anti-Mouse IgG AlexaFluor 
594 

 1:1000 

Anti-Mouse IgG AlexaFluor 
488 

 1:1000 

Anti-Rabbit IgG AlexaFluor 
594 

 1:1000 

Anti-Rabbit IgG AlexaFluor 
488 

 1:1000 

Anti-Guinea pig AlexaFluor 
594 

 1:1000 

 

Table8. Secondary antibodies used in this study. 

 

5.2 Bacterial Methods 

5.2.1 Preparation of competent cells 

For retransformation of plasmids, homemade competent cells were used. A vial of 

high efficient chemically competent DH5α strain (NEB, C2987H) was cultured in 

5ml Luria Bertani broth (LB) overnight at 37°C on a shaker. The next day, 500µl 

was inoculated in 50ml LB until optical density (OD) reaches 0.6. Every hour OD-

600 was measured. After reaching the desired OD, bacteria were taken to a falcon 

tube and centrifuged 5000RPM at 4°C for 10 min and resuspended in 5ml CaCl2. 

Resuspension was distributed to 3 Eppendorf tubes and centrifuged for 30 

seconds. Each pellet was resuspended in 500µl CaCl2 and 50µl was aliquoted into 

fresh Eppendorf tubes. For testing efficiency, 1µg plasmid was transformed into 

50µl competent cells and outgrown in 950µl SOC (super optimal broth with 

catabolite repression) media. Then 10µl of this cell-SOC media mixture was diluted 

in 1ml SOC media and 100µl of this dilution was plated and incubated overnight 

at 37°C. The number of colonies was counted and transformation efficiency was 

calculated according to the following formula: 

“CFU (colony forming unit) = Number of colonies / 1 / 0,001” 

For main cloning experiments, competent cells in an original vial from the 

company were used. In my studies, I have used both electrocompetent (NEB, 

C2989K) and chemically competent cells (NEB, C2987H). 
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For complicated cloning experiments, high efficient competent cells (NEB, C2987H 

or C2984H) were used. 

 

5.2.2 Transformation 

Chemically competent cells; 

Competent cells are thawed on ice and incubated with 1.5µl of ligation mix for 30 

min. The tube was flicked a few times to ensure mixing. Heat shock was performed 

at 42°C for exactly 30 seconds (Increasing time decreases efficiency) and 

incubated on ice for 5 min and added to 950µl pre-warmed SOC. The tube was 

placed in a 37°C shaker for at least 1 hour for recovery. Upon recovery, 1/10 of 

the mixture was plated on LB with appropriate selection and incubated at 37°C 

overnight. 

Electrocompetent cells; 

50µl of electrocompetent cells were mixed with 1µl of DNA solution, incubated for 

5 min at 4°C and electroporated (Bio-Rad “MicroPulser™”, program Ec1). 

Following the transformation, the mixture was taken up in 950 μl of SOC and 

incubated with shaking at 37°C. for 1 h. After plating out on the selection medium, 

the cells were incubated at 37°C overnight. 

 

 

 

5.3 Isolation of nucleic acids 

5.3.1 Preparation of Genomic DNA 

This method is adapted from Truett et. al. [161] and DNA extracted by using this 

method can be used for genotyping PCR. 

Alkaline solution: 25mM NaOH, 0.2 mM EDTA 

Neutralization solution: 40 mM Tris-HCL 

From mouse tail: 2 mm of the tail is cut and placed in a PCR tube and 25µl of the 

alkaline solution is added followed by incubation at 95°C for 30 minutes in a PCR 

machine which was then neutralized by 25µl of neutralization solution. After 

completion 1µl was used for genotyping PCR or kept at 4°C. 

 



Material and Methods 
 

 
53 
 

5.3.2 Plasmid DNA extraction 

The isolation of DNA plasmids on a small scale (culture volume 5 ml) was carried 

out according to the protocol of the manufacturer (MACHERY) instruction. This 

plasmid mini preparation kit combines modified alkaline lysis with the selective 

and reversible DNA binding properties of silica membranes and various 

centrifugation steps. 1.5 ml of the overnight grown bacterial culture was placed in 

an Eppendorf tube and kept for 1 minute at room temperature (RT) and 

centrifuged for 1 min at 12.000g at RT. The supernatant was discarded, and the 

bacterial pellet was resuspended in 150 μl of resuspension buffer (buffer 1). The 

suspension was vigorously vortexed. Then 150 μl of lysis buffer (buffer 2) was 

added and carefully flipped 6-10 times and incubated for 2 min at RT and 

neutralized by the addition of 200µl neutralization buffer. This mixture was then 

centrifuged for 10 min at RT. The supernatant was carefully transferred to the 

filter column and centrifuged for 1 min at RT. 700µl 70% ethanol was added (wash 

buffer) and centrifuged again for 1 min at RT. The supernatant was discarded, and 

the washing step was repeated. The supernatant was discarded again and 

centrifuged for 1 min at RT to dry the column. 30µl elution buffer or distilled water 

was added to the column and the filter was transferred to a fresh Eppendorf tube 

and incubated for 2 min which was then followed by the final centrifugation step 

at RT (12.000 g). The isolation of plasmids on a large scale (culture volume 500 

ml) was carried out using the QIAGEN® plasmid purification kit (Plasmid Maxi Kit) 

according to the manufacturer's instructions. 

The isolation of DNA plasmids on the MIDI scale (culture volume 25-100 ml) was 

carried out according to manufacturer instruction (QIAGEN midi plus plasmid kit). 

