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ABBREVIATIONS

ABBREVIATIONS

Amino acids are abbreviated in one-letter-code.

aa amino acid

AC adenylate cyclase

A. dest. aqua destillata

ADH antidiuretic hormone

AKAP A-kinase anchoring protein

AMP adenosine-5 -nonophosphate

Angll angiotensin Il

ATP adenosine-5 -friphosphate

AQP aquaporin

AQP2 aquporin-2, human gene

AQP2 aquaporin-2, protein

AVP arginine-vasopressin

BSA bovine serum albumin

bp base pair(s)

CD collecting duct

CDI central diabetes insipidus

CaM calmodulin

cAMP cyclic adenosine-3 6 s-mbndphosphate
cDNA complementary deoxyribonucleic acid
Cdk18 cyclin-dependent kinase 18, mouse gene
CDK18 cyclin-dependent kinase 18, protein
cGMP cyclic guanosine-3 6 -mbndphosphate
CHF congestive heart failure

CSNK casein kinase

DAPI 4 6 -diaidine-2-phenylindole

DCT distal convoluted tubule

DI diabetes insipidus

DMEM Dul beccob6s modified eagle medium
DMSO dimethyl sulphoxide

DNA deoxyribonucleic acid

dNTP deoxyribonucleotide triphosphate

DTT dithiothreitol

EDTA ethylenediaminetetraacetic acid

EGTA ethylene glycol tetraacetic acid

ENaC epithelial sodium channel

Epac exchange protein activated by cAMP

ER endoplasmatic reticulum

ERK extracellular signal-related kinase

EtOH ethanol

FCS fetal calve serum

FMP Leibniz-Institut fir Molekulare Pharmakologie
FSK forskolin

forw forward (primer)

Gapdh glyceraldehyde-3-phosphate dehydrogenase, mouse gene
GAPDH glyceraldehyde-3-phosphate dehydrogenase, mouse protein
GEF guanine nucleotide exchange factor

GFP green fluorescent protein

G protein GTP-binding protein

GPCR G protein-coupled receptor

GSK3B glycogen synthase kinase 3 beta

GTP guanosine-5 friphosphate

H27 rabbit-derived anti-AQP2 antibody
H27-Cy3 rabbit-derived anti-AQP2 antibody plus Cy3-conjugated secondary antibody
HRP horseradish peroxidase

IC intercalated cell(s)



19G
IMCD
JINK

KNIME
LSM
mA
MAL
MAPK
MCD4
MDC
min
MLCK
MLP
MVB
NDI
NO
NT#2
PAGE
PBS
PCR
PFA
PGE;
PI3K
PKA
PKB
PKC
PKG
Pkia
PKIA
PLC
PMSF
PP1
PP2A
pS256
pS261
pS264
pS269
PVDF
rev
RhoA
RNA
RNAI
rpm
SDS
SEM
shRNA
SIADH
SiRNA
SLB
SNARE
TAE
TBS
TBS-T
TOX
Tris
ut
UTR

V2R

immunoglobulin G

inner medullary collecting duct
c-Jun N-terminal kinase

litre

Konstanz Information Miner

laser scanning microscope
milliampere

lymphocyte-associated protein
mitogen-activated protein kinase
mouse collecting duct

Max Delbriick Center for Molceular Medicine
minute(s)

myosin light chain kinase

multilayer perceptron

multi vesicular bodies

nephrogenic diabetes insipidus
nitric oxide

non-targeting siRNA

polyacrylamide gel electrophoresis
phosphate buffered saline
polymerase chain reaction
paraformaldehyde

prostaglandin E;
phosphoinositide-3-kinase

protein kinase A

protein kinase B

protein kinase C

protein kinase G

protein kinase a inhibitor alpha, mouse gene
protein kinase a inhibitor alpha, protein
phospholipase C
phenylmethylsulphonyl fluoride
protein phosphatase 1

protein phosphatase 2A

AQP2, phosphorylated at serine 256
AQP2, phosphorylated at serine 261
AQP2, phosphorylated at serine 264
AQP2, phosphorylated at serine 269
polyvinylidene fluoride

reverse (primer)

Ras homolog family member A
ribonucleic acid

RNA interference

revolutions per minute

sodium dodecylsulfate

standard error of mean

short hairpin RNA

syndrome of inappropriate antidiuretic hormone secretion
short interfering RNA

standard lysis buffer

soluble N-ethylmaleimide-sensitive-factor-attachment receptor
Tris/acetate/EDTA buffer

Tris buffered saline

TBS with Tween 20

toxic SiRNA
Tris(hydroxymethyl)-aminomethane
unstimulated

untranslated region

Volt

vasopressin receptor type 2

ABBREVIATIONS
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1 INTRODUCTION

The kidney regulates various vital processes. It participates in the regulation of blood pH and
blood pressure by controlling acid-base balance and salt- and water homeostasis. It filters
the blood, thereby reabsorbing solutes and excreting toxic substances into the urine. The

functional unit of the kidney is the nephron.

1.1 The nephron

The kidney contains approximately one million nephrons. They filter the entire blood several
times a day, leading to the production of 180 | pre-urine, which is mainly composed of water.
Of this, less than 1 % is excreted as final urine. Upon initial filtration of the blood through the
gl omerulus into the surrounding Bo vesanubdar
system, starting with the proximal tubule and the descending limb of Henle (Fig. 1). In these
segments 90 % of the total water retention occurs®, which is mediated by the water channel
aquaporin-1 (AQP1). In contrast, the ascending limb of Henle and the distal convoluted
tubule (DCT) are water impermeable. Here, sodium and chloride are reabsorbed to maintain

the osmotic gradient, being the driving force for water. Water permeability of the last part of

Glomerulus Distal
convoluted tubule
r [ —
Proximal
tubule -
Cortex -
Thick
Thick ascending
descending limb
limb
Outer medullaj - Collecting
r T duct
Thin Thin
descending ascending
limb limb
Inner medulla
ADP
L i ' Gintercalated cell

Fig. 1. The nephron. Blood is filtered in the glomerulus and the remaining filtrate is concentrated along the
tubular system to generate final urine. In the cortical collecting duct epithelium b-intercalated cells (IC) secrete
bicarbonate into the urine via pendrin-mediated chloride exchange. ATP-dependently protons are pumped into the
interstitium, thereby lowering its pH. Vice versa, inner medullary a-IC acidify the urine and lead to increased
interstitial pH by the secretion of bicarbonate along the anion exchanger 1 (AE1). In renal principal cells the water
channels aquaporin-2, -3 and -4 (AQP2, AQP3, AQP4) are expressed, enabling these cells to reabsorb water.
(Adapted from King et al.?).
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1 INTRODUCTION

the nephron, the collecting duct (CD), is controlled hormonally and accounts for the
remaining 10 % of total water retention, which is 10-20 litres a day®. Here, the final urine is
generated before it is collected in the bladder.

The CD epithelium comprises two cell types (Fig. 1), intercalated cells (IC) and principal
cells. The former are further classified into cortical b-IC and medullary U-IC. By secreting or
retaining protons and bicarbonate, respectively, ICs adjust the acid-base-homeostasis. In
principal cells, the water channels aquaporin-2, -3 and 4 (AQP2, AQP3 and AQP4) are
expressed, facilitating the reabsorption of water from the primary urine.

The major regulation of sodium and water reabsorption occurs through the renin-angiotensin-
aldosterone-system (RAAS). RAAS increases blood pressure by inducing vasoconstriction
and renal sodium and water retention”. If arterial blood pressure decreases or distal sodium
concentration drops, renin is synthesised in the juxtaglomerular apparatus, a specialised
region of DCT, located in close proximity to the afferent arteriole. Renin converts
angiotensinogen into angiotensin |, which subsequently is cleaved to the biologically active
angiotensin Il (Angll) by angiotensin converting enzyme (ACE). Angll stimulates aldosterone
secretion from the adrenal gland®. Both, Angll and aldosterone stimulate the activity of the
epithelial sodium channel (ENaC) located in the CD, which in turn leads to increased water
reabsorption®’. Maximal urinary concentration is achieved by synergistic action of Angll,

aldosterone and arginine-vasopressin® (AVP; antidiuretic hormone, ADH).

1.2 Vasopressin-mediated antidiuresis

The nona-peptide AVP is produced in the hypothalamus and reaches the pituitary glands via
axonal transport. From there it is secreted into the blood. This is initiated if endothelial
baroreceptors sense a decrease in blood plasma volume (hypovolemia) or hypothalamic
osmoreceptors detect increased blood electrolyte concentration (hypernatremia)®.

AVP signals via two G protein-coupled receptors (GPCR), the vasopressin receptor type 1
(V1IR) and 2 (V2R), the former comprises two subclasses V1AR and V1BR (V3R). Both
subtypes of V1R are mainly located in the brain, liver and peripheral vasculature. However,
Nonoguchi and co-workers described V1AR expression also in intercalated cells of the
collecting duct*®**. In contrast, V2R is expressed in the ear'? and is highly abundant in kidney
CD and thick ascending limb®™. All vasopressin receptors consist of seven membrane-
spanning domains, an extracellular N- and an intracellular C-terminus. Coupled to the
stimulatory G protein Gas, their stimulation leads to the activation of adenylate cyclase (AC)
and an increase in the cytosolic concentration of the second messenger cyclic adenosine-
3 6 -mbndphosphate (CAMP)*,
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AVP controls several cellular processes. It promotes NaCl reabsorption by activating Na*-K*-
Cl-cotransporter (NKCC) in the thick ascending limb of Henle®™. Thereby, renal sodium
excretion is decreased and the medullary osmotic gradient increased®. Retained K*-ions are
secreted via the simultaneously activated renal outer medullary potassium channel (ROMK).
In addition, AVP facilitates medullary urea and Na‘-reabsorption by increasing the cell
surface expression of urea transporter 1 (UT1)'" and ENaC'®. AVP enhances AQP2 total
protein abundance'®*® by stimulating its transcription® and translation®* and preventing its
degradation®%. Upon AVP stimulation, AQP2 inserts into the apical plasma membrane*®*
facing the urinary volume, thus facilitating water reabsorption. Further, AVP elevates the
intracellular Ca** concentration®®, which was suggested to be involved in water
retention (1.3.3.2). Overall, AVP exerts an antidiuretic effect by simultaneously increasing the
osmotic gradient and enhancing the plasma membrane water permeability. Beside its role in
maintaining water homeostasis, AVP was supposed to exert an anti apoptotic effect, to

promote Whnt signalling and to influence several mitogen-activated protein (MAP) kinases®%.

