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ABSTRACT

Mutations in the Melanoma-Associated Antigen D2 (MAGEDZ2) cause antenatal
Bartter syndrome type 5 (BARTSS). This rare disease is characterized by perinatal loss
of urinary concentration capability and large urine volumes. The underlying molecular
mechanisms of this disease are largely unclear. Here, we study the effect of MAGED2
knockdown on kidney cell cultures using proteomic and phosphoproteomic analyses.
In HEK293T cells, MAGED2 knockdown induces prominent changes in protein
phosphorylation rather than changes in protein abundance. MAGED?2 is expressed in
mouse embryonic kidneys and its expression declines during development. MAGED2
interacts with G-protein alpha subunit (GNAS), suggesting a role in G-protein coupled
receptors (GPCR) signalling. In kidney collecting duct cell lines, Maged2 knockdown
subtly modulated vasopressin type 2 receptor (V2R)-induced cAMP-generation
kinetics, rewired phosphorylation-dependent signalling, and phosphorylation of CREB.
Maged?2 knockdown resulted in a large increase in aquaporin-2 abundance during
long-term V2R activation. The increase in aquaporin-2 protein was mediated
transcriptionally. Taken together, we link MAGED?2 function to cellular signalling as a
desensitizer of V2R-induced aquaporin-2 expression.



1. Introduction

“‘Bartter syndrome” is a medical term for a group of rare inherited kidney
disorders. Patients with Bartter syndrome show a loss of urinary concentration
capability due to loss of function of renal transporters or channels in the kidney
nephron. This forces them to excrete large volumes of urine every day, posing a
potentially life-threatening condition. Commonly observed are salt wasting, electrolyte
disturbances, polyuria, hypotension, decreased quality of life, and potentially end stage
renal disease. The condition requires life-long symptomatic treatment [1-7]. Mutations
in the Melanoma-Associated Antigen D2 (MAGED?2) cause Bartter syndrome type 5
(BARTSS5) (OMIM#300971) [8]. Compared to other forms of Bartter syndrome, the
BARTS5 type presents around birth, and shows severe polyhydramnios in utero with
an increased risk for premature delivery and perinatal mortality. Salt loss and large
urinary volumes can persist into the postnatal period for months [8, 9]. In contrast to all
other forms of Bartter syndrome, BARTS5 is inherited X-linked and resolves
completely [8]. In a recent cohort, 10% of antenatal Bartter syndromes had pathogenic
MAGED2 mutations [9]. In addition, MAGED?Z2 is ubiquitously expressed and has been
linked to development [10, 11].

It is unclear how MAGED2 participates in the regulation of kidney
transport functions. In our initial studies, kidney tubules of the sodium transporters
NKCC2 and NCC were decreased in available kidney sections from one diseased
foetus [8]. Moreover, knockdown of MAGED?2 in HEK293T cells overexpressing the
co-transporters led to impaired maturation (glycosylation) of NKCC2 and NCC in vitro
[8]. However, the precise molecular mechanisms underlying MAGEDZ2 associated
Bartter syndrome could not be explained so far. Previously, we also showed via
interactome analyses that wild-type (WT), but not the recurrent missense variant
R446C, interacts with the stimulatory G-protein alpha subunit (GNAS) [8]. GNAS
associates with G-protein coupled receptors and mediates signals from the cell surface
to intracellular effectors via cAMP-dependent signalling pathways [12]. Activation of a
Gs-a-coupled transmembrane receptor activates downstream effectors such as
adenylyl cyclase, which in turn catalyses the transformation of ATP to the second
messenger cAMP [13]. Increasing cAMP levels [14] and the activation of specific
cAMP-dependent pathways[15, 16] are crucial for proper kidney development and
function. In addition to these finding, Maged2 physically interacts with p53 and
regulates cell cycle [17]. MAGED2 has also been recognized as a diagnostic marker
in cancer [18, 19].

The aim of this study was to further analyse the signalling of MAGED2 in its
ability to modulate G-protein coupled receptor signalling in a cell culture model of the
distal nephron. As a model system, we chose HEK293T cells and mouse collecting
duct cells (mpkCCD), a cell line derived from the distal tubule that responds to
vasopressin and aldosterone without further manipulation [20, 21]. We chose this cell
line because a thick-ascending limb cell-line with endogenous NKCC2 and NCC
protein expression is currently not available [22, 23].


https://www.omim.org/entry/300971

2. Methods
2.1 Cell culture

HEK293T cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% FCS in an incubator at 37°C with 5% CO:.
Mouse collecting duct principal (mpkCCD) cells were maintained in a 1:1 mixture
of Dulbecco’s modified Eagle’s medium and Ham’s F-12 Nutrient Mixture (DMEM-F12)
containing 5 ug/ml insulin, 50 nM dexamethasone, 1 nM triiodothyronine, 10 ng/ml
epidermal growth factor, 60 nM sodium selenite, 5 pg/ml transferrin and 2% bovine
serum in an incubator at 37°C with 5% CO2 [21].