Bacterial culture was harvested by centrifuging at 5000 RPM for 15min at 4°C and 

resuspended in 2ml P1 buffer (resuspension buffer). 2ml buffer P2 (lysis buffer) 

was added and the falcon tube was inverted a few times until it appears as viscous 

and incubated for 3 min at RT. 2ml buffer P3 (neutralization buffer) was added 

and the mixture was transferred to QIAfilter Cartridge and incubated for 10 min. 

After incubation, the plunger was inserted into the cartridge and lysate was 

collected in a 15ml falcon tube. 2ml buffer BB was added to the cleared lysate and 

the tube was inverted a few times. The lysate was run through a small column by 

a water-driven suction pump. With this step, DNA was concentrated on the filter 

column. The DNA column was washed by 700µl ETR buffer centrifuged at 12.000g 
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1 min at RT. A similar step was performed with 700µl 70% ethanol. The column 

was then dried by centrifuging at 12.000 g for 1 min at RT and was transferred to 

a fresh Eppendorf tube and incubated for 2 min with elution buffer, or distilled 

water. Finally, DNA was eluted by centrifuging 10.000 g 2 min at RT.    

 

5.3.2 Preparation of RNA 

From tissue: 

Tissue samples were homogenized in 1ml TRIZOL reagent using glass 

homogenizer or break down by cell turrax blade. 

Cells were grown in a monolayer 

The monolayer was rinsed with cold PBS and cells were lysed on the filter or in 

the culture dish by adding 1ml TRIZOL reagent and scraping with a cell scraper. 

TRIZOL added tissues or monolayers were passed through a pipette and vortexed 

thoroughly. The lysate was incubated at RT for 5 min or stored in a -20°C freezer 

for later application. 200µl chloroform was added and the tube was shaken 

vigorously. The mixture was centrifuged at 14.000g for 15min at 4°C. The upper 

transparent layer was transferred to a fresh tube and 500µl 70% ethanol was 

added and incubated for 10 min at RT. This mixture is added to the silica 

membrane RNA column to wash away contaminants. The tube with the RNA 

column was centrifuged at 14.000 g for 15 seconds and the flow-through was 

discarded. RNA column was washed by wash buffer provided with kit and 70% 

ethanol. The column was centrifuged again for drying and eluted with RNAse-free 

water. 

 

5.3.3 Preparation of lsDNA 

100 µg donor plasmid contains loxP sites at desired positions namely 

pUC57_C2_floxed_04 was linearized by NruI (NEB) overnight at 37°C. After 

linearization, DNA was purified with EtOH and resuspended in water and cut with 

NbBsmI (NEB) at 65°C for 3 hours. This is a special enzyme that cuts DNA on one 

strand (DNA nickase). After restriction endonuclease digestion, DNA was purified 
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with ethanol, resuspended in 40µl ultrapure water and concentration was 

measured.  

Theoretically, if restriction digestion is successful DNA contains three fragments 

at this point (Fig28). Following steps were done to separate these fragments. 

DNA was incubated in denaturation buffer (95% Formamide, 20 mM EDTA pH8.0, 

bromophenol blue for coloring) for 5 min at 70°C and chilled on ice for 5min. 

250ng of both denatured and non-denatured samples were loaded to 1% 

analytical gel to confirm separation (Fig27). 

 

 

 

Fig 27. Separation of DNA fragments. 

DNA Marker, non-denatured DNA, denatured DNA were shown respectively. When DNA is 
denatured, three distinct bands was observed.  

After confirming three bands on the gel, the preparative gel was prepared and 

16µg DNA/well was loaded. After running the gel at 100V for 1 hour, the desired 

fragment was purified by using a DNA purification kit (Roche) and resuspended in 

endonuclease-free water. The final concentration was measured.  
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Fig 28. Cartoon showing the strategy of lsDNA preparation. DNA was cut by 

NbBsmI and NruI to separate desired parts. 

 

5.3.4 In vitro test digest using guide RNAs 

To evaluate the performance of gRNA-RNP mixture, linearized plasmid 

(PGEM_loxP0_Cnnm2_loxP2b_t2b) that contains part of a mouse genomic DNA 

was incubated with the gRNA-RNP mixture and visualized on the agarose gel. Due 

to the location of gRNAs on the plasmid, after digestion 3kb and 4kb bands were 

expected (Fig30A). The plasmid was linearized by BglII and purified by a PCR 

clean-up kit (Roche).   

gRNA complex: 0,5µl crRNA (100µM), 0,5µM tracrRNA (100µM), 4µl nuclease free 

water. 

gRNA complex was heated at 95°C for 5 min and cooled down at RT. 

RNP mixture: 1µl gRNA complex, 3µl Cas9 (3mM), 6µl IDTE buffer (10 mM Tris, 

0.1mM EDTA) 

RNP mixture was prepared and incubated at RT for 15min.  

The following final reaction mixture is prepared by using two solutions above: 1µl 

10X Cas9 Nuclease reaction buffer (200 mM HEPES, 1M NaCl, 50mM MgCl2, 1mM 

EDTA pH6.5), 1µl RNP mixture, 100nM linearized plasmid and water up to 20 µl. 

The final reaction mixture was incubated for 1 hour at 37°C. 1µl Proteinase K was 

added to the mixture and incubated at 56°C for 10 min to facilitate the separation 
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of Cas9 from DNA. The mixture was loaded on agarose gel and visualized 

(Fig29B). 

 

Fig 29.  In vitro test digests using gRNA-RNP mixture 

(A) Cartoon showing the plasmid and expected size after digestion reaction. (B) agarose 
gel showing corresponding bands.  