1.3 The water channel aquaporin-2

Water channels were discovered by Peter Agre?’, who was honoured with the Nobel Prize in
2003. They are integral membrane proteins and facilitate the transport of water. All
aquaporins assemble to homotetramers with each monomer providing an independent water
pore, which is formed by two membrane-embedded NPA-motifs (asparagine-proline-
alanine)®. Of 13 known mammalian aquaporins (0-12, Tab. 1), nine are expressed in the
kidney, namely AQP1-8 and 11 (Tab. 1). They are arranged in three groups®: class |
comprises the water selective classical aquaporins (AQPO, 1, 2, 4, 5, 6 and 8); class Il
aquaglycero-proteins are permeable for water and small neutral solutes like urea and
glycerol (AQP3, 7, 9 and 10)*°; AQP11 and AQP12 belong to class Ill and are so called
superaguaporins, which have a deviated NPA-motif in common. The alanine in their first NPA
motif is replaced by cysteine (C) and threonine (W), resulting in NPC and NPW,
respectively®. With the exception of AQPS, class |, class Il and class Ill aquaporins are
encoded by four, six or three exons (Tab. 1).

AQP1 is highly abundant in the proximal tubule and the descending limb of Henle®*%,
whereas AQP2, 3 and 4 are expressed in CD principal cells®**° (Fig. 1, Tab. 1). AQP5 and

AQP6 were detected in b- and a-IC, respectively*®*

and AQP7, 8 and 11 are expressed in
the proximal tubule®**°. AQP2 was discovered in 1993 and is the most intensively studied
water channel today. Its relevance becomes apparent when considering that mice globally
lacking AQP2, fail to thrive and die shortly after birth®’. The protein sequence is highly

conserved among species (Fig. 2) and includes residues for post-translational
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phosphorylation (serines 256, 261, 264 269)* and ubiquitination (lysine 270)?*, determining

49,50

AQP2s localisation and stability, as well as for glycosylation (asparagine 123)™°", whose role

is poorly understood®. Upon folding and homotetramerisation in the endoplasmatic reticulum

1°°, where the

(ER), high mannose glycans are attached and AQP2 is forwarded to the GOLG
sugars of one or two molecules of the AQP2 homotetramer are further processed to form
complex N-glycosylation®®>. Since glycosylation is species-specific®, results obtained in
different cell lines and animal models are hardly comparable. However, the water
conductivity of AQP2 seems not to be affected by glycosylation®.

The membrane abundance of AQP2 is determined by the equilibrium of its exocytosis-like
insertion into the plasma membrane and its endocytic retrieval. AQP2 underlies constitutive
recycling, depending on the crosstalk of AQP2 phosphorylation and ubiquitination. Enhanced

cell surface expression results from increased trafficking or decreased internalisation®.

A

sp|P41181|AQP2_Homo sapiens
sp|P56402|AQP2_Mus musculus
sp|P34080|AQP2_Rattus norvegicus

| 1
AEFLATLLFVFFGLGSALNWPQALPSVLQIAMAFGLGIGTLVQALED
EFLATLLFVFFGLGSALQWASSPPSVLQIAVAFGLGIGTLVQALGO
EFLATLLFVFFGLGSALUQWASSPPSVLQIAVAFGLGIGILYQALGE0

*

MWELRSIAFSRAVF
MWELRSIAFSRAVL/
MWELRSIAFSRAVLA

1l

HISGAH NPAVTVACLVGCHVSVIRAAFYVAAQLLGAVAGAALLHEITPADIRGDLAVNAL20
HVSGAHNPAVTVACLVGCHVSFILRAAFYVAAQLLGAVAGAAILHEITPVEIRGDLAVNA 120
HVSGAHNPAVTVACLVGCHVSFILRAAFYVAAQLLGAVAGAAILHEITPVEIRGDLAVNA 120

*e s *

sp|P41181|AQP2_Homo sapiens
sp|P56402|AQP2_Mus musculus
sp|P34080|AQP2_Rattus norvegicus

I\ \
LSNSTTAGQAVTVELFLTLQLVLCIFASTDERRGENPGTPALSIGFSVALGHLLGIHYTGL80
LHNNATAGQAVTVELFLTMQLVLCIFASTDERRSDNLGSPALSIGFSVTLGHLLGIYFT@80
LHNNATAGQAVTVELFLTMQLVLCIFASTDERRGDNLGSPALSIGFSVTLGHLLGIYFTA80

Skkkkkk ek *

sp|P41181|AQP2_Homo sapiens
sp|P56402|AQP2_Mus musculus
sp|P34080|AQP2_Rattus norvegicus

ke -

\4
sp|P41181|AQP2_Homo sapiens CSWPARSLAPAVVTGKFDDHWVFWIGPLVGAILGSLLYNYVLFPPAKSLSERLAVLKGR40
sp|P56402|AQP2_Mus musculus CSWPARSLAPAVVTGKFDDHWVFWIGPLVGAVIGSLLYNYLLFPSTKSLQERLAVLKGR40

sp|P34080|AQP2_Rattus norvegicus

CSWPARSLAPAVVTGKFDD

HWVFWIGPLVGAIIGSLLYNY

LLFPSAKSLQERLAVLKGL240

B —— *

sp|P41181|AQP2_Homo sapiens EPDTDWEEREVRRR/ELHSPQSLPRGTKA 271
sp|P56402|AQP2_Mus musculus EPDTDWEEREVRRR/ELHSPQSLPRGSKA 271
sp|P34080|AQP2_Rattus norvegicus 271

EPDTDWEEREVRRR/ELHSPQSLPRGSKA

*

Loop C

extracellular

\

intracellular

N

Fig. 2. AQP2 structure. A. The AQP2 amino acid sequence is highly conserved among species. Six membrane
domains (I-VI), conserved NPA-motif and serines 256, 261, 264 and 269 are highlighted. Within the 271 amino
acids, matches and mismatches between the three sequences are marked with a star and colon below,
respectively. B. The transmembrane domains of AQP2 (I-VI) form three extracellular (A, C and E) and two
cytosolic loops (B and D). The conserved NPA motif, which forms the water pore, is embedded in the membrane
(adapted from Kruse et al. 200657). C. Chrystal structure of the AQP2 homotetramer according to Ikeguchi 2009,
A water molecule passes the green monomer.
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Tab. 1. Mammalian aquaporins.

Name Class Exons Synonyms Kidney segment Extrarenal localisation Subcellular distribution Function KO mice show Reference
Lens fibre major ) : Regulation of lens .
AQPO : 4 intrinsic protein, MIP26 Eye Apical and basolateral PM osmolality, cell adhesion Cataracts 59-65
: Constitutive water
g Brain, erythrocytes, eye, ; . . . .
AQP1 | 4 ég:TDZCSHIP’ PT, DL heart, lung, pancreas, Apical and basolateral PM [egblsorptlrl)n flromt'pre—urlne, Irglpzzlrr;d pain sensation, 66-75
skeletal muscle, vagina ubular cell migration, poly
angiogenesis
AQP-CD, . . . Intracellular vesicles, apical AVP-stimulated water . . .
AQP2 | 4 WCH-CD CD-PC Ear, epididymis, vagina and basolateral PM reabsorption from urine Fail to thrive, polyuria 46,47,74-78
Erythrocytes, eye, colon, Water exit of kidney CD-PC, Irm;a'r%d le(lﬁ]urr:ddl:e;lllzg,
AQP3 Il 6 GLIP CD-PC conjunctiva, lung, skin, Basolateral PM regulation of epidermal uerinL;Cre Cjnceni’ratf‘or? ' 35,74,79-85
vagina glycerol content y
defects
: Water exit of kidney CD-PC, Impaired vision, hearing,
MIwW B | | N . - !
AQP4 | 4 WCHCA’ CD-PC rer?:;I Z)Iliz, Sukr:g Qg;;ﬁh Basolateral PM regulation of water flow in olfaction; urinary 34,86-93
central nervous system concentration defects
Ear, eye, lung, salivary Generation of saliva, tears Impalr_ed salivary and sweat
CNT, . ) secretion, decreased 41,74,81,94-
AQP5 | 4 - CD-biC glands, placenta, pancreas, Apical PM and pulmonary secretion, i t bilit 103
vagina unknown renal function 0smotic water permeanility
across alveolar epithelium
Urinary acid secretion
AQP2L, CNT, . . . . . ! 40,74,104-
AQP6 | 4 HKID, KID cD-alc Brain, vagina Intracellular vesicles nitrate and chloride - 109
transport
Adipose tissue, brain, heart ; : :
y A ' ' ! ) Glycerol metabolism, Glyceroluria, obesity, 42,43,110-
AQP7 I 6 AQPap PT 'tgtsetisst'ne’ skeletal muscle, Apical PM arsenite uptake smaller islet cells 117
Brain, pancreas, placenta, ;
AQPS | 6 ; PT salivary glands, sperm, Intracellular vesicles, PM :ﬁip amonia and ROS Mild hypertriglyceridemia 44,118-123
testis
Brain, epididymis, A .
) : . rsenite uptake, glycerol : 75,112,122,1
AQP9 Il 6 SSC1 leukocytes, liver, skeletal Apical PM transport, cell motility 24-130
muscle, spleen, testis
AQP10 1l 6 Small |n§est|ne - Adipose tissue, intestine Apical PM Glycerol transport - 117,131-135
aquaporin
- : - " ER homeostasis, 31,45,136-
AQP11 Il 3 AQPX1 PT aj‘rzhs'”tes“”e' liver, testis, spermiogenesis, salivary Polycystic kidney disease 141
gland development
Suggested to be involved in Mild impairment of 31,136,142,1
AQP12 t 3 AQPX2 ) Pancreas ER digestion pancreatic secretion 43