For experimental procedures the cells were seeded on permeable filters
(Transwell permeable supports, 0.4 ym pore size, 24 mm diameter, Corning Costar)
until confluency and polarization. Vasopressin treatment schemes were according to
previously published studies [20, 24]. Long-term treatment was performed with 1 nm
of the stable and V2-specific agonist 1-deamino-8-D-arginine vasopressin (ADAVP) for
72 hours with daily changes of the medium for induction of aquaporin 2 (AQP2)
expression. Short-term treatments also included an initial long-term treatment of the
cells with 1 nm dDAVP over a period of 72 hours with a subsequent dDAVP withdrawal
phase of 6 hours followed by short-term incubation with 1 nm dDAVP for 30 minutes.
dDAVP treatments were performed in the absence of supplements and growth factors.

2.2 siRNA and transfection

Endogenous MAGED2 expression was knocked down in HEK293T cells with a
mixture of MAGED?2 siRNAs (1: GGACGAAGCUGAUAUCGGA, 2:
GCUAAAGACCAGACGAAGA, 3: AGGCGAUGGAAGCGGAUUU, 4:
GAAAAGGACAGUAGCUCGA; Dharmacon). As a control, scrambled control siRNA
was used (UGGUUUACAUGUCGACUAA, Dharmacon). For this purpose, 30 pmol of
either siRNA were transfected in HEK293T cells with Lipofectamine 2000 according to
the manual and the cells were incubated at 37°C for 48 hours. The cell pellets were
then used for the proteome and phospho-proteome analyses.

2.3 shRNA and generation of stable cell lines

The shERWOOD algorithm was utilized
(http://sherwood.cshl.edu:8080/sherwood) to predict efficient shRNA sequences[25].
The hairpin sequences targeting MAGED2 (mMageD2_shERWOOD-no3:
GCTGTTGACAGTGAGCGAAACTGGGACGAAGCTG
ATATATAGTGAAGCCACAGATGTATATATCAGCTTCGTCCCAGTTGTGCCTACTG
CCTCGGA; mMageD2_shERWOOD-no4: TGCTGTTGACAGTGAGCGAACCTACCA
CACAGCTGAGTGATAGTGAAGCCACAGATGTATCACTCAGCTGTGTGGTAGGTG
TGCCTACTGCCTCGGA) and the control hairpin sequences targeting the renilla
luciferase (TGCTGTTGACAGTGAGCGCAGGAATTATAATGCTTATTGCTGTTGACA
GTGAGCGCAGGAATTATAATGCTTATCTATAGTGAAGCCACAGATGTATAGATAA
GCATTATAATTCCTATGCCTACTGCCTCGGA) were amplified by PCR and sub-
cloned into a modified PiggyBac PB-CMV-GreenPuro-H1-MCS shRNA Expression
vector (Systembio, Cat. No. PBSI50A-1). All constructs were verified by sequencing.

To generate stable cell lines that express the hairpins mpkCCD cells were
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transfected with the hairpin constructs and the PiggyBac Transposase vector (pCMV
hyPase). Selection with 2 pg/ml puromycin was started 48 hours after transfection.
Knockdown efficiency was determined by mMageD2 gPCR (mMAGED2 fp: 5'-
GAGAGGGACTGAGAGGAGCA; mMAGED2 rp: 5- CCACTCTCGCTTGTGTCAGA)
using mACTB (fp: 5° - aag agc tat gag ctg cct ga; rp: 5° - tac gga tgt caa cgt cac ac)
and mHPRT1(fp: 5" - gct gac ctg gat tac at; rp: 5°- ttg ggg ctg tac tgc tta ac) as
housekeeping genes as well as Western blot analysis.

2.4 Mouse embryonic kidneys

All animal procedures were performed in accordance with European (EU directive
86/609/EEC), national (TierSchG), and institutional guidelines and were approved by
local governmental authorities (LANUV NRW, AZ 84-02.04.2013.A152). All
experiments were performed in compliance with the ARRIVE guidelines[26]. The mice
were housed according to the standardized specific pathogen-free conditions in the
animal facility of the University of Cologne. Newborn and embryonic mice were
sacrificed by decapitation and pregnant mice were sacrificed by cervical dislocation
after removing all embryos under deep narcosis. Tissue was processed by snap
freezing in tissue embedding compound (Tissue-Tek O.C.T., Sakura).

Genotyping for sex determination was performed by amplifying the Y-chromosome-
specific SRY gene using the primers SRY-fp (5'-tgg gac tgg tga caa ttg tc-3') and SRY-
rp (5'-gag tac agg tgt gca gct ct-3'). IL3 was amplified in parallel as internal PCR control
using the primers IL3-fp (5'-ggg act cca agc ttc aat ca-3') and IL3-rp (5'- tgg agg aag
aaa agc aa-3").