 

5.3.5 Quantification of Nucleic acids on NanoDrop 

First, the NanoDrop detection device was blanked by 1µl of the solution in which 

nucleic acids were eluted. Then, 1µl of DNA or RNA was measured and a ratio of 

260/280nm was used to judge the quality of nucleic acids. ~1.8 and ~2.0 are 

considered pure for DNA and RNA, respectively. 

 

5.3.6 Qualification of DNA fragments on agarose gel 

Agarose gel electrophoresis is a basic and simple molecular biology method that 

was used to determine both integrity of DNA and to separate different DNA 

fragments. Depends on the length of the fragments, 1-2% agarose gel with 

GelRed® (Biotium, USA) was prepared in 1x Tris-Acetate-EDTA (TAE) or Tris-

borate-EDTA (TBE) buffer to separate ~200 bp-10.000 bp. DNA samples were 
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mixed with 6X DNA loading buffer and to control the size, the DNA ladder 

(O’GeneRuler™ 1kb plus, Fisher Scientific, USA) was loaded in a separate well. 

TAE and TBE were stored at room temperature whereas, the DNA loading buffer 

and DNA ladder were kept at 4°C. 

50X TAE: 50mM EDTA, 2mM Tris 1M glacial acetic acid 

10X TBE: 20mM EDTA 1M Tris 1M Boric acid 

6X DNA loading buffer 30% (v/v) Glycerol, 0.25% (w/v) Bromophenol blue 

 

5.4 Modification amplification of nucleic acids 

5.4.1 Restriction enzyme digestion of DNA 

Restriction enzyme digestion was carried out by NEB according to manufacturer 

instruction. Briefly, NEB has 4 different buffers. Depending on the enzyme used, 

buffers were selected. When double digest is necessary, the most optimum buffer 

for both enzymes was selected. If not possible, the sequential digest was 

performed starting with the buffer that has a lower salt concentration. Typical 

reaction contains 5-10-unit enzyme for 1µg DNA, 5µl buffer, up to 50µl distilled 

buffer. Reactions were incubated at 37°C unless otherwise stated. The reaction 

can be scaled up according to the required amount of DNA. 

 

5.4.2 Ligation 

Ligation of DNA fragments into the backbone vector was carried out using Quick 

Ligase™ (NEB, M2200S). To prevent the self-ligation of the backbone vector, the 

vector was treated with 1µl alkaline phosphatase for 30 min and was purified.  For 

ligation, the molar ratio of vector to insert was 1:3 or 1:10. The reaction was 

assembled in 10µl volume and incubated at RT for at least 10 min. 1.5µl of ligation 

mix was used for transformation. 

 

5.4.3 HIFI assembly 

HIFI assembly is a neat way of cloning multiple fragments into the same backbone 

vector. It uses a combination of different enzymes; (i) exonuclease that creates 

single-stranded 3’ overhangs that share complementarity (overlapping region). 

(ii) polymerase that fills in gaps in annealed fragments (iii) DNA ligase that seals 
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all the fragments into the same backbone. The result is a fully assembled double-

strand plasmid that is ready for a transformation. Primer design and amplification 

of target sequences are crucial in this method. Fragments to be cloned must have 

at least 15bp (better 20bp) overlapping region. The typical reaction contains a 1:2 

ratio of dephosphorylated vector to insert. The reaction volume was 10µl. The 

reaction mixture was incubated at 50°C for at least 1 hour (time is positively 

correlated with efficiency). After incubation, a 1.5µL reaction was used for 

transformation or kept at -20°C. 

 

5.4.4 Sequencing 
Sequencing was carried out by LCG Genomics. Typically, the reaction mixture 

contains either 1µg plasmid DNA or 1µl PCR product, primers to be used, up to 14 

µl distilled water. Upon request, universal primers can be used at the company. 

 

5.5 Amplification and modification of nucleic acids  

5.5.1 Polymerase Chain Reaction (PCR) 
For the standard PCR reaction, a thermostable polymerase was used to amplify 

the sequence of interest. Genotyping and standard PCR utilized Taq Polymerase 

from (NEB) whereas cloning requires high fidelity polymerase with a proofreading 

mechanism and specifically designed primers. For primer design, web tool Primer3 

(https://primer3.ut.ee/ ) or Benchling (www.benchling.com) was used. GC 

content of designed primers was 50-65%. Self-complementarity and specificity 

were checked by OligoCalc 

(http://biotools.nubic.northwestern.edu/OligoCalc.html) and NCBI BLAST 

respectively. The annealing temperature was calculated by the NEB web tool 

(https://tmcalculator.neb.com/). Once the reaction was assembled, PCR was 

initiated with semi-hot START, meaning that PCR was pre-heated to 94°C. 

Typical PCR reaction consists of as follows: 
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Table 9. Typical PCR reaction condition 

PCR reaction conditions: 

 

Initial denaturation: 94°C 2 min 

33 cycle of 94-°C 15 sec, XX (depending on primer pairs) °C 30sec, 68°C sec/kb 

Final Elongation: 68°C 5min and kept at 4°C. 

For primers used in this study please refer to the primer list. 

 

5.5.2 Recombinant PCR  

It was used to clone multiple pieces into a single vector with or without site-

directed mutagenesis. It uses specific primers to amplify targets that have an 

overlap of ~20bp and serve as a template for the next amplification. The primer 

design was shown in (Fig 30). 
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Fig 30. Schematic representation of recombinant PCR adapted from [162]. 2 

primer pairs that partially overlap were used to generate PCR product which was 

used as a template for second PCR.   