AQPap, AQP adipose; AQP2L, AQP2 like; CD-alC, collecting duct a-intercalated cells; CD-bIC, collecting duct b-intercalated cells; CD-PC, collecting duct principal cells; Class I,
classical aquaporins; Class Il, aquaglyceroporins; Class Ill, superaquaporins, unorthodox AQPs, subcellular AQPs; CNT, connecting tubule; DL, descending limb of Henle|NERRODUCTION
endoplasmatic reticulum; GLIP, glucagon-like insulinotropic peptide; HKID, original name of the clone'®; KO, knock out; MIP, major intrinsic protein; MIWC, mercurial-insensitive

water channel; PM, plasma membrane; PT, proximal tubule; SSC1, small solute channel 1; WCH4, water channel 4.
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1.3.1 Exocytosis-like AQP2 trafficking

The CD epithelium becomes water permeable upon the insertion of AQP2 into the apical
plasma membrane®****>. AVP binds to the V2R located in the basolateral plasma membrane
of renal principal cells (Fig. 3). Thereupon, the stimulatory G protein Gas activates adenylyl
cyclase (AC), probably AC3"®" and AC6'**°, converting ATP into the second messenger
cAMP. Cyclic AMP binds to the regulatory subunits of protein kinase A (PKA), leading to a
release of its two catalytically active subunits. A subpool of PKA is tethered to perinuclear

apical

AQP2

11

T iy -

AQP3/4

R ﬁ

V2R

Fig. 3. AQP2 redistribution in renal principal cells . AQP2 translocates to the apical plasma membrane upon
increase of intracellular cAMP levels. After binding of AVP to the V2R, the stimulatory G protein Gas activates the
AC, leading to an increase in cytosolic cAMP. cAMP binds to the regulatory subunit of PKA, which is tethered to
AQP2-bearing vesicles by an AKAP. Subsequently the catalytic subunits of PKA are released, which
phosphorylate AQP2 at serine 256 and thereby trigger its insertion predominantly into the apical plasma
membrane. Following an osmotic gradient water enters the cell and exits via AQP3 and AQP4. AC, adenylate
cyclase; AKAP, A-kinase-anchoring-protein; AQP2/3/4, aquaporin-2/3/4; AVP, arginine-vasopressin; C, catalytic
subunit of PKA, PKA, protein kinase A, R, regulatory subunit of PKA, V2R, vasopressin receptor type 2; P, Pi.

AQP2-bearing vesicles by A-kinase anchoring proteins (AKAPs)™* %2 which

compartmentalise the players of PKA-signalling cascades to subcellular sites™*'*,
Facilitated by their close proximity to each other, PKA phosphorylates serine 256 (S256) in

the intracellular C-terminus of AQP2!%>1°

. If at least three of four AQP2 monomers per
homotetramer are phosphorylated, it redistributes to the apical plasma membrane®’. In

addition to S256, the phosphorylation of serines 264 and 269 (S264 and S269) by yet
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unknown kinases increases in response to AVP**'® Whereas AQP2 phosphorylated at
S264 (pS264) is localised in the plasma membrane and endocytotic retrieval
compartments™®, AQP2 phosphorylated at S269 (pS269) was detected only in the apical
plasma membrane'®, probably preventing AQP2 internalisation™*'®, pS264 and pS269 do
not affect AQP2 activity, as mutations, mimicking constant de-phosphorylation by serine-to-
alanine exchange at 264 and 269 (S264A, S269A) showed the same conductivity'®*. The
phosphorylation of both S264 and S269 was suggested to require prior phosphorylation of
S256™°1° However, we recently detected pS269 independently of pS256'®. Upon the direct
stimulation of AC by forskolin (FSK) and simultaneous treatment with selective blocker of
vacuolar H*-ATPase 4AD (4-acteyldiphyllin), the phosphorylation of S256 but not of S269
was reduced. In contrast to the phosphorylation of S256, S264 and S269, the
phosphorylation of serine 261 (S261) is diminished upon AVP challenge? 63164,

After PKA phosphorylation, AQP2 dissociates from G-actin and assembles with tropomyosin
5b (TM5b), which induces a destabilisation of the F-actin network'®. In parallel PKA
phosphorylates and thus inhibits the Ras homolog family member A (RhoA)'®, leading to
reduced binding of RhoA to RhoA kinase'®’. Consequenctly, the F-actin cytoskeleton
depolymerises promoting AQP2s translocation to the plasma membrane®®®¢°.

The membrane insertion of AQP2 is achieved by the interaction of vesicular

N-ethylmaleimide-sensitive fusion factor'”

and its soluble N-ethylmaleimide attachment
protein target receptors (SNARE). Vesicle-associated membrane protein 2 and/or 3 (VAMP2,
VAMP3) interact/s specifically with apical syntaxins (Stx) and synaptosome associated
proteins (SNAPs) to form the SNARE complex that mediates the fusion of vesicle and
plasma membrane'’*. This formation is inhibited by Munc18b'’?, which is a functional partner
of syntaxin 3 (Stx3)*".

The cell surface location of AQP2 is maintained by its interaction with myelin- and
lymphocyte-associated protein (MAL), which is abundantly expressed in the apical plasma
membrane of epithelial CD cells'™. As reported by Kamsteeg et al., MAL interacts with
AQP2-S256D and increases its cell surface expression probably by preventing its
dephosphorylation and subsequent internalisation’ .

The insertion of AQP2 into the apical plasma membrane facilitates water entry into the cell.
Water exits the cells through AQP3 and AQP4, both located in the basolateral plasma
membrane. Trafficking of AQP2 to the basolateral plasma membrane was also

24,39,176
d 19,

observe and might be involved in cell migration and tubulogenesis®’’.

17



1 INTRODUCTION

1.3.2 Endocytosis of AQP2 bearing vesicles

The internalisation of AQP2 occurs in a clathrin-mediated Way178; via direct interaction of

179,180

AQP2 with the endocytotic machinery , clathrin-coated vesicles are formed'’® and AQP2

is internalised into early endosomes, which bud into multi vesicular bodies (MVB). MVB
contain several luminal vesicles mediating lysosomal degradation'®®2, The formation of

luminal vesicles is assisted by lyst-interacting protein 5 (LIP5)™%'%°

, which directly binds
AQP2 and facilitates its degradation'®. Alternatively, the MVB outer membrane fuses with
the apical plasma membrane and releases AQP2 exosomes into the lumen to be excreted
with the urine'®"'%8,

Kamsteeg et al. reported that AQP2 endocytosis is increased upon short-chain ubiquitination
at K270%. Three enzymes are necessary to covalently attach ubiquitin (Ub) to a target
protein and elicit its subsequent degradation*®*®°. After the activation and conjugation of Ub
by enzymes E1 and E2, respectively, E3 ligase transfers Ub to the specific target protein.
The E3 ligase involved in AQP2 endocytosis is presently not known. By mapping E3 genes
expressed in the CD, Lee et al.®! suggested a possible involvement of three proteins in
AQP2 ubiquitin ligation: RING-finger protein 40 (BRE1B), cullin-5 (CUL5, alternative name

192

VACML, vasopressin-activated calcium mobilizing)™* and neural precursor cell expressed,

developmentally down regulated gene 4-like (NEDD4), whose nuclear expression increases

upon AVP challenge, as recently reported by Schenk et al.'®. Besides, AQP2 can enter the

Ras-related protein Rab11 (Rab11)-dependent recycling pathway upon deubiquitination*®**%

or be targeted for proteasomal degradation upon polyubiquitination®.

The internalisation of AQP2 is enhanced by the activation of protein kinase C (PKC)*"*%,

which induces AQP2 short-chain ubiquitination and subsequent degradation®’. Although

several putative PKC phosphorylation sites were identified in AQP2, PKC probably does not
48,199

phosphorylate it directly . The phosphorylation of S261, possibly by p38-mitogen-

activated protein kinase (p38-MAPK)?, follows AQP2 ubiquitination and endocytosis'®.

pS256 and pS269 reduce internalisation**%?%® p y

trapping AQP2 eisnmsfiamdoc
domains of the membrane during AVP stimulation®. In line, phosphomimetic S256D and
S269D have a significantly increased half-life, probably due to decreased internalisation and
degradation®”. The interaction of endocytosis-mediators like dynamin and clathrin heavy
chain®? or the clathrin-decoating ATPase hsc70™® with AQP2-pS256 or -pS269 was
decreased compared to wildype AQP2. As reported by several groups though, pS256 alone

3

is not sufficient to tether AQP2 in the plasma membrane®® and APQ2 internalisation

occurred independently of its prior dephosphorylation*®%,
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1.3.3 Regulators of AQP2 trafficking

Apart from AVP, other regulators control the AQP2 localisation.

1.3.3.1 Bradykinin

The peptide hormone bradykinin activates two Gagi-coupled bradykinin receptors B1R and
B2R?*®. While B1R is involved in tissue injury and inflammatory responses, B2R induces
vasodilation leading to natriuresis and decreased blood pressure®®. Upon B2R activation
phospholipase C (PLC) is stimulated, which converts phosphatidylinositol 4,5-bisphosphate
(PIP,) into inositol 1,4,5-triphosphate (IP3) and diacylglycerol 2°’. IP; leads to the elevation of
cytosolic Ca** concentration, which together with DAG activates PKC?*®. As described earlier
(1.3.2), PKC is associated with increased AQP2 ubiquitination, known to precede
internalisation?'%2%°_ Additionally, bradykinin stimulates the production of prostaglandin E,
(PGE,) and nitric oxide (NO)?%?* and activates RhoA?*2. RhoA activates Rho kinases, which
facilitate the peripheral polymerisation of actin fibres, hence blocking AQP2 membrane
trafficking by a physical barrier'®®'*%#3 Accordingly, bradykinin counteracts AVP signalling
by multiple actions.