2.5 Antibodies

The following primary antibodies were used for the Western Blot experiments in the
indicated dilution: anti-HA (Roche; rat; 11867423001; 1:2,000), anti-FLAG (Sigma-
Aldrich; mouse; F1804; 1:20,000), anti-MAGED2 (a gift by Olivier de Backer; rabbit;
1:1,000), anti-AQP2 (Alomone; rabbit; AQP2-002; 1:2,000), anti-pCREB (Ser133) (Cell
Signaling, rabbit; 87G3; 1:1,000), anti-CREB1 (Santa Cruz; mouse; Sc-377154;
1:1,000), anti-p-p44/42 MAPK (Thr202, Tyr204/Thr185, Tyr 187) (Cell Signaling;
rabbit; D13.14.4E; 1:1,000), anti-p44/42 MAPK (Cell Signaling; rabbit; 9102; 1:1,000)
and pAQP2 (Ser256) (PhosphoSolutions; rabbit; 1697; 1:1,000). The following
secondary antibodies were used in the indicated dilutions: HRP-coupled goat anti
mouse (Santa Cruz; Sc-2005; 1:10,000), HRP-coupled goat anti-rabbit (Santa Cruz;
Sc-2004; 1:10,000) and HRP-coupled goat anti-rat (Santa Cruz; Sc-2006; 1:10,000).

2.6 Immunoblotting

HEK293T and mpkCCD cells grown on permeable filters were lysed with a
buffer containing 0.25% or 4% SDS, respectively. Subsequently, the protein lysates
were mechanically shredded by use of Qiagen shredder columns and denaturated by
incubation at 96°C for 10 minutes in 4x Laemmli sample buffer from Bio-Rad containing
10% mercaptoethanol. 10 ug of the protein samples were then separated on a 12%
SDS-PAGE gel using the Mini-PROTEAN Tetra cell system from Bio-Rad. Transfer of
the proteins from the gel to a nitrocellulose membrane occurred with the Trans-Blot
Turbo Transfer system from Bio-Rad. The blots were then blocked with 5% BSA or

5



milk in Tris-buffered saline with Tween-20 (TBST) for one hour at room-temperature.
After the blocking the membranes were incubated with the first antibody in blocking
buffer at 4°C overnight. After three washing steps with TBST, treatment with the
peroxidase-conjugated secondary antibody followed which occurred in TBST for 45
minutes at room-temperature. The peroxidase reaction was induced by using the
Clarity Western ECL Substrate and the blots were then developed in the chemidoc
XRS from Bio-Rad.

Densitometric quantification was determined with Image Lab from Bio-Rad.
Statistical analysis was performed with Excel from Microsoft and Prism 7.03 from
GraphPad using a Dunnetts test with Tukeys post-test or t-test as indicated in the figure
legends.

2.7 cAMP assay

Direct cAMP concentrations in short-term treated mpkCCD cells were measured
with a commercially available ELISA kit (R&D Systems, KGE002B) according to the
manufacturer’s instructions. In brief, one confluent well of a 6 well transwell plate was
diluted 1:10 and lysate (in the lysate buffer provided by the manufacturer) was used as
an input for the analysis. The assay was performed exactly as indicated by the
manufacturer’s instructions. The data were acquired using a PerkinElmer plate reader.

2.9 gPCR analyses

Total RNA was isolated from long-term treated mpkCCD cells by using the
RNeasy Mini Kit from Qiagen according to the manual. The RNA was then used as
template for quantitative PCR (qgPCR) analysis with the Power SYBR Green RNA-to-
CT 1-Step Kit to analyse changes of the expression in long-term treated mpkCCD cells.
The quantification was performed by using the AACt method with a normalization of
the resulting cycle threshold (Ct) values on the basis of actin mMRNA. Fold changes
were indicated as changes of MRNA expression levels in relation to the vehicle treated
control.

2.10 qPCR primers

The following primer pairs were used for the qPCR analyses: Maged2 (fp: 5°-
GAGAGGGACTGAGAGGAGCA, rp: 5'- CCACTCTCGCTTGTGTCAGA), Actb (fp: 5°
- AAG AGC TAG GAG CTG CCT GA, rp: 5 - TAC GGA TGT CAA CGT CAC AC),
mHPRT1 (fp: 5 - GCT GAC CTG GAT TAC AT, rp: 5-TTG GGG CTG TACTGC TTA
AC), Slc12a1 /Nkcc2 (fp: 5°- TGG CGT GGT CAT AGT CAG AA, rp: 5- GCC AAT
CTC TCC TGT TCC AG), SIc12a3/Ncc (fp1: 5°- GCT TCT TTG GCA TGT TCT CC,
rp1: 5°- TCC AGA AAA TGG CCA TGA GT), Agp2 (fp: 5°- CCT CCA TGA GAT TAC
CCC, rp: 5- GGA AGA GCT CCA CAG TCA CC), Actb (fp2: 5' - CTG GCT CCT AGC
ACC ATG AA, rp2: 5’ - AGC TCA GTA ACA GTC CGC CTA), V2R (fp: 5 - GTG TCT
ACC ACG TCT GTG CC, rp: 5’ - CAA GGC CAC AGC CAC AAA AA) and EnAC (fp:
5 — GCA GGC CAC CAACATCTT CT, rp: 5 — TAG GCG TGA AGT TCC GAT GAC).