 

 

5.5.3 Real-Time PCR 

The quantitative PCR (qPCR) method enables the visualization of the amplification 

in real-time, as well as the quantification of the target sequence. With this method, 

it is possible to make a statement about the abundance of target mRNAs. qPCR 

uses cycle-threshold (Ct)  values which are inversely correlated with the amount 

of transcript [163].  The typical reaction mixture consists of the cDNA starting 

material, the primers and a "master mix" which contains DNA polymerase, dNTP's, 

buffer, the fluorescent dye SYBR® Green. Primers were selected as described 

above however with more caution. Nucleotide repeats, self-annealing and primer 

dimers were avoided. The presence of a single amplification band was confirmed. 

The relative comparison of gene expression was carried out using comparative 

analyzes with reference (housekeeping) genes such as TATA box binding protein 

(TBP). These standardized control genes are optimally expressed to the same 

extent under comparative conditions. Data were analyzed by the 2^(-ΔΔCt) Livak 

method in Microsoft Excel [164]. Typical reaction condition as follows: 

95°C 10min  

40 cycle of  95°C 15sec, 60°C 1 minute (annealing and elongation) 

  95°C 1min, 58°C 30sec, 95°C 30sec (melting curve) 

 

5.6 Protein methods 

5.6.1 Protein extraction from cells and tissues 

From tissues; Mouse tissue samples were transferred to an Eppendorf tube 

with an appropriate amount of lysis buffer (5mg tissue/1ml lysis buffer) and 

mechanically disrupted by CellTurrax blades. Glass homogenizer and 20G gauge 

were also used for this purpose. After proper disruption, the mixture was 

incubated on a shaker at 4°C and centrifuged in a pre-cooled rotor at 14.000g and 

4°C for 15min. The supernatant was kept for determination of concentration in a 

later step.  
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From cells; Depends on the size of the culture plate, an appropriate amount 

of lysis buffer was added to wells or on top of monolayers. Cells were detached 

and disrupted by cell scraper and transferred to a fresh Eppendorf tube. 

Sonication, when available (80%- 1-sec pulse) or manual disruption with 20G 

gauge was used to further disrupt cellular structures. Similar to tissues, cell 

extracts were incubated on ice and centrifuged in a pre-cooled rotor at 14.000g 

and 4°C for 15min. The supernatant was kept for further analysis. 

 

5.6.2 Membrane preparation 
Cells or tissues were homogenized in homogenization buffer and subjected to 

ultracentrifuge in a pre-cooled rotor at 14.000g and 4°C for 30min. Pellet was 

resuspended in a lysis buffer. 

Homogenization buffer: 2Mm EDTA, 150mM NaCl 50 mM Tris-Cl (pH 7.5) 

 

5.6.3 Measuring protein concentration 

The protein concentrations in the lysates were determined using the Pierce BCA 

Protein Assay Kit (96-well format) according to the manufacturer's instructions. 

Protein samples were diluted in a 1:10 ratio and the volume of standard and 

samples were 25µl for measurements. Briefly, reagent A and B were mixed in a 

50:1 ratio (working reagent). Standards were prepared and 25µl of each standard 

and protein sample was pipetted to 200µl working reagent. 96-well plate was 

incubated at 37°C for 30min and absorbance at 595nm was measured 

subsequently. Plate readings of samples were plotted against standards and 

corresponding concentrations were calculated in Excel. 

 

5.6.4 SDS-PAGE (Sodium-dodecyl sulfate-polyacrylamide gel 

electrophoresis) 

Samples were denatured in 4X Laemli buffer [165]. I have tested different 

temperatures for denaturation and mostly used either 95°C min or 70°C 15min. 

However, for CNNM2 SDS resistant bands (MW>300) were always visible. 

Depends on the purpose, the 5-50µg protein was loaded to different percentage 

SDS gels (BioRad Any kD or 8-12%). PageRuler™ Protein Ladder Plus 

(ThermoFisher, USA) was also co-loaded to track molecular weight. Until proteins 
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reached separation gel, 70V was applied for ~15min then voltage was increased 

to 110V for ~70-100min. 

 

SDS-PAGE running buffer: 25mM Tris (pH 8.0), 190mM glycine, 0.1%SDS 

 

5.6.5 Western Blot 

After SDS-PAGE, the sandwich transfer system (Fig31) was assembled, and 

proteins were then transferred to methanol activated PVDF membrane. 100V for 

1 hour was applied with stirring. To reduce heating, an ice block was placed in the 

transfer box. 

 
Fig 31. Representation of the Sandwich method for western blot.  

The figure is adapted from https://www.phosphosolutions.com/protocols-

western-blot/ 

 

Upon transfer, the membrane was washed with distilled water and blocked by 

5%nonfat dry milk in PBS for 1 hour at RT. After blocking, the membrane was 

incubated with the target antibodies in the blocking buffer overnight at 4°C.  

The next day, the membrane was washed with PBST for 1 hour and incubated with 

appropriate secondary antibodies conjugated with horseradish peroxidase (HRP) 

in PBST. Finally, a signal was detected in the Vilber ECL detection device. 

 

5.6.6 Immunoprecipitation  

Cells stably expressing HA-CNNM2 washed with 1ml cold PBS and lysed with buffer 

containing 1%NP-40 and incubated in a cold room on a rotator for 30 min. In this 

experiment, a backbone vector without CNNM2 was used as a control (HA-IRES-

GFP). Protein was extracted as described and concentration was measured. 

Meanwhile, 50µl Anti-HA affinity matrix (Roche) was equilibrated with lysis buffer. 