1.3.3.2 Calcium

Cytosolic Ca?*-concentration rises upon extracellular entry or release from intracellular
stores. In the apical plasma membrane of inner medullary collecting duct cells (IMCD), the
Calcium-sensing receptor (CaR) responds to luminal Ca*" and transduces signals via Ga,,
Ga; or Gajzns””. Downstream of Ga, receptors, transient receptor potential (TRP) cation
channels are activated through which Ca** enters®**. Besides, Ca?* is transported along
voltage-gated ion channels®®
(RyR), probably RyR-1 in IMCD?**®.

The activation of the luminal CaR by extracellular Ca®* reduces the expression and

or is released from intracellular stores by ryanodine receptors

membrane targeting of AQP2%%%®, Procino et al. observed that CaR-signalling decreases
the FSK-stimulated rise in cCAMP, activates PKC and down-regulates RhoA, explaining the
inhibitory effect of Ca** on the AVP-induced redistribution of AQP2?**?%  According to
Bustamante et al. AVP- but not FSK-triggered AQP2 transcription was reduced upon Ca?*
challenge, indicating an uncoupling of V2R and AC, which leads to decreased PKA

218

activity*'®. As water reabsorption increases the luminal Ca*" concentration, the diuretic effect

elicited by extracellular Ca*" is protecting against urinary calcium oversaturation, which might
result in intratubular precipitation and stone formation®**%%2,
Cytosolic Ca** is bound by the calcium-modulated protein Calmodulin (CaM)**, which in turn

triggers three downstream signalling cascades that are relevant for AQP2. First, CaM
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activates the myosin light chain kinase (MLCK), which phosphorylates the myosin regulatory
light chain (MLC) and thereby facilitates AVP-triggered routing of AQP2-bearing vesicles to
the plasma membrane by regulating the actin filament organisation®%**. Second, CaM
activates the serine-threonine phosphatase calcineurin, which enhances AQP2
transcription”. In addition, calcineurin dephosphorylates AQP2 during GOLGI and/or
vesicular routing, allowing normal intracellular trafficking®®®. Third, the AC-catalysed
generation of cAMP underlies Ca®*/CaM control®®’. Whereas it is widely accepted that
cytosolic Ca** inhibits AC6°**%%°, there is contradicting data regarding AC3 regulation. Storm
and co-workers suggested that CaM activates the Calmodulin-dependent protein kinase |l
(CaMKIlI), which in turn blocks AC3 by phosphorylation®®%®?, In contrast, other groups
observed Ca?'/CaM-dependent stimulation of AC3?*3*%* suggesting a synergistic control of
AC3 and ACS6 by alternating activation*.

Apparently, also AVP-V2R signalling elevates the intracellular Ca?* concentration®#*%°,
Apart from PKA, the exchange protein activated by cAMP (EPAC) is stimulated upon
Gas-signalling®®. This triggers intracellular Ca®*-mobilisation®**, down regulates Rho GTPase
activation® and thus enhances AQP2 trafficking®**. However, AQP2 trafficking in the
absence of Ca*" occurs just as efficiently, at least in rat primary inner medullary collecting
duct (IMCD) cells®®.

1.3.3.3 Dopamine

Dopamine is a neurotransmitter in the central nervous system, which is implicated in reward,
motivation, motor control, learning and cognition. Outside the nervous system dopamine is
synthesised in the proximal tubule, inter alia, where it acts in a paracrine manner®**.
Dopamine receptors are divided into D;-like (D; and Ds, also called D;, and D;g) and D,-like
(D,, D3 and D,) families, which are coupled to Gas and Ga; respectively, and all are
expressed in the kidney®*. The presence of opposing receptors however, raises the question
which effect dominates and leads to contrary discussions regarding the underlying molecular
mechanism. Li et al. observed a decrease of cytosolic CAMP in principal cells upon dopamine

246247 1 line,

challenge, leading to reduced AQP2 transcription and membrane targeting
Nejsum et al. reported increased endocytosis of AQP2 after dopamine treatment,
independent of S256 phosphorylation®®®. As demonstrated by Peter Deen and co-workers,
the dopamine-induced internalisation of AQP2 depends on its ubiquitination at K270, which
precedes the phosphorylation of S261 and is associated with its lysosomal degradation®*’.
They propose a bimodal action of dopamine. Next to the Ga;-mediated decrease in cytosolic
cAMP, an activation of PKC could also increase AQP2 endocytosis. Presumably, dopamine

antagonises the AVP effect but the precise mechanism remains to be established.
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1.3.3.4 Nitric oxide

The gaseous signalling molecule nitric oxide (NO) diffuses through the cytoplasm and the
plasma membrane. NO triggers an increase in cytosolic cyclic guanosine monophosphate
(cGMP), which activates cGMP-dependent protein kinase G (PKG). According to Bouley
et al., this results in the increased plasma membrane localisation of AQP2, possibly due to
phosphorylation of S256 by PKG?®. In contrast, other groups observed reduced AVP-
mediated water permeability in the collecting duct upon NO treatment, which they suggest to
be the result of a PKG-mediated decrease in cytosolic cAMP and thus reduced PKA
activity?**?>2, In line, Kortenoeven et al. observed that NO lowers AQP2 protein abundance,
apparently without affecting its gene transcription®®®. However, Borghese and co-workers
proposed enhanced AQP2 promotor activity upon NO challenge®*. Thus, regarding AQP2

control the role of NO and NO-donors like L-arginine is not entirely understood yet.

1.3.3.5 Prostaglandin E;

Prostaglandin E, (PGE,) can bind to four different G protein-coupled E-prostanoid receptors
EP,-EP,*°. PGE,-EP;-signalling elicits a diuretic effect via the Ga,-mediated activation of
PKC, triggering AQP2 internalisation®®. However, until today an EP;-mediated decrease in
AQP2-induced water permeability was only shown in frog urinary bladder, but not in CD

cells®®

. EP; is coupled to Ga; and reduces cAMP synthesis upon activation®’, thus
decreasing AQP2 expression and membrane localisation®®. EPs-signalling also stimulates
RhoA*®, probably mediated by the Gai.;3-dependent activation of Rho guanine nucleotide

exchange factors (GEFs)****®

, Which directly activate RhoA and thus attenuate AQP2
membrane trafficking'®®®°. These alternative functional effects are due to different EP; splice
variants, which signal via different G proteins®?°?. As recently reviewed by Olesen and
Fenton, the observation of various cellular responses might also be the result of the
differential expression of PGE,-receptors in model systems derived from different renal
sections of diverse species®®.

Like the V2R, EP, and EP, couple to Gas*®. Olesen et al. reported that the stimulation of
both receptors results in the increased phosphorylation of AQP2-S264, whose effect is
presently unknown®®*. However, only EP,-signalling increases the cytosolic cAMP

concentration AVP-independently®®

and stimulates the phosphorylation of AQP2-S256 and -
S269%“. Presumably, EP, and EP, might act via different signalling pathways®®*. Apart from
that, there are contradictory data on whether EP, is expressed in the CD at all*>*>?%%"°_ EP, is
widely spread in the CD?"* and its activation enhances AQP2 membrane trafficking, although
cytosolic CAMP concentration remains unaffected®. This might result from promiscuous

G protein coupling®’? as speculated to occur upon the PKA phosphorylation of EP,*. In line,
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EP, activation was shown to stimulate phosphatidylinositol 3-kinase (PI13K)*"

, Which s,
beside being involved in cancer and inflammation, suggested to regulate AQP2 expression
and endosomal retrieval®’**"®. Altogether, the molecular details of PGE,-signalling remain to

be completely understood.

1.3.3.6 Purines

Purine signalling occurs via three classes of purinergic receptors, P1 adenosine GPCRs,
P2X ligand-gated ion channels and P2Y GPCRs. In the CD P2Y receptors are predominantly
expressed and activated by extracellular adenosine- or uridine- di- and triphosphates (ADP,
ATP, UDP, UTP)?"®. They are divided into six Ga,-coupled (P2Y;, P2Y,, P2Y,, P2Ys, P2Y4,
P2Y,) and two Ga;-coupled subtypes (P2Y,, P2Y13)2°5. Until today most studies focussed
on P2Y,, whose activation by ATP or UTP induces two cascades, which are relevant for
AQP2 regulation. First, Gagii-mediated signalling of basolateral P2Y, or apical P2Y,

receptors elicits the PLC-PKC-signalling-cascade®’”’

, which alleviates AQP2 membrane
localisation as described earlier. In addition, the ubiquitination of AQP2 is increased upon
ATP challenge®”’, which is a prerequisite for its internalisation?’. At the same time, ATP-
P2Y,-signalling attenuates the AVP-triggered increase in cytosolic cAMP?*"?”® |n line, Boone
et al. observed reduced AQP2 mRNA levels upon ATP treatment, likely to be a consequence

of reduced cAMP levels?*

. However, these effects might also be a consequence of
Ga;-coupled receptors P2Yy, or P2Y,; but not P2Y,?'"?"°. Second, upon P2Y, activation the
release of arachidonic acid is triggered, which is converted to PGE,*° by cyclooxygenase
(COX). P2Y, antagonism reduces EP; levels, which in turn leads to decreased AQP2

expression and activity (1.3.3.5)%!

. Besides, Sauzeau et al. reported that P2Y;-, P2Y,-,
P2Y,- and P2Ye-stimulation activates RhoA in aortic myocytes®?. Since RhoA alleviates
AQP2 plasma membrane trafficking in renal principal cells'®®**, this mechanism might also

account for the AVP-opposing effect of purine signalling.