2.11 Sample preparation for proteomics and phosphoproteomics

Sample preparation for phosphoproteomics was performed as previously
described [24, 27]. In brief, mpkCCD or HEK293T cells were lysed using 8M urea and
50mM ammonium bicarbonate. Protease and phosphatase inhibitor cocktail (1x,
Pierce) had been previously added in the lysis buffer. Proteins were reduced using
10mM DTT for 1h at room temperature and alkylated using lodoacetamide, 40mM for
1h in the dark. Then, urea was diluted to less than 2M, and 1:100 trypsin was added
to the mix and proteins were digested for 16h on a shaker. After desalting, 800ug of
digested peptides were subjected to phosphopeptide enrichment using IMAC Fe-NTA
columns (Thermo fisher). Eluted peptides were cleaned up using stage tips [28].
Sample preparation for proteomics was performed using an in-solution digestion as
described above, followed by stage tips. The replicates are biological replicates.
Peptides were separated using a reverse phase separation using a nLC followed by
analysis on a Q Exactive plus mass spectrometer essentially as previously described
[29]. One technical run per sample was performed. Overall, 5 replicates were
performed for HEK293T cells and n=3 for mpkCCD cells. The raw data of the study
are available as PRIDE/ProteomExchange ID PXD005801, PXD008062 and
PXD008059 [30, 31].

2.12 Proteomics data processing

Dataset was processed using MaxQuant v 1.5.1.3[32] and were subsequently
analysed using Perseus v.1.5.5.3 [33]. The Label free quantification (LFQ) option in
MaxQuant was enabled. LFQ Data were log2 transformed, and both contaminants and
reverse proteins were filtered out. Effect sizes (log2 dDAVP/control) were plotted
against each other in both cell lines. Analysis similar to significance in microarrays by
Tusher et al. was performed to determine significantly changed proteins using the
given thresholds [34]. Motif analyses were performed using icelogo [35].

2.13 Phosphorylation network analysis

Based on the effect size data, the differential phosphorylation (dDAVP vs.
control) was computed by fitting a linear model for each site for both conditions. The
corresponding t- and p-values were obtained by using the empirical Bayes method with
R’s ‘limma’ package v3.34.9 [36]. Phosphorylation network analysis was performed
with the PHONEMEeS tool using the obtained log2 fold-changes (FC) from the MAGED2
knockdown and control cell lines against a kinase-substrate network obtained from
OmniPath (November 2017)[37, 38]. In order to study the downstream phosphorylation
signalling of V2R upon stimulation, PKA was regarded as the most direct effector
kinase (GPCR -> AC -> cAMP -> PKA) and source of the perturbation for the analysis.
The effect size of a given phosphorylation site was considered significant if its value
was at least 1.5 times higher or lower than the median FC and p-value below 0.2. The
resulting networks were plotted using Cytoscape v3.5.1. The scripts for the analysis
can be found in the following repository:
https://github.com/saezlab/MAGED2_phospho.



3. Results

3.1 MAGED2 is expressed in the mouse kidney in early embryonic stages

To investigate the role of MAGED?2 in the developing kidney we analysed its
expression in mouse embryonic tissue during development. mMRNA expression
analysis showed high Maged2 mRNA levels at stage E14.5 and a decrease at stage
E18.5 and at birth (Fig. 1A). The mRNA level of Maged?2 was not significantly different
between male and female mice (Fig. S1) despite its genomic localization on the X
chromosome. Concurrent with decreased Maged?2 expression, the relative expression
of the essential renal transport proteins Sic12a3 (NCC), Sic12a1 (NKCC2) and Agp2
increased during renal development (Fig. 1B).

3.2 MAGED?2 is a putative regulator of G-protein coupled receptor signalling

MAGED?2 is endogenously expressed in HEK293T cells (Fig. 2A). To investigate
functions of MAGED2 in HEK293T cells, we performed proteomic analysis of HEK293T
cells with and without MAGED2 knockdown using siRNA. Western Blot and initial
proteomic analysis confirmed successful knockdown of MAGEDZ2 after 48h with a
residual MAGED2Z expression of approximately 11.6% (SD=2.4%) in the siRNA treated
sample (Fig. 2A and 2B). Surprisingly, statistical analyses revealed no other proteins
being differentially expressed in the MAGEDZ2 knockdown cells in comparison to the
controls. To investigate effects of the MAGEDZ2 knockdown that are mediated on a
posttranscriptional level, phosphoproteomic analysis was performed with the same
cells (Fig. 2C). In contrast to the proteome data, these results showed strong
alterations of the phosphorylation status within the cells. In particular, a perturbation of
basophilic kinase associated phosphorylation motifs was observed (Fig. 2D and 2E).
Phosphorylation changes induced by the MAGEDZ2 knockdown were larger than
proteome alterations (Fig. 2F). These findings are consistent with a role of MAGED2
on the posttranslational signalling landscape. This suggests that MAGED2 is a
modulator of signalling processes rather than a direct regulator of protein expression.