~10% of the protein was kept as input samples. 1mg protein from each condition 
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was taken and mixed with an equilibrated HA-Affinity matrix.  The mixture was 

incubated on a rotator in a cold room overnight. The reaction volume was 1ml to 

improve immunoreaction. 

The next day, the mixture was centrifuged at 13.000 g at 4°C for 10min and both 

supernatant and precipitate were kept seeing the efficiency of the pull-down. The 

mixture was then washed twice with lysis buffer and twice with lysis buffer without 

detergent. Protein samples were snap-frozen and proceeded with mass 

spectrometry. 

 

5.6.7 Mass spectrometry 
The following steps were done in the MDC Proteomics facility. Following buffers 

were prepared:  

2M urea/50mM Tris 

2M urea/50mM Tris 1mM DTT, 5µg/µl Trypsin 

Snap frozen beads were incubated with urea/trypsin buffer for 1h at 25°C on a 

shaker (1000g) and were then washed 60µl of urea/tris buffer. On bead digest 

and washes were combined and quickly centrifuged at 5000g. The supernatant 

was transferred to a new tube. Samples were incubated with 4mM DTT for 30 min 

at 25°C on a shaker followed by the addition of 10mM iodoacetamide. Overnight 

digestion was done by adding 0.5µg Trypsin at 25°C. The next day, 200µl 1%FA 

was added to acidify the digest. C 

C18-stage tips were prepared by packing two disks of Empore 3M C18 material 

into 200µl tips. The previously acidified digest was loaded to the stage tip. Next, 

the stage tip was washed with 100µl of 0.1% FA. Bound peptides were eluted by 

60µl MeCN/0.1%FA. 

Elute was transferred to measuring plate 4µl was injected for a single 140min run. 

  

5.6.8 Cell surface biotinylation assay 
The method was adopted from [166]. Cell surface biotinylation is a technique to 

quantify proteins at the cell membrane. It uses a modified version of biotin (EZ-

link Sulfo-NHSLC-LC-biotin) which is impermeable to the cell. Briefly, monolayers 

on filter or culture plates were washed with 1ml DPBS+. Cells were incubated with 

400µl biotin solution (2mg/ml) in DPBS+ on ice for 30 min. Biotin solution was 

removed and cells were washed 3 times (5 min each) with 1ml 100mM ice-cold 



Material and Methods 
 

 
65 
 

glycine in DPBS+. Biotin was further quenched by washing cells with 30mM ice-

cold glycine in DPBS+ as above. Cells were then lysed with lysis buffer (hereinafter 

LB3) as described earlier. Protein concentration was quantified as described 

earlier. After lysis was completed, 10-15% of supernatant was kept as a total 

fraction 

While lysis was performed, Neutr/Avidin beads were prepared as follows. For each 

condition, 40µl slurry was taken to a fresh Eppendorf tube and equilibrated with 

DPBS+ followed by washing with lysis buffer. 100-300µg protein was then 

incubated with equilibrated NeutrAvidin beads at 4°C overnight at the rotator. The 

overall volume was 1ml to ensure better immunoreaction.  

The next day, the protein-bead mixture was centrifuged at 15.000g at 4°C for 30 

sec. The mixture was washed once with 1ml of LB3, followed by LB2, and SWS 

buffer and finally once with 1ml of LB1. Each washing volume was 1ml and 

followed by 30-sec centrifugation at 4°C at 16.000g. After the last wash, the 

washing buffer was carefully removed without disrupting the beads. Proteins were 

denatured in 2X Laemli buffer at 95°C 5min. After denaturation, the liquid phase 

was taken to fresh Eppendorf tubes and kept at -20°C until use.  

 

5.7 Cell culture methods 

5.7.1 General maintenance of cell cultures 

Throughout the thesis, I have worked on various cell lines. In general, every step 

was done on a sterile bench with appropriate airflow. Cells were kept in an 

incubator supported with 5% CO2 supply in a humidified atmosphere. Media or 

PBS was warmed before use. For COS7 and HEK cells were cultured in Dulbecco's 

Modified Eagle Medium (DMEM) with 10%FBS, 1%pen strep. MDCK-C7 cells were 

cultured in the minimum essential medium (MEM) with 10%FBS 1%PS. mDCT 

cells cultured in Ham’s F12/DMEM (1:1) medium with 5% FBS.  

MDCK-C7 was trypsinized by 0.25% Trypsin-EDTA whereas other cell lines 

trypsinized by 0.05% Trypsin-EDTA. Trypsin can be used interchangeably however 

it affects detaching time. 

When necessary, cells were frozen in a freezing medium and kept at -80°C or 

liquid nitrogen. 
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5.7.2 Transfection 
For transfection lipofectamine 2000 was used according to manufacturer’s 

instructions. Here, I explain an example protocol for 6 well however it can be 

scaled up or down according to the surface area of plates. 

Transfection day, cells should reach around ~70-80% confluency. 150µl Opti-MEM 

was mixed with 2.4µg DNA of interest in one Eppendorf tube. In another Eppendorf 

tube, 7µl Lipofectamine 2000 transfection reagent mixed with 150µl Opti-MEM. 

Both tubes were mixed and incubated at RT for 20-30min. Meanwhile, cells were 

washed with PBS. After incubation finished, a Lipofectamine-DNA mixture was 

added to cells. The usual growth medium was also added and incubated in a cell 

culture incubator for 24 or 48 hours.   

 

5.7.3 Generation of MDCK-C7 cells stably expressing Cnnm2 

Murine Cnnm2 with HA tag at position 2 and IRES-GFP was cloned to pCI backbone 

vector contains puromycin resistance gene. The function of IRES was to separate 

Cnnm2 from GFP to ensure no change in protein 3D structure that might be caused 

by the fusion of GFP. Position 2 was chosen here because it yields the highest 

expression of CNNM2. MDCK-C7 was transfected with HA-CNNM2-IRES-GFP-Puro 

plasmid as described above. Transfection was confirmed with the presence of GFP. 