1.3.4 Proteins controlling AQP2

The expression and localisation of AQP2 are controlled by numerous proteins of several
pathways. However, in many cases their significance remains unclear, as a proof for their

direct involvement is missing.
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Protein Suggested functional implication Reference

Actin Actin-depolymerisation promotes AQP2 trafficking to the plasma membrane 126;3;}26:5’169’213

AKAP18d AKAP18d tethers PKA to AQP2-bearing vesicles, most likely facilitating its 151
PKA phosphorylation

AKAP220 AKAP220 tethers FKA to AQP2-bearing vesicles, most likely facilitating its 152
PKA phosphorylation
Annexin Il is required for AQP2 trafficking to and/or fusion with the plasma

Annexin membrane; annexins Il and VI belong to a motor complex binding to AQP2; 285-288
annexins I, Il, 1V, and V are located on AQP2-bearing vesicles

AP1/2 AP1/2 mediates clathrin-mediated endocytosis of AQP2 180,201,286

AP-1 AP-1 increases AQP2 transcription 289,290
BiP selectively binds to phosphorylated AQP2; its functional implication

BIP B . 288,291
regarding AQP2 is currently unknown

Calcineurin Calcineurin enhances AQP2 transcription and dephosphorylates AQP2 during 225,226,292-
GOLGI/vesicle routing, allowing normal trafficking 294

. ) Calcitonin induces cAMP-dependent AQP2 trafficking to the plasma

Calcitonin membrane 295

Caveolin Caveolin-1 was suggested to mediate AQP2 internalisation 296

CDK CDK1 and CDK5 were shown to phosphorylate AQP2 at S261 297

Clathrin Clathrin forms coated pits for AQP2 endocytosis 178,298-300
COXIl is involved in renal prostanoid synthesis and its inhibition leads to :

coxi enhanced AQP2 protein abundance 301-307

CREB CREB and CREB-like transcription factors increase AQP2 transcription 20,289,308-310

CSNK CSNK phosphorylates S256 during GOLGI transition of AQP2 311,312

Dynactin Dyna.ctm is located on AQP2-bearing vesicles and probably links them to the 179
dynein complex

Dynamin Dynamin binds to AQP2 and is involved in the scission of clathrin-coated 178,180,202,286

y AQP2-bearing vesicles during endocytosis ,313

Dynein Dyne_ln med!ates the microtubule-associated transport of endocytotic AQP2- 179,194
bearing vesicles

EPAC Epac triggers AQP2 translocation to the plasma membrane Ca”—dependently 241,309,314
ERK1/2 increases AQP2 transcription via the cAMP/Epac/ERK/CREB 48.275.297.309

ERK pathway; ERK1/2 may mediate S256 phosphorylation under hypertonic 31;5 316 ' '
conditions; ERK1/2 phosphorylates S261 in vitro ’
GSK3B enhances PGE2 production by stimulation of COXII, which causes

GSK3B endocytic retrieval of AQP2; GSK3b inhibition was suggested to reduce AVP- 199,317-319

induced AC activity

HSC70, HSP70

Hsc70 and Hsp70 are involved in clathrin-mediated endocytosis of AQP2,
were shown to bind AQP2 and suggested to affect AQP2 trafficking to the
plasma membrane

180,202,288,320
,321

Integrins al, a2, a5 and bl are located on AQP2-bearing vesicles; Integrins
a5 and bl bind to AQP2; Interaction of AQP2 with Integrin b1l promotes renal

Integrin epi2thelial cell migration and might regulate AQP2 trafficking via cAMP and 286,322-324
ca®**

JNK JNK1/2 may mediate phosphorylation of S261 and S256 297,315,316

LIP5 LIP5 interacts with AQP2 and facilitates its lysosomal degradation 186,325

MAL MAL attenuates AQP2 internalisation 175,326

MLCK MLCK phosphorylates myosin regulatory light chain (MLC) and facilitates 223
apical sorting of AQP2 by regulating actin filament organisation

. Moesin was suggested to support the transport of AQP2 to the plasma

Moesin ) . . . 327
membrane by modulating actin depolymerisation

MUNC18b Munc18b mhlblts fusion of AQPZ—bear}ng vesicle to the plasma membrane by 172
counteracting SNARE complex formation
Myosins and associate proteins were localised on AQP2-bearing vesicles

Myosin and/or bind to AQP2, Myosin regulatory light chain might facilitate apical 195,223,285,286
sorting of AQP2 by actin reorganisation

NFkB NFkB reduces AQP2 gene transcription 328-330

38-MAPK p38-MAPK phosphorylates AQP2-S261 that is associated with ubiquitination 23,48,199,297,3

P and proteasomal degradation of AQP2 16
PI3K potentiates AVP-mediated increase of AQP2 expression; PI3K mediates

PI3K endosomal retrieval of AQP2-bearing vesicles 274,275,331

PKA PKA phosphorylates AQP2-S256 and induces its trafficking to the apical 155-157,332-
plasma membrane 334
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Protein Suggested functional implication Reference
PKB- inhibits GSK3b, which increases the COX-mediated PGE2-production,
PKB resulting in reduced AQP2 membrane abundance; PKB inhibits Akt substrate 275,315,331,335
of 160 kDa (AS160), which was suggested to increase plasma membrane ,336
abundance of AQP2
PKC induces short-chain ubiquitination of AQP2, leading to its endocytosis
and degradation; PKC activation leads to depolymerisation of U-tubulin and 22 48 198.199 2
PKC intracellular localisation of AQP2; PKC was suggested to maintain AQP2 09’33’7_34’0 '
transcription by phosphorylation of CREB, PKC is usggested to phosphorylate !
S256 and S264
PKG was suggested to phosphorylate AQP2-S256, thus increasing its plasma
PKG membrane abundance; PKG was suggested to inhibit AVP-dependent AQP2 199,248,251
trafficking by atrial natriuretic peptide (ANP)
PP1 and PP2A inhibition induces AQP2 redistribution to the apical plasma
PP1/PP2A membrane; PP1 binds to AQP2 288,293
RAB GTPases are located on AQP2-bearing vesicles and regulate its 194,195,286,341
RAB A
endosomal trafficking -343
RAN RAN binds to AQP2 but its significance regarding AQP2 control is not known 288
RHOA RHOA stimulates actin-polymerisation, which inhibits AQP2 trafficking to the 168,169,344
plasma membrane
SNAP23 and SNAP25 are located on AQP2-bearing vesicles and participate
SNAP ; . . : ; 345,346
in SNARE complex formation during vesicle and plasma membrane fusion
SPA-1 SPA-1 binds to AQP2 and stimulates AQP2 trafficking to the apical plasma 347
membrane
) Synaptotagmin-13 is located on AQP2-bearing vesicles and might be involved
Synaptotagmin in SNARE complex formation during vesicle and plasma membrane formation 286,348
Syntaxins are involved in SNARE complex formation during fusion of AQP2
Syntaxin vesicle and plasma membrane; syntaxins 1A, 2, 3 and 4 are located in the 172,286,349-
y plasma membrane of kidney epithelial cells, syntaxins 5A, 7, 12, 13 and 16 353
are located on AQP2-bearing vesicles
a-TM5b binds to AQP2, which results in F-actin destabilisation and facilitates 165,285,286,321
TM5b b )
apical sorting of AQP2 ,354
TONEBP TonEBP increases AQP2 transcription during hypertonic stress response 522’330’355'
TRPC3 TRPC_3 |ntgrac§s and tlranslocates with AQP2 upon AVP stimulation, its 359,360
functional implication is presently unknown
TRPV4 TRPV4 interacts with AQP2, the functional implication is presently unknown 361
U- and d -tubulin are located on AQP2-bearing vesicles; tubulin forms 177,179,194,286
Tubulin microtubules, which participate in AVP-elicited apical sorting of AQP2- ,326,339,342,36
bearing vesicles and perinuclear positioning of AQP2 after endocytosis 2-364
Ubiquitin Ubiquitination at AQP2-K270 mediates AQP2 endocytosis and regulates its 22,191,247,286,
q proteasomal degradation 365
VACM-1 VACM-1 targets E3 ligase formation and decreases AQP2 protein abundance 191,192
VAMP2 and 3 are located both on AQP2-bearing vesicles and in the plasma
VAMP membrane and are involved in SNARE complex formation during vesicle and 172,286,341,345

plasma membrane fusion; VAMP8 was suggested to be located on AQP2-
bearing vesicles and to be implicated in SNARE complex formation

,351,366-370

Several proteins were shown to regulate AQP2 expression, abundance, subcellular localisation and degradation.
Listed proteins act downstream of receptor activation. For most of them a direct evidence as well as in vitro data
supporting their role in AQP2-mediated water reabsorption, is missing. AKAP, A-kinase anchor protein,
AKAP18d/AKAP7, AKAP220/AKAP11; AP1/2, adaptor protein; AP-1, activator protein; BIP/GRP78/HSP50-
5/HSPA5/HSP70-5, Heat shock 70 kDa protein 5/Immunoglobulin heavy chain-binding protein/78 kDa glucose-
regulated protein precursor; Calcineurin, Protein phosphatase 2B, PP2B; CSNK, Golgi casein kinase, casein
kinase; CDK, Cyclin-dependent kinase; COX, Cyclooxygenase-2; CREB, Cyclic AMP responsive element binding
protein; EPAC, Exchange protein activated by cAMP; ERK, Extracellular signal-regulated kinase,ERK1/MAPKS3,
ERK2/MAPK1; GSK3B, Glycogen synthase kinase 3b; HSC, Heat shock cognate; HSP, Heat shock protein; JNK,
c-Jun NH2-terminal kinase; LIP5, Lysosomal trafficking regulator interacting protein-5; MAL, Myelin and
lymphozyte associated protein, JINK1/MAPKS8, JNK2/MAPK9; MAPK, mitogen activated protein kinase; MLCK,
Myosin light chain kinase; Moesin, part of ERM (ezrin/radixin/moesin) protein compex; Muncl18b, Unc18-2,
Syntaxin-binding protein 2; NFkB, Nuclear factor "kappa-light-chain-enhancer" of activated B-cells; P38-MAPK,
p38 mitogen activated protein kinase, MAPK14; PI3K, Phosphoinositide-3-kinase, MAPK14; PKA/B/C/G, Protein
kinase A/B/C/G; PP1, Serine/threonine-proteine phosphatase 1; PKB/AKT; RAB, Ras-related protein; RAN, Ras-
related nuclear protein; RHOA, Ras homolog family member A; SNAP, Synaptosomal-associated protein 25;
SPA-1, Signal-induced proliferation-associated protein 1; TM5b, a-Tropomyosin 5b; TONEBP, tonicity-responsive
enhancer binding protein/NFAT5, Nuclear factor of activated T-cells 5/OREBP, Osmotic respone element binding
protein; TRPC3, Transient receptor potential cation channel subfamily C member 3; TRPV4, Transient receptor
potential cation channel subfamily V member 4; VACM, Vasopressin-activated calcium mobilizing, Cullin 5;
VAMP2, Vesicle associated membrane protein/Synaptobrevin; VAMP3, Vesicle associated membrane
protein/Cellubrevin.
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1.3.5 AQP2 pathology

The dysregulation of AQP2 is associated with impaired urinary concentration or enhanced

water retention, leading to pathophysiologic conditions.