Previous studies from our and other groups showed an association of MAGED?2
with the small G-protein Gsalpha (Gene symbol: GNAS) and therefore a potential role
in G-protein coupled receptor signalling [8, 39]. We mined dynamic G-protein coupled
receptor interactome datasets to corroborate this hypothesis. Paek et al. [40] used
ascorbate peroxidase-catalysed proximity labelling (APEX) to trail GPCR signalling in
living cells: in this dataset, MAGED2 was found as a protein associated with the
angiotensin Il type 1 receptor (Fig. 2G) as well as the 2 adrenergic receptor (Data not
shown). These studies suggest a modulating effect of MAGED2 on GPCR signalling.

3.3 MAGED2 modulates short-term V2R dependent signalling in mpkCCD cells

The interaction of MAGED2 with GNAS suggests a role of MAGEDZ2 in cAMP-
dependent signalling pathways. For these reasons, we chose the mouse cortical duct
cell line mpkCCD for subsequent experiments. This kidney cell line is sensitive to
vasopressin (dDAVP) exposure with physiological concentrations. The stable
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vasopressin-analogon dDAVP activates the GPCR AVPR2, which leads to an increase
in intracellular cAMP. This results in protein kinase A dependent phosphorylation and
trafficking of AQP2 (short-term exposure) and increased transcription/translation of
AQP2 (long-term exposure)[20]. Each short-term exposure is preceded by a long-term
exposure followed by a dDAVP starvation in order to accomplish a sufficient amount
of the proteins involved in the AQP2 pathway.

To investigate the role of MAGED2 in the cAMP-dependent pathway, we
generated cell lines with stable knockdown of Maged?2 in mpkCCD cells (Fig. 3A and
3B). To measure changes of cCAMP levels due to Maged?2 knockdown, we performed
cAMP-assays with these cells. After dDAVP treatment cAMP levels were measured
after 2 minutes, 30 minutes and 120 minutes. There was an increase of cAMP after 2
minutes and a subsequent decrease until 120 minutes in the control cells, and this
curve was steeper after Maged2 knockdown. There was a higher increase in cAMP
levels after 2 minutes followed by a decrease with significantly lower cAMP levels after
30 minutes in the Maged?2 knockdown cells. After 120 minutes the cAMP levels in all
samples decreased to a similar level (Fig. 3C).

A target of increased cAMP levels is the protein cAMP response element-
binding protein (CREB). This transcription factor is activated upon phosphorylation by
several putative kinases including protein kinase A (PKA) and protein kinase C
(PKC)[41]. We performed short-term treatment of mpkCCD cells with dDAVP for 30
minutes. While there was an increase of pCREB in the vehicle treated control cells with
functional MAGEDZ2, this increase was significantly less (or partly reversed) in the
Maged?2 knockdown cells (Fig. 3D). Previous studies also showed that vasopressin
treatment decreases phosphorylated ERK activity in the same cell line[24]. Consistent
with these findings, pERK levels decreased upon dDAVP treatment comparably (Fig.
3E), indicating a complex role of MAGED2 in cAMP dependent signalling.

To further analyse the mechanism, we used phosphoproteomic analysis using
a label-free approach. In total, 12456 phosphorylation sites were identified after
filtering. Quantitative statistical analyses, including correction for multiple testing were
performed. First, we analysed the regulated phosphorylation motifs of vasopressin-
dependent signalling in our MagedZ2 knockdown cells vs controls. No overt switch in
vasopressin-induced phosphorylation patterns was observed (Figure 3F,G). After
annotation of phosphorylation sites that are linked to function, the data revealed subtle
alterations in the Maged?2 vs. control samples (black dots), but none of them reached
significance. The overall fraction of basophilic sites was reduced in dDAVP treated
cells with Maged?2 depletion (Fig. 3F, G and H). In total, overlap between statistical
induced phosphorylation sites in Maged2 and control was less than 10%, suggesting
complex rewiring of signalling.

To further model this, we performed additional computational analyses using
the PHONEMeS tool (PHOsphoproteomic NEtworks for Mass Spectrometry) [38]. This
algorithm investigates changes in phosphorylation upon perturbation against a
background kinase-substrate network, allowing to annotate and model signalling
patterns. These data suggested potential rewiring of various non-canonical GPCR-
associated pathways (Fig. S2). Comparison of the results between control and
MAGED2 knockdown cells showed some alterations in several pathways including
AKT/mTOR, ERK, JNK and CDK-related pathways. Therefore, we conclude that
modulation of the downstream phosphoproteome of short-term vasopressin signalling
was observable, yet with only subtle inhibition of cCAMP response.