1 day after transfection 3.5µg/ml Puromycin was added to the medium to initiate 

selection.  

After one week, cells were sorted according to GFP and were grown another week 

in a medium containing 3.5µg/ml Puromycin. Probably due to the high expression 

of CNNM2, it was difficult to maintain transfected cells as they die more often than 

non-transfected cells. Therefore, another sorting was performed to enrich CNNM2 

positive cells. Enriched cells were then frozen and kept at -80°C until use. 

 

5.7.4 Growing MDCK-C7 on the filter 

MDCK-C7 cells were seeded on 6-well or 12-well plates and if necessary, 

transfected. The next day, Polycarbonate 0.4µm cell culture insert was inserted to 

6-well or 12-well (12mm or 30mm inserts were used for 12-well or 6-well 

respectively). Cells were trypsinized as described early and 1/3 of the 

trypsinization volume seeded on filters. This ratio corresponds to 90-

95%confluency. If cells were transfected before, the incubation time was 4 days. 
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Since after day 4 the number of transfected cells reduces dramatically. If not 

transfected most experiments are done on days 6-7. To control the number of 

transfected cells, an empty vector with GFP was transfected and seeded at the 

same time on an adjacent filter. 

 

5.7.5. Mitochondria staining 

To stain mitochondria, 250nM MitoTracker™ Red CMXRos working solution was 

prepared in a reduced serum medium. Cells were incubated in the mixture for 30 

min. in a 37°C incubator. The staining solution was replaced by a fresh 

prewarmed cell medium and proceeded with fixation and immunocytochemistry. 

 

5.8 Histology 

5.8.1 Cryosection  
Tissues extracted from mice were kept at 4% PFA for 4-6 hours depending on the 

size of tissue and then were transferred to 30% filtered sucrose and kept at 4°C 

overnight. The next day, tissues were placed in a cutting box filled with OCT in 

the desired orientation and frozen on dry ice. After this step, frozen tissue was 

either kept at -80°C for later use or immediately proceeded with cutting. For 

cutting, cryosection device was pre-cooled to -20°C before use. The sample was 

mounted at the desired orientation and cut in 5µm thickness and placed on 

Thermo Scientific™ SuperFrost Plus™ Adhesion slides and kept at -20°C until use. 

 

5.8.2 Immunohistochemistry 

Pre-cut frozen sections were quickly fixed with 4%PFA for 10 min at RT followed 

by 2 PBS wash. Specimens were further fixed in ice-cold methanol at -20°C for 5 

min and wash with PBS. Sections were incubated for 5 min in 20mM glycine to 

quench autofluorescence caused by PFA fixation and wash with PBS. For antigen 

retrieval, slides were incubated in a pre-boiled steamer in citrate buffer (pH 6) for 

20 min. Upon antigen retrieval, slides were immediately placed in PBS and 

blocking and permeabilization were performed by either 10%donkey serum/PBS 

or commercial BlockAid™ blocking solution for 1 hour at RT. After incubation, first 

antibodies at the desired concentration in blocking buffers were added on top of 

the slides and covered with parafilm to reduce the amount of antibody solution 
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used and were incubated for 2-3 hours at RT followed by series of PBS wash for 

30 min. Secondary antibodies were prepared at 1:1000 ratio in either universal 

antibody dilution buffer (Sigma, USA) or in 0.5% BSA and incubated for 1 hour at 

RT followed by a PBST wash. Finally, slides were mounted on glass coverslip by 

ProLong™ Diamond Antifade Mountant with DAPI (ThermoFisher, USA) and 

curated in 4°C overnight. 

 

5.9 Animal experiments 

5.9.1 Maintenance of mice 
The mice were kept in groups of 3 - 8 animals with a 12-hour light-dark rhythm. 

The water was available ad libitum. The creation of the transgenic lines, their 

breeding and keeping took place first at the FEM Unit 2 (Krahmerstr. 12, Berlin). 

The blood and organ harvesting was done at Charite, Forum 4 Berlin.  Juvenile 

and adult animals were killed by craniocervical dislocation. Young animals up to 

the age of 14 (P14) were killed by decapitation. 

 

5.9.2 Spot Urine and blood collection 

Spot urine was collected in newborn mice by bladder stimulation. The urine 

obtained was stored at -20 ° C until analysis. In newborn mice, the whole blood 

was collected directly after decapitation. In adult mice, whole blood was withdrawn 

under ether anesthesia by heart puncture. The whole blood obtained was stored 

in a cool place for 30 min and then the cellular components were separated off by 

centrifugation (10 min, 2000 × g, 4 ° C.). The serum is kept at -20 ° C until use. 

 

5.9.3 Serum Mg2+ Ca2+ measurements  

For Mg2+ measurements, QuantiChrom™ Mg2+ Assay Kit was used according to 

manufacturers' instructions. Briefly, an equal amount of reagent A and B were 

mixed to obtain a working reagent. 5µl or samples and the standard is incubated 

with 200µl working reagent in 96-well plate at RT for 2 min. OD500 was 

measured (refer to ODmg or sample). Then, 10µl EDTA was added to each well 

and OD500 was measured again (refer to ODmgblank and ODblanks).  Mg2+ 

concentration was calculated as: 
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 = ((𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶−𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶)/𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶−𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶) × 𝟐𝟐(𝑶𝑶𝑶𝑶
𝒅𝒅𝒅𝒅

) 

 

1 mg/dL Mg2+ equals 411 μM. 