1.3.5.1 Diabetes insipidus

Aberrations in AVP-mediated water reabsorption cause diabetes insipidus (DI), which is
divided in central (also termed neurohypophyseal) and nephrogenic DI (CDI and NDI).
Whereas CDI is characterised by impaired AVP production or release®”*, in NDI the kidney is
resistant to AVP and thus fails to concentrate urine. One distinguishes between acquired and
less common inherited (congenital) NDI.

Beside urinary tract obstruction and electrolyte disturbances, acquired NDI is most commonly

373

caused by lithium®”2, which is used to treat bipolar disorders®’, the most serious and

prevalent mental illness in the world®*™*. Lithium enters principal cells via apically expressed

ENaC®”® and impairs AQP2-mediated water reabsorption by multiple pathways®. It reduces

AVP-stimulated cAMP production in rats and isolated rabbit cortical collecting tubules®®3"7,

but not in mouse cortical collecting duct mpkCCD cells*®. According to Nielsen et al., lithium

affects the expression of 74 proteins, mostly involved in apoptosis, cell morphology and

proliferation®'®. Chronic lithium intake reduces AQP2 transcription®"%"®

7
23 9,380

, as wells as the apical

trafficking and excretion of AQP d®,

whereas AQP?2 protein stability remains unaffecte
However, Kortenoeven et al. suggested an implication of lithium in AQP2s lysosomal
degradation®”’.

Congenital NDI was already reported in 1892%" and comprises X-linked NDI (XNDI), which

%2 and is due to a loss-of-function mutation in the AVPR2

occurs in 90 % of the patients
gene®®, located on the X-chromosome and encoding for V2R*®*%° or the rare autosomal
NDI, due to a mutated AQP2 gene®*®3¥’. Until today, more than 200 AVPR2- and 50 AQP2-
mutations are described to cause NDI*®,

All forms of DI can lead to polyuria, followed by dehydration and electrolyte imbalance. The
symptoms include persistent need for drinking, frequent voiding, constipation, dryness of
skin, recessed eyeballs, intermittent high fever, seizures and developmental retardation®3°.
Apart from AVP deficiency, which can be compensated by treatment with the AVP analogue

d*®38°  Current medication aims to

desmopressin (dDAVP)*®, DI can rarely be correcte
reduce the symptoms but mostly does not eliminate fully. Thus patients have to adapt to low

sodium diet and to ensure sufficient water intake.
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1.3.5.2 Extracellular fluid volume expansion

Next to polyuric states, AQP2 dysregulation can cause excessive water retention, which
contributes to the development of hyponatremia. In the syndrome of inappropriate antidiuretic

391

hormone secretion (SIADH, Schwartz-Bartter-syndrome)*"", an exaggerated production and

release of AVP, which is often accompanied by malignancies®®, results in persistent AQP2-

mediated water reabsorption¥*3%*

and thus inappropriately concentrated urine. Besides,
gain-of-function mutations in the AVPR2 gene cause the constitutive activation of V2R,
resulting in increased water retention even under hypovasopressinergic conditions, which is
termed nephrogenic syndrome of inappropriate antidiuresis (NSIAD)*%*3%_ Both, SIADH and
NSIAD, are characterised by euvolemic hyponatremia®®®3%’.

In addition, an expansion of extracellular fluid volume due to elevated water retention is
associated with congestive heart failure (CHF), hepatic cirrhosis and nephrotic syndrome?®.
According to Xu et al., patients suffering from CHF display elevated plasma AVP level and
thus increased AQP2 expression and membrane abundance®®. Severe CHF is associated
with hypervolemic hyponatremia®®. In contrast, excessive water retention during nephrotic
syndrome is accompanied by increased sodium reabsorption. Although circulating AVP-
levels are elevated, AQP2 is down regulated, probably attributable to an escape reaction, in
which water reabsorption is decreased AVP-independently leading to enhanced

394,400-403

diuresis The expression level of AQP2 in different cirrhosis animal models

considerably varies, suggesting that AQP2 is not the main determinant®*%,

Consequences of extracellular fluid volume expansion and hyponatremia can include
shortness of breath, leg swelling, headache, vomiting and can even lead to convulsion,
neurological impairment or coma. The treatment includes the administration of saline, fluid

restriction and diuretics.
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1.4 Aim of the thesis

Arginine-vasopressin (AVP) controls water reabsorption in renal collecting duct principal cells
and thereby fine-tunes body water homeostasis. By binding to the basolateral vasopressin
receptor type 2 (V2R), AVP stimulates an increase in cytosolic CAMP, which activates protein
kinase A (PKA). PKA phosphorylates the water channel aquaporin-2 (AQP2) and triggers its
translocation from perinuclear vesicles into the plasma membrane, where it facilitates water
reabsorption from the primary urine. However, details of the molecular mechanisms
underlying AQP2 redistribution are largely unknown. Aberrations in AVP-mediated signalling
are associated with severe water balance disorders like nephrogenic diabetes insipidus
(NDI), the syndrome of inappropriate antidiuretic hormone secretion (SIADH) or congestive
heart failure (CHF).

The aim of this thesis was to identify proteins, which control the location of AQP2 and thus to
contribute to understanding the molecular details of its translocation. Therefore, a large-scale
siRNA screen had to be established. The major objectives were the identification of a cell line
suitable for high-throughput analysis of AQP2 redistribution in a 384 well format, the
upscaling of siRNA transfection, the establishment of automated immunofluorescence
microscopy, the development of an image analysis pipeline using CellProfiler software and
the hit identification utilizing KNIME software.
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2 MATERIALS AND METHODS

2.1 Materials

21.1

Equipment and software

Tab. 3. Equipment and disposal.

Equipment

Description

2 MATERIALS AND METHODS

Vendor

ArrayScan V" HCS Reader

Automated microscope

Thermo Fisher Scientific/Cellomics (Bonn, DE)

Cryo-container 5100-0001

Freezing container

Thermo Fisher Scientific /NALGENE (Bonn, DE)

EL406™

Microplate washer dispenser

BioTek (Bad Freidrichshall, DE)

ELx405™ Selet CW

Microplate washer

BioTek (Bad Freidrichshall, DE)

Enspire® 2300

Microplate reader

PerkinElImer (Rodgau, DE)

Eppendorf Research pro

Multichannel pipette

Eppendorf AG(Wesseling-Berzdorf, DE)

FreedomEVO Liquid handling robotic system Tecan Deutschland GmbH (Crailsheim, DE)
GelDoc 2000 Gel documentation system Bio-Rad Laboratories GmbH (Munchen, DE)
LSM780 Confocal microscope Carl Zeiss Microlmaging GmbH (Jena, DE)

MiniProtean®

Polyacrylamide gel electrophoresis

Bio-Rad Laboratories GmbH (Muinchen, DE)

Odyssey Imager

Western Blot detection system

LI-COR Biosciences (Bad-Homburg, DE)

PerfectBlue mini L

Agarose gel electrophoresis chamber

PegLab Biotechnologie GmbH (Erlangen, DE)

Potter

Cell homogeniser

Braun Biotech Int. GmbH (Melsungen, DE)

Scepter™ 2.0

Cell counting

Merck Millipore (Schwalbach, DE)

Sonopuls HD 2070

Ultrasound homogeniser

Bandelin electronic GmbH & Co.KG (Berlin, DE)

TProfessional TRIO

Thermocycler

Biometra (Gottingen, DE)

TransBlot

Semi-Dry Western Blot module

Bio-Rad Laboratories GmbH (Muinchen, DE)

Disposal

6 well plate 92006

6 well cell culture plate

TPP (Trasadingen, CH)

96 Well Microplate 655101

96 well microplate

Greiner bio-one (Solingen, DE)

384 Well Microplate 3985

384 well cell culture microplate

Corning (Amsterdam, NL)

384 Well Microplate 781091

384 well cell culture microplate

Greiner bio-one (Solingen, DE)

Cryo-vials E309.1

Cryoconservation of cells

Carl Roth GmbH & Co KG (Karlsruhe, DE)

Filtertop 99505

Filtertop 500 ml

TPP (Trasadingen, CH)

PVDF membranes T830.1

Western Blotting membranes

Carl Roth GmbH & Co KG (Karlsruhe, DE)

Scepter™ Sensors 60 UM PHCC60050

Cell counting

Merck Millipore (Schwalbach, DE)

T75 cell culture flask

Tab. 4. Software.