3.4 MAGED2 modulates long-term V2R dependent signalling in mpkCCD cells

While short-term dDAVP treatment of mpkCCD cells leads to cAMP-dependent
phosphorylation processes of AQP2, long-term dDAVP treatment presumably acts on
a transcriptional program dependent on protein kinase A[42]. To analyse the
consequences of Maged2 knockdown in this context, we treated mpkCCD cells with
dDAVP over a time span of 72 hours. Proteome analysis revealed an enrichment of
the proteins MED14 and AQP2 in both the Maged?2 knockdown and control cells after
dDAVP treatment. However, the vasopressin induced abundance of both proteins was
significantly higher in the knockdown cells than in the control cells (Fig. 4A). Analysis
of mMRNA expression confirmed that this finding was due to changes on the
transcriptional level (Fig. 4B) like an increased AgpZ2 transcription or a decreased Aqp2
mMRNA turnover. Also, Western Blot analyses of long-term treated mpkCCD cells with
dDAVP showed a significant higher increase of AQP2 protein in the Maged?2
knockdown cells compared with the control cells confirming this finding (Fig. 4C). As a
result of this elevated total AQP2 protein amount, we could also observe an increase
of phosphorylated AQP2 in long-term treated mpkCCD cells in a subsequent short-
term stimulation (Fig. S3). Maged2-dependent changes of Avpr2 (V2R) and Scnn1b
(B-subunit of EnAC) mRNA expression after dDAVP treatment were not observed (Fig.
S4 and S5).
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4. Discussion

Rare genetic diseases offer a unique window to understand human physiology
and tackle disease. Bartter syndrome leads to huge urinary volumes due to lack of
urine concentration. The widely-used diuretic drugs furosemide and thiazide target the
gene products mutated in some forms of Bartter syndrome, viz. Slc12a1 (NKCC2), and
Slc12a3 (NCC). Given this clinical relevance, it is even more important to understand
the molecular mechanisms of a recently emerged form of Bartter syndrome, Bartter
syndrome Type 5. MAGED2 mutations form a novel disease entity, Bartter syndrome
type 5, BARTSS (OMIM#300971), as confirmed by other groups [9, 43]. Despite its
recent discovery, they account for a substantial proportion of unresolved cases and
approximately constitute 10% of all Bartter syndrome cases [9]. MAGED2 is not a
transporter or channel, and little is known about the physiological role of MAGED2 in
kidney cells. Here, we followed the new hypothesis that MAGED2 has a signalling role
on proteome level.

In this study, we performed first proteome-based exploratory experiments to
understand MAGED2 function. Exploratory proteomics studies in HEK293T suggested
that MAGED?2 is capable of altering phosphorylation patterns. More detailed proteomic
and phosphoproteomic studies were then performed in mpkCCD. These cells offer
several advantages: First, it is a polarized collecting duct cell line that expresses
MAGED2 endogenously [44]. Second, the mpkCCD cells are a well-established model
for vasopressin signalling [45] and the cell line responds to physiological
concentrations of dDAVP. These cells exhibit a cAMP-coupled short-term response as
well as a cAMP-independent long-term response [20, 24] with subsequent aquaporin-
2 expression. The cells do not increase phosphorylation of the site Aquaporin-2 site
Ser256 in response to vasopressin [20]. To our knowledge, there are no other cell lines
available with endogenous expression of a GNAS-coupled GPCR, or other
transporters involved in solute homeostasis.

We observed that Maged2 knockdown affects both short-term and long-term
vasopressin-dependent signalling. Short-term treatment of the mpkCCD cells with
dDAVP revealed that Maged2 knockdown affected cAMP level kinetics as well as the
amount of the phosphorylated target protein CREB. This suggests an altered AVPR2
response to dDAVP treatment. Our main finding, however, was a strong increase in
Agp2 mRNA levels and protein expression in the MAGED2 depleted cell lines in
response to long-term dDAVP treatment, while the mRNA expression of the 3-subunit
of ENaC as another vasopressin-controlled channel protein, did not increase. Also, we
could not observe an altered increase of Avpr2 (V2R) expression in the Maged2
depleted cells, which as GPCR influences intracellular cAMP levels. One explanation
for this could be the increased expression of MED14 as observed on protein level. This
protein depicts a subunit of the mediator complex that plays an important role as
mediator of transcription factors and RNA polymerase Il [46]. It is also regulated by
vasopressin treatment and translocates in the nucleus [46, 47]. Therefore, it could
activate transcriptional processes that increase the vasopressin-induced AQP2 levels
in Maged?2 knockdown mpkCCD cells (Fig. 4B). This is consistent with the finding that
each mediator subunit protein regulates the expression of a definite subset of genes
and not the entire process of transcription [46]. In addition, MED14 is part of a known
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vasopressin-response complex in this cell culture model[47], and AQP2 is one of the
most strongly induced transcripts and proteins in this cell culture model.