For Ca2+ measurements, QuantiChrom™ Ca2+ Assay Kit was used according to the 

manufacturers’ instructions. Briefly, Briefly, an equal amount of reagent A and B 

were mixed to obtain a working reagent. 5µl or samples and the standard is 

incubated with 200µl working reagent in 96-well plate at RT for 3 min. OD595 was 

measured and plotted in Microsoft Excel. Ca2+ concentration was calculated as: 

=
𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 −𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂

𝑆𝑆𝑂𝑂𝑆𝑆𝑂𝑂𝑂𝑂 𝑂𝑂𝑚𝑚/𝑑𝑑𝑂𝑂 

1 mg/dL Ca2+ equals 250 μM. 

 

5.9.4 Generation of kidney specific Cnnm2 knockout mice  

Kidney-specific deletion of Cnnm2 was achieved by the combination of 

CRISPR/Cas9 and long single-stranded DNA (lsDNA generation and testing of 

gRNAs were mentioned in 5.3.3 and 5.3.4). The choice of the location of 

guideRNAs and loxP sites were carefully assessed to make sure that they do not 

interrupt the natural expression of the gene. Thus, exon 1 was targeted by two 

selected guideRNA (ACAGCAAAGGTCGTCCGTGA and TCCGGTCAACTCTCATG). 

Ribonucleoprotein (RNP) -lsDNA mixture was delivered to the fertilized mouse 

eggs by pronucleus injection and transplanted to pseudopregnant female mice 

with the help of the FEM animal facility of Charite. Preparation of injection mixture 

was according to manufacturer’s instruction (IDT, USA). Briefly, gRNA was 

assembled by mixing equimolar tracrRNA and crRNA. This mixture was heated to 

95°C for 5 min. Then, each gRNA was mixed with Cas9 protein to form 

ribonucleoprotein (RNP) and incubated at room temperature for 15 min which was 

later combined with lsDNA to make the final mixture (Table 10). The final mixture 

was centrifuged at 16.000g for 2 min to remove impurities.  

 Stock concentration Working 

concentration 

Cas9 protein 3.1µM 0.24µM (40ng/µl) 
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tracrRNA 100µM 0.30µM 

crRNA1 100µM 0.15µM 

crRNA2 100µM 0.15µM 

lsDNA 0.21µM 0.01µM (10ng/µl) 

 

Table 10. Preparation of the lsDNA-RNP mixture  

Around 21 days after pups born, they were genotyped and the ones that carry 

desired allele were further crossed with ksp-cadherin cre line to remove the 

expression in the kidney.   

Following primers are used for genotyping floxed animals. 

C2_lox0_for: GCAGGACTACAGGAGAATCCC 
C2_lox0_rev: TACCCCTGCATGCGGTTC 

 

 
 
 

5.10 Statistics 

To perform statistical analysis experiments are repeated at least three times. 

GraphPad Prism software was used to perform statistical analysis. The test 

performed was stated under each experiment. p < 0.05 was considered 

statistically significant.   
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6. APPENDIX 

6.1 List of figures  

Fig 1. Mg2+ absorption in the thick ascending limb 

Fig 2. Mg2+ absorption in distal convoluted tubule 

Fig 3. Sequence alignment of human CNNMs  

Fig 4. Structure of CNNM proteins 

Fig 5. CNNM2 topology   

Fig 6. Localization of known CNNM2 mutations in man 

Fig 7. Position of HA-tag affects CNNM2 expression and cell viability 

Fig 8. Polarization affects CNNM2 distribution 

Fig 9. CNNM2 localized in the apical surface of MDCK-C7 cells  

Fig 10. Subcellular distribution of CNNM2 is not affected in transfected MDCK-C7 

cells 

Fig 11. Cartoon showing the amino acid sequence of CNNM2  

Fig 12. Different start methionines affects the subcellular distribution of CNNM2 

Fig 13. CNNM2 with different start methionine does not localize in mitochondria 

Fig 14. Precipitation of CNNM2 in MDCK cells stably expressing CNNM2  

Fig 15. Potential candidates after mass spectrometry analysis  

Fig 16. Subcellular distribution of ARL15 

Fig 17. ARL15 interacts with CNNM2 

Fig 18. ARL15 increases total and cell surface expression of CNNM2 

Fig 19. Loss of Cnnm2 causes brain malformation in mice 

Fig 20. Electrolyte measurements of Cnnm2 deficient and wild-type mice 

Fig 21. Localization of CNNM2 in kidney tubules 

Fig 22. Localization of ARL15 in kidney tubules 
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Fig 23. ARL15 colocalizes with CNNM2 possibly in DCT 

Fig 24. ARL15 expression decreased in the brain of Cnnm2-/- embryos 

Fig 25. Generation of kidney-specific deletion of Cnnm2  

Fig 26. Cnnm2fl/fl ksp cre mice do not suffer from hypomagnesemia 

Fig 27. Separation of DNA fragments. 