Cell culture flask

TPP (Trasadingen, CH)

Software Purpose Vendor /URL

CellProfiler 2.0 Image analysis www.cellprofiler.org

Clustalw Sequence alignment www.ebi.ac.uk/Tools/msa/clustalw2/
DAVID Functional annotations and gene conversion david.abcc.ncifcrf.gov/

EndNote X6 Reference manager endnote.dom

Excel 2011 Spreadsheet Microsoft (Redmond, US)

GraphPad Prism 5 Statistical analysis GraphPad Software, Inc. (La Jolla, US)
lllustrator Graphics, drawing Adobe Systems, Inc. (San Jose, US)
Image J Image processing rsb.info.nih.gov/ij/

Image Studio Ver 2.0

Western Blot analysis

LI-COR Biosciences (Bad-Homburg, DE)

KNIME Data mining knime.org

Photoshop Image processing Adobe Systems, Inc. (San Jose, US)
Power Point Presentations Microsoft (Redmond, US)

SerialCloner Sequence analysis serialbasics.free.fr/Serial_Cloner.html
Word 2011 Word processing Microsoft (Redmond, US)

ZEN 2011 Confocal microscopy, image acquisition and analysis  Carl Zeiss Microlmaging GmbH (Jena, DE)
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2.1.2 Antibodies

Tab. 5. Antibodies used for Western Blotting and immunofluorescence microscopy.

Primary antibody Origin Vendor, article number (#)

U-Tubulin (DM1a) Mouse Calbiochem; #CP06

AQP2 (C17) Goat Santa Cruz; #9882

AQP2 H27 Rabbit Custom-made™

AQP2-pS256 Rabbit Custom-made (Eurogentec ZDE12147_0798)
AQP2-pS261 Rabbit Abcam; #ab72383

CDK18 Rabbit Santa Curz, #176

GAPDH (14C10) Rabbit Cell Signaling; #2118S

PKIA Goat Santa Cruz; #1943

Pan-cadherin Rabbit SIGMA; #C3678

V2R (K3) Rabbit Custom-made in Bachmann group, Charité Berlin
Secondary antibody

Alexa647-anti Rabbit 1IgG Donkey Jackson ImmunoResearch Laboratories; #711-605-152
Alexa647-F(ab'),anti Rabbit IgG Donkey Jackson ImmunoResearch Laboratories; #711-606-152
Cy2-anti-Rabbit-1IgG Goat Jackson ImmunoResearch Laboratories; #111-225-144
Cy3-anti-Rabbit IgG Mouse Jackson ImmunoResearch Laboratories; #211-165-109
Cy3-F(ab');-anti-Rabbit 1IgG Donkey Jackson ImmunoResearch Laboratories; #711-166-152
Cy5-anti-Rabbit IgG Donkey Jackson ImmunoResearch Laboratories; #711-175-152
Cy5-F(ab');-anti-Rabbit 1I9G Donkey Jackson ImmunoResearch Laboratories; #711-176-152
FITC-anti-Rabbit IgG Goat Jackson ImmunoResearch Laboratories; #111-095-003
Peroxidase (POD)-anti-goat 1IgG Donkey Jackson ImmunoResearch Laboratories; #705-035-147
POD-anti-mouse IgG Donkey Jackson ImmunoResearch Laboratories; #715-035-151
POD-F(ab'),-anti-rabbit 1IgG Donkey Jackson ImmunoResearch Laboratories; #711-036-152

2.1.3 Mouse siGENOME siRNA library-SMART pool

The Mouse siGENOME siRNA Library-SMARTpool (Thermo Fisher Scientific; #G-015005-
E2-025, 0.25 nmol) comprises 55x 384 well microplates (Thermo Fisher Scientific; #AB-
0781) and is divided into four sublibraries (Tab. 6).

Tab. 6. Sublibraries of the Mouse sSiGENOME siRNA Library.

Sublibrary 384 well micro plates Targeted genes
Mouse GPCR 2 474

Mouse Protein Kinases 3 719

Mouse Druggable 17 5169

Mouse Genome 33 10510

In total, 16,872 genes are targeted by 67,488 different siRNAs, all of which are 19
nucleotides in length without chemical modification. Four siRNAs directed against the same

target mMRNA are pooled per well.

2.1.3.1 Plate layout

Upon resuspension of desalted lyophilised siRNAs of the library with siRNA buffer (Thermo
Fisher Scientific; #B-002000-UB-100) in storage plates (Thermo Fisher Scientific; #AB-0781),
assay plates (GREINER bio-one; #781091) were prepared with 0.5 uM siRNA in 4 pl RNAse-
free water per well, resulting in 50 nm siRNA (2 pmol) in 40 pl final transfection volume

including Lipofectamine®2000 and MCD4 cells. Both, storage and assay plates were stored

29
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at -20°C. Maximal 320 of 384 wells per microplate are occupied, leaving the outer two rows
of each 384 well microplate for controls (Fig. 4). Equivalent to the concentration of library
SiRNAS, 4 pl of 0.5 pM control Agp2 siRNA, toxic (TOX) siRNA and scrambled non-targeting
(NT#2) siRNA (Tab. 8) were added manually to each assay plate on the day of transfection.
Including siRNA-free mock transfection, in which only Lipofectamine® 2000 and cells were
present, four controls were placed in central and outer parts of both sides of the microplate

(Fig. 4).
123456 7 8 9101112131415161718192021222324

] library siRNAs
AQP2 siRNA

Il TOX siRNA

B mock

Il NT#2 siRNA

TOZZIr"aea—IOMMUO®®>

Fig. 4. Assay plate layout. Surrounding library siRNAs, the controls mock, Agp2, TOX, and NT#2 siRNAs were
arranged in the indicated parts of the microplate. Except for rows 1 and 23, FSK was added to all wells.

2.1.4 Oligonucleotides

2.1.4.1 DNA oligonucleotides

Tab. 7. DNA oligonucleotides used for PCR or sequencing.

Name Use DNA SequeXtce 560
hAQP2-forw-1 PCR GAATTCATGTGGGAGCTCCGC
hAQP2-rev-816 PCR GCGGCCGCTCAGGCCTTGGTACC
hAQP2-forw-442 Sequencing TCCACCGATGAGCGCCGCGGA
hAQP2-rev-474 Sequencing CCCCGCGGATGTCTGCTGGCG
mGAPDH for PCR AGGTTGTCTCCTGCGACTTCA
MGAPDH rev PCR CCAGGAAATGAGCTTGACAAAGTT

Oligonucleotides were purchased from BioTeZ Berlin Buch GmbH (Berlin, DE). They were
synthesised in 10 nmol scale, dissolved in A. dest. and stored as 100 mM stock and 10 pM

solutions at -20°C.
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2.1.4.2 siRNAs

Tab. 8. siRNAs for control and validation experiments.

2 MATERIALS AND METHODS

Name Target/s equene3ed )( 50 Source, article numb er (#)

Aqp2 Human AQP2/ Life Technologies GmbH (Darmstadt,

(Aqp2 Stealth siRNA) GAGCTCCGCTCCATAGCCTTCTCCA  DE); #1299001/AQP2HSS179907

Gapdh Human, mouse, rat GAPDH/ Life Technologies GmbH (Darmstadt,

(Silencer® GAPDH siRNA) Proprietary DE); #AM4624

TOX . Thermo Fisher Scientific (Bonn, DE),
Proprietary

(TOX Transfection Control)

#D-001500-01-20

Firefly luciferase/

NT#2 Xﬁgﬁiﬁgéggﬁ:ﬁ%ﬁiﬁ?ﬁ% Thermo Fisher Scientific (Bonn, DE),
(SiIGENOME Non-targeting siRNA Pool #2) AUGAACGUGAAUUGCUCAA, #D-001206-14-20
UGGUUUACAUGUCGACUAA
Mouse
Cdk18 igilgifg:éégg:f:(;%cu%CAAA Thermo Fisher Scientific (Bonn, DE),
(SIGENOME SMART pool) GGAAACAUAUGUGAAACUG., #M-040145-01-0005/18557)
GAAACACGCCAAUAUUGUG
Cdk18 single Mouse Cdk18/ Life Technologies GmbH (Darmstadt,
(Silencer Predesigned) CCAACUCCACACUCAGACG DE); #AM16708A; ID, 155801
Mouse
PkiU pool ElngAASg’:iﬁﬁfggggngUA Thermo Fisher Scientific (Bonn, DE),
(SIGENOME SMART pool) GAGAAGCUCCACCGAACAA. #M-058432-01-0005/18767)
GAAGAAAUGCAAUACAUGA
PkiUsingle Mouse Pkil/ Life Technologies GmbH (Darmstadt,
(Silencer Predesigned) CCAAAUGUACCAUUCAGUU DE); #AM16708A; ID, 150159)

siRNAs were ordered in 20 nmol scale, resuspended in RNAse-free water and stored as

100 pM stock solutions at -20°C.

2.1.5 Chemicals and buffers

All chemicals used for preparing buffers and solutions (Tab. 9) were obtained from Sigma-
Aldrich (Taufkirchen, DE) or Carl Roth GmbH & Co. KG (Karlsruhe, DE), unless indicated
otherwise. All buffers were prepared with A. dest.

Tab. 9. Buffers and solutions.