The dataset presented here can also be used to generate novel hypotheses
regarding the effect of MAGED2 on cell physiology, especially in the context of AQP2
regulation. Several transcription factors have been linked to the expression of AQP2,
including EIf3 (Ets), Jun, Gata, NFAT transcription factors and others [20, 48-50]. It will
be of importance to investigate whether MAGEDZ2 modulates its activity, especially
since some of these transcription factors are also involved in the control of other salt
transporters[51]. The present literature already demonstrates functional MAGED2
interactions with some stress response transcriptional genes. In human cancer cells
MAGED?2 interacts with the transcriptional factor tumour suppressor protein p53 and
impairs its transcriptional ability [17]. MAGED2 knockdown also increased the
transcription of p53 itself [52]. It also negatively regulates the expression of tumour
necrosis factor-related apoptosis-inducing ligand (TRAIL) death receptor 2 (TRAIL-R2)
and saves cancer cells from TRAIL-induced apoptosis [46].

The phenotype of an increased AQP2 abundance in Maged2 depletion
observed here in vitro would lead to an increased reabsorption of water resulting in
hyponatremia in vivo. Hyponatremia has been described in the patients in the initial
cohort [8, 9], and is anecdotally observed in patients with Bartter syndrome [53].
However, fluid resuscitation [54] in clinical practice can potentially contribute to this
phenotype [8, 9, 20]. To answer how loss of MAGED2 during kidney development
induces alterations to physiological processes or if AQP2 abundance plays a protective
role in the course of the disease and contributes to its transient character, will further
have to be studied in vivo or in organoids. In addition, we observed some perturbations
of b-Arrestin mediated signalling pathways such as AKT (Fig. S2), but we were not
able to systematically investigate the role of MAGED2 in b-Arrestin mediated
signalling. B-Arrestin modulates a large fraction of GPCR dependent processes [55].
For instance, GNAS and b-Arrestin complexes mediate long-term sustained GPCR
signalling [56]. It will be of interest to further dissect the interplay between these
signalling relays in the future. We hypothesize that MAGED2 may be an overall
desensitizer of outside-in signalling. Consistent with this are the slightly altered cAMP
kinetics (Fig. 3C) and, notably, the stronger expression of AQP2. We suggest that this
process could also be PKA-independent [57].
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5. Conclusions

In conclusion we report that MAGED2 regulates vasopressin-induced protein and
phosphorylation patterns in a kidney collecting duct cell line and provide a broad
resource for further studying MAGED2 actions in development and disease.
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Figure 1. MAGED2 is expressed in the distal part of the mouse nephron in early
embryonic stages. (A) gPCR analysis of Maged2 mRNA expression in murine embryonal
tissue at the indicated embryonic stages. P<0.05 in one-way ANOVA followed by Tukey’s post
test for E14. vs newborn. (B) qPCR analyses of the mRNA expression of the crucial
transporters NCC, NKCC2 and AQP2 of murine embryonic tissue at the indicated embryonic
stages. *P<0.05 in one-way ANOVA followed by Tukey’s post test.

Figure 2. MAGED?2 is a putative regulator of G-protein coupled receptor signalling. (A)
Western Blot analysis of MAGED2 in HEK293T cells treated with either scrambled (scr) control
siRNA or MAGED2 siRNA. Beta Actin is used as loading control. (B) Proteome analysis of
HEK293T cells after treatment with MAGED2 siRNA in comparison to scrambled siRNA
treated control cells. Each dot represents a protein. Only the expression of MAGED2 was
significantly altered (FDR = 0.05).

(C) Phosphoproteome analysis of the same HEK293T cells as in B after treatment with
MAGED?2 siRNA in comparison to control cells. Each dot represents a phosphorylation site.
Known PKA phosphorylation are labelled with their gene symbol. (D) Characterization of the
altered phosphorylation motifs by classifying motifs as basophilic or not (based on presence
of R or K at the -3 position). Here was an overrepresentation of basophilic motifs in the
phosphorylation sites decreased by MAGED2 knockdown. Fisher's exact test p<0.001. (E)
Sequence logos showing overrepresented phosphorylation motifs increased and decreased in
HEK293T cells after MAGED2 siRNA treatment. (F) Scatterplot indicating MAGED2 siRNA-
induced changes in phosphoproteome (y axis) and proteome (x-axis) in HEK293T cells.
Phosphorylation sites are more strongly affected by MAGED2 siRNA. (G) Reanalysis of
published proteins in proximity to AT1R-APEX after angiotensin Il treatment at two different
time points [40]. MAGED?2 is recruited to AT1R after 21 minutes.