Fig 28. Cartoon showing the strategy of lsDNA preparation 

Fig 29.  In vitro test digests using gRNA-RNP mixture 

Fig 30. Schematic representation of recombinant PCR 

Fig 31. Representation of the Sandwich method for western blot 

6.2 List of tables 

Table 1. Expression of CNNMs in different organs 

Table 2. Protein localization prediction database TargetP  

Table 3. Reagents and chemicals used in this study 

Table 4. Devices used in this study 

Table 5. Commercial kits used in this study 

Table 6. Enzymes used in this study 

Table 7. First antibodies used in this study 

Table 8. Secondary antibodies used in this study 

Table 9. Typical PCR reaction condition 

Table 10. Preparation of the lsDNA-RNP mixture  
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6.3 List of primers 

Name 5’>3’ sequence  
ARL15_R2 TCACTAACTTGTCATCGTCATCCTTGT 

C2_AFLIII_F CGAACGACGTGTCGTTCAT 

C2_BAMHI_FOR GACTTGGCCTTCGTGGATC 

C2_LOXP2INV GGTAGAATTCATAACTTCGTATAGCATACATTATACGAAGTTATGGTC 

C2_M2_F TAGGCTAGCAAGATGGCGGGCGGGCAG 

C2_M2_R TCCGCTCGCTCACCCGCAGA 

C2_NHEI_REV CGGAGGGAGGGGCGTGCTAG 

CMV-F CGCAAATGGGCGGTAGGCGTG 

CNNM2_IRES_FOR AGTGAAGGCGCCATCTGATTCTAGATATCCTCGAGAATTCCG 

DARL15_FOR ACTGCACTCAGCTCTTCAGC 

DARL15_REV AATCCAGCGTTTTCCACGTG 

DTRPM6_FOR AGAACTGCCCAGCCTTACAA 

DTRPM6_REV TCTCCATGCTGCCAGAAGAA 

IRES_MCHERRY CCCTTGCTCACCATGGTTGTGGCCATATTATCATC 

LINKC2_FOR2 CATGAATGCTAGCAGTAAGCTTTGCA 

LINKC2_REV2 AAGCTTACTGCTAGCATT 

LOXP0_BGLII_BSMI_F AAGGAGATCTGAATGCTGAAATGAGCCCAGAAATC 

M13REV2 GAGTTAGCTCACTCATTAGG 

MCHERRY_F CACAACCATGGTGAGCAAGGGCGAGG 

MCHERRY_F2 TGACGATGACAAGTTAGTGAGCAAGGGCGAGGAG 

MCHERRY_NOTI_REV_ TAAGCGGCCGCTCACTTGTACAGCTCGTCCATGCC 

MCHERRY_REV CGCCCGGGTCGACTCTAGTCGCGATCACTTGTACAGCTCGTCCATG 

MCHERRY_REV_NOTI CAAGCGGCCGCTCACTTGTACAGCTCGTCCA 

MCHERRY_XHOI_R ATTCTCGAGTCACTTGTACAGCTCGTCCATG 

MCNNM2_N112Q_R CACGTCTCTTGGTTGATGTTCTGCCCGTACA 

MCNNM2_N122Q_F AACATCAACCAAGAGACGTGGTCCCGCATCG 

OVERLAP_MCHERRY_F CCAGATTACGCTTTAGTGAGCAAGGGCGAGGAGG 

PCI_C2_HA_FOR ATACGAACGACGTGTCGTTCA 

PCI_C2_HA_MUT_REV TAAAGCGTAATCTGGAACATCATA 

PX_LOXP1_FOR TTTTGCTGGCCTTTTGCTCA 

PX_LOXP1_REV GGCCCTCGAATTCGAGCCATTTGTCTGCAGA 

PX_LOXP2B_FOR ATGGCTCGAATTCGAGGGCCTATTTCCCATG 

PX_LOXP2B_REV TAAGTTATGTAACGGGTACCT 
 

 

 

6.4 Abbreviations 

APS ammonium per sulfate 
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ATP Adenosine Triphsophate 

(k)BP  (kilo)Base pair 

BCA Bicinchoninic acid 

cfu colony forming unit 

CRISPR 

Clustered regularly interspaced short palindromic 

repeats 

cko Conditional knockout 

CT Threshold cycle 

DAPI 4’,6-diamidin-2’-phenylindoldihydrochlorid  

dATP Desoxyadenosintriphosphat 

DCT Distal convoluted tubule 

DMEM Dulbecco’s modified eagle medium 

DMSO Dimethylsulfoxid 

DNA Deoxyribonucleic acid 

DNAse Deoxyribonuclease 

dsDNA Double stranded dna 

DTT Dithiotreithol 

EDTA Ethylenediaminetetraacetic acid 

FHHNC 

Familial primary hypomagnesemia with hypercalciuria 

and nephrocalcinosis 

FCS Fetal calf serum 

GAPDH Glycerinaldehyd-3-phosphat-dehydrogenase  

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

IF Immunoflorescence 

KO  Knockout 

LB Lysogeny broth 

lsDNA Long single stranded dna 

LoxP Locus of x of p1 

MDCK Madin-darby canine kidney 

NaCl Sodium chloride 

PBS Phosphate buffered saline 

PBST Phosphate buffered saline with tween-20 

PCR Polymerase chain reaction 

PFA Paraformaldehyde  
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PT Promixal tubule 

PVDF Polyvinylidendifluorid 

Qpcr Quantitative pcr 

RNA Ribonucleic acid 

RNAase Ribonuclease 

RPM Rounds per minute 

RT Room temperature 

SD Standard deviation 

SDS-PAGE  

Sodium dodecyl sulfate polyacrilamide gel 

electrophoresis 

SDS Odium dodecyl sulfate 

SNP Single-nucleotide polymorphism 

SOC Super optimal broth with carbon 

TAE Tris acetic acid EDTA 

TAL Thick ascending limb 

TBE Tris borate EDTA 

TBS Tris buffered saline 

TBST Tris buffered saline with tween-20 

TE Buffer Tris EDTA buffer 

TEMED N,n,n',n'- tetramethylethylendiamin  
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