Figure 3: MAGED2 modulates short-term V2R dependent signalling in mpkCCD cells.
(A) RT-gPCR analysis of MAGED2 mRNA expression in MAGED2 hp and control cells.

(B) Western Blot analysis of MAGEDZ2 protein abundance in mpkCCD MAGED2 hp and control
cells. Actin served as loading control. (C) Time course of cAMP levels in mpkCCD cells after
1 nM dDAVP treatment at the indicated time points. *p<0.05 in a two-tailed t-test, n=3 (hairpins)
or 4 (control). (D) Western Blot analysis of pPCREB in mpkCCD cells after short-term treatment
with 1 nM dDAVP for 30 minutes. The short-term exposure was preceded by a long-term
exposure followed by a 6h dDAVP starvation. For the quantification, the pCREB level was
normalized with the corresponding total CREB level signal and the logarithmic ratio of dDAVP
treated to untreated sample was plotted (n=5; *P < 0.05, in a paired two-tailed t-test). (E)
Western Blot analysis of pERK in mpkCCD cells after short-term treatment with 1 nM dDAVP
for 30 minutes. The short-term exposure was preceded by a long-term exposure followed by a
6h dDAVP starvation. For the quantification, the pERK level was normalized with the
corresponding total ERK level signal and the logarithmic ratio of dDAVP treated to untreated

sample was plotted (n=5; one - way ANOVA, Dunnett's multiple comparison test). (F)
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Scatterplot of phosphorylation sites perturbed by dDAVP in MAGED2 hp versus control cell
lines. Density is coded by colour. Overall, a moderate correlation of vasopressin induced
phosphorylation in hp and control cells is observed (R=0.25). Black: known PKA
phosphorylation sites. (G) Sequence logos showing overrepresented phosphorylation motifs
increased and decreased in MAGED2 hp and control mpkCCD cells after short-term dDAVP
treatment. (H) Characterization of the increased phosphorylation motifs by classifying motifs
as basophilic or not (based on presence of R or K at the -3 position). Fraction of basophilic
sites was reduced in MAGED2 hp cells (p=0.03 in Chi-Square test).

Figure 4: MAGED2 modulates long-term V2R dependent signalling in mpkCCD cells. (A)
Proteome analysis of mpkCCD hp and control cells after long-term (72h) dDAVP treatment.
Each dot represents a protein and its ratio of ddAVP/vehicle in the respective cell lines.
Aquaporin-2 and Med14 were significantly increased in MAGED2 hp cells after dDAVP
treatment (n=3 replicates). (B) AQP2 mRNA expression in mpkCCD cells after 72 hours of

dDAVP treatment (n=3; **P<0.01; ***P<0.001; one - way ANOVA, Dunnett's multiple
comparison test). (C) Western Blot analysis of AQP2 protein in mpkCCD cells after 72 hours
of dDAVP treatment. (n=3; ****P<0.0001; one - way ANOVA, Dunnett's multiple comparison
test).

Figure S1. gPCR analysis of MAGED2 protein in murine embryonal tissue at the indicated
embryonic stages and discriminated between male and female.

Figure S2. Analysis of the phosphoproteomic data concerning differences in the
phosphorylation networks between control and hp cells obtained from PHONEMeS[38]. The
red-bordered square nodes represent significantly perturbed phospho-sites. Green-filled and
yellow-filled nodes both represent proteins that are found in both networks, whereas the yellow-
filed nodes have different phosphorylation sites. Considerable network rewiring can be
observed.

Figure S3. Western Blot analysis of pAQP2 in mpkCCD cells after short-term treatment with 1
nM dDAVP for 30 minutes. A long-term treatment of 72 hours and a subsequent starvation
without dDAVP for 6 hours preceded this procedure to gain sufficient protein levels of total
AQP2. For the quantification the pAQP2 signals were normalized with their corresponding
unphosphorylated signal and illustrated as a scatter plot of the mean of the logarithmic relation
of treated sample to untreated sample and the SD (N=4; one - way ANOVA, Dunnett's multiple

comparison test).

Figure S4. Scnn1b mRNA expression in mpkCCD cells after 72 hours of dDAVP treatment
(n=3; one - way ANOVA, Dunnett's multiple comparison test).

Figure S5. Avpr2 mRNA expression in mpkCCD cells after 72 hours of dDAVP treatment (n=3;
one - way ANOVA, Dunnett's multiple comparison test).

Supplemental Table 1. Proteomic analysis of MAGED2 knockdown cells.

Supplemental Table 2. Phosphoproteomic analysis of MAGED2 knockdown cells.
Supplemental Table 3. Phosphoproteomic analysis of MAGED2 knockdown mpkCCD cells
in the presence of short-term vasopressin exposure.

Supplemental Table 4. Proteomic analysis of MAGED2 knockdown mpkCCD cells in the
presence of long-term (72h) vasopressin exposure.
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