Buffer /solution

Composition

Blocking buffer (IF)

1x PBS; 0.27 % fish skin gelatine

Blocking buffer (Western Blot)

1x TBS-T; 1 % bovine serum albumine (BSA)

Lysis buffer

SLB; PhosSTOP EASY (Tab. 10), Complete mini EDTA-free (Tab. 10)

Opti-MEM®

Life Technologies GmbH (Darmstadt, DE); #11058-021

Phosphate-buffered saline (PBS)

137 mM NaCl; 2.7 mM KClI; 1.5 mM KH,POy; 8.1 mM Na,HPOy; ph 7.4

Sample buffer 3x

30 % glycerine; 3 % SDS; 200 mM Tris-HCI; 30 mM DTT; pH 6.8

SDS-polyacrylamide gel electrophoresis (PAGE)

running buffer

25 mM Tris; 192 mM glycine; 0.1 % SDS

Semi-dry transfer buffer (Western Blot)

48 mM Tris; 39 mM glycine; 1.3 mM SDS; 20 % (v/v) methanol

Separating gel buffer (SDS-PAGE)

0.625 M Tris-HCI; ph 6.8

Standard lysis buffer (SLB)

10 mM K;HPO,4; 150 mM NaCl; 5 mM EDTA; 5 mM EGTA; 0.5 % Triton X-

100; pH 7.4

Stacking gel buffer (SDS-PAGE)

0.75 M Tris-HCI; ph 8.8
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Composition

TBS + Tween (TBS-T)

1x TBS; 0.05 % Tween-20

Tris-acetate-EDTA (TAE) buffer

40 mM Tris; 1 mM EDTA; 1.14 % (v/v) glacial acetic acid

Tris-buffered saline (TBS)

10 mM Tris-HCI; 150 mM NaCl; ph 7.4

Trypsin-EDTA

Tab. 10. Chemicals and fluorescent dyes.

Substance

Biohrom AG (Berlin, DE); #L2153

Vendor; article number (#)

4 &-Diamidine-2 -phenylindole dihydrochloride
(DAPI)

Roche Diagnostics GmbH (Mannheim, DE); #10236276001

alamarBlue®

Life Technologies GmbH (Darmstadt, DE); #DAL1025

Arginine-vasopressin (AVP)

M. Beyermann, Leibniz-Institut fir Molekulare Pharmacologie (FMP; Berlin,
DE)

Complete mini EDTA-free

Roche Diagnostics (Mannheim, DE); #REF0693159001

Coomassie Plus™ Protein Assay Reagent

Thermo Fisher Scientific (Bonn, DE); #1856210

Forskolin (FSK)

Biaffin GmbH & Co KG Life Sciences Institute (Kassel, DE); #PKE-FORS-050

HyperLadder Il (HyperLadder™ 50bp)

BioLine GmbH (Luckenwalde, DE); #BI033054

Immobilon™ Western Chemiluminescent HRP

substrate

Merck Millipore (Schwalbach, DE); #WBKLS0500

Immu-Mount™

Thermo Fisher Scientific (Bonn, DE); #99-904-12

PhosSTOP EASY pack

Roche Diagnostics (Mannheim, DE); #REF04906837001

Precision Plus Protein Standard Dual Color

Bio-Rad Laboratories GmbH (Miinchen, DE)

Redsafe

Intron Biotechnology (Seongnam, KR); #21141

TRITC-Phalloidin

2.1.6 Eukaryotic cells

Sigma-Aldrich (Taufkirchen, DE); #P1951

Tab. 11. Eukaryotic cell lines and primary cells.

Cellline s Description Culture medium Vendor; article number (#)
DMEM- GlutaMAX ™ (Life Technologies GmbH Deutsche Sammlung von
HEK293 Human embryonic (Darmstadt, DE; #21885108); 10 % fetal calf Mikroorganismen und Zellkulturen
kidney cell line*®® serum (FCS); 1% penicillin/streptomycin ~ GmbH (DSMZ; Braunschweig,
(100 U/ml) DE); #ACC305
) ) K-SFM (Life Technologies GmbH (Darmstadt,
Human kidney cell line, LGC Standards GmbH (Wesel,
HK2 ) G;  #17005-042); 2% FCS;, 1%
proximal tubule o ) DE); #CRL-2190
penicillin/streptomycin (100 U/ml)
DMEM/F-12-GlutaMAX ""(Life Technologies
) ) M. Goppelt-Striibe,
Human kidney cell line, GmbH (Darmstadt, DE; #31331028); 2.5 % ) ) o
HKC8 . o . Universitatsklinium Erlangen
proximal tubule FCS; 1% penicillin/streptomycin (100 U/ml);
. . ) . (Erlangen, DE)
1 % insulin/transferrin/selenium (ITS)
) ) DMEM/F-12-GlutaMAX ™(Life Technologies
Mouse cortical collecting LGC Standards GmbH (Wesel,
M1 406 GmbH (Darmstadt, DE; #31331028); 5 % FCS,
duct cell line DE); #CRL-2038
5 uM dexamethasone
Mouse collecting duct ™ ) o )
i bl DMEM/F-12-GlutaMAX “(Life Technologies G. Valenti, Dipartimento di
cell line, stal
MCD4 Y GmbH (Darmstadt, DE; #31331028); 5 % FCS, Fisiologa Generale ed Ambientale,

expressing human
AQP2"

5 uM dexamethasone

(Bari, 1)
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Cellline s Description Cultur e medium Vendor; article number (#)

DMEM/F-12 i GlutaMAX "™(Life Technologies
) GmbH (Darmstadt, DE; #31331028); 5 % FCS; Stacy L. Steele, Medical University
Mouse collecting duct o _ ) )
mTERT s 1% penicillin/streptomycin (100 U/ml); 5uM  of South Carolina (South Carolina,
cells
dexamethasone; 1% ITS; 10nm 3, -: US)

Triido-L-thyronine sodium salt (T3)

Primary cells

DMEM- GlutaMAX™(Life Technologies GmbH
(Darmstadt, DE; #21885108); 1% non-
essential amino acids (Biochrom AG; Berlin,
Inner medullary DE; #C2-22;) 1 % ultroser G (Cytogen GmbH,
IMCD collecting duct cells from  Sinn, DE; #15950-017); 500 uM DBCcAMP, Made inhouse;****%
rats 20 U/ml nysta- tin (Sigma Aldrich; #N4014);
0.25 pg/ml gentamicin (Life Technologies
GmbH (Darmstadt, DE; #15710); 4.5 gl
glucose; 100 mM NaCl; 100 mM urea

2.2 Methods

2.2.1 Isolation and purification of DNA

2.2.1.1 Isolation of genomic DNA from cell lines

For the isolation of genomic DNA from cell lines, cells were grown to confluency in T75 cell
culture flasks, trypsinised and resuspended in 5 ml medium. Cells were counted using the
Scepter™ pipette (see Cell counting) and up to 10 cells were transferred to a 2 ml reaction
tube for centrifugation (2 min, 1500x g, room temperature). DNA was purified using the
GeneMATRIX Tissue DNA Purification kit (Roboklon GmbH, Berlin, DE; #E3550).

2.2.1.2 Purification of DNA fragments from agarose gels

DNA was purified from agarose gels using the NucleoSpin® Extract Il kit (Macherey-Nagel,

D¢ren, DE; #740609. 250) according to manufacture

2.2.2 Analysis and modification of DNA

2.2.2.1 Polymerase chain reaction

The polymerase chain reaction (PCR) was used to amplify specific DNA regions from AQP2
for subsequent sequencing. Specific forward (hAQP2-for-1) and reverse (hAQP2-rev-816)
primers and thermostable OptiTag DNA polymerase were used. PCR reactions were
performed in 35 cycles in the TProfessional TRIO thermocycler (Biometra, Goéttingen, DE)

using the protocol outlined in Tab. 13.
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Tab. 12. Composition of PCR reaction.

Compon ent Volume [ul] Final concentration
Template DNA 1 50-200 ng
hAQP2-forw-1 (10 pM) 0,4 0,2 uM
hAQP2-rev-816 (10 pM) 0,4 0,2 uM

dNTP mix (5 mM) 0,8 0,2mM

OptiTaqg polymerase (5 U/pl) 0,1 0,025 U

10x Buffer C (15 mM MgCl; inter alia) 2 1x (1,5 mM Mg Cly)
Agua dest. ad 20 pl

OptiTaq thermostable DNA polymerase (#E2600-02), reaction buffer (#011211) and dNTPs
(#E2800-04) were purchased from Roboklon GmbH (Berlin, DE).

Tab. 13. PCR protocaol.

Step Temperature Time

1 Preheating 80°C 2 min

2 Initial denaturation 95°C 3 min
Denaturation 95°C 1 min

3 Annealing 61°C 1 min 35x
Elongation 72°C 1 min

4 Final elongation 72°C 7 min
Precooling 25°C 5 min

6 Cooling 4°C D)

2.2.2.2 Agarose gel electrophoresis for separation of DNA fragments

DNA fragments were analysed by agarose gel electrophoresis. TAE buffer containing 1.5 %
(w/v) agarose was boiled in a microwave until the solution became clear. After the solution
cooled to approximately 60°C the DNA stain Redsafe was added and the gels were
mounted. 10 ul of the PCR reaction (Tab. 12), containing Buffer C, were loaded per well. To
determine the size of DNA fragments, HyperLadder Il was run as the molecular weight
standard. The gels were run at 100 V for 50-60 min in 1x TAE buffer, DNA was visualised
with GelDoc 2000 using a 520 nm filter.

2.2.2.3 DNA sequencing

For DNA sequencing, the Value Read Tube Service by Eurofins MWG Operon (Ebersberg,
DE) was used and custom-made primers hAQP2-for-442 and hAQP2-rev-474 (Tab. 7) were
applied.
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2.2.3 Biochemical methods

2.2.3.1 Caelllysis

Eukaryotic cells were lysed by ultrasound. Confluent cells were washed with ice-cold PBS
and scraped into lysis buffer. In a 1,5 ml reaction tube cells were disrupted by six ultrasonic
impulses (65 % amplitude) at 4°C, using Sonoplus HD 2070. Cell debris was removed by
centrifugation (30 min, 15,000x g, 4°C). The supernatant was used for Bradford assays and

Western Blot analyses.

2.2.3.2 Bradford assay

Protein concentration of cell lysates was determined using the colorimetric Bradford assay**°.
Per well of a 96 well microplate, 5 pl of sample lysate or standard samples (defined
concentration of 0.125-2 mg/ml) and 250 pl Coomassie Plus™ Protein Assay Reagent were
mixed and incubated for 10 min at room temperature, protected from light. Using the
Enspire®2300 microplate reader, absorbance at 595 nm was measured. According to the

extinction of standards, protein concentration of samples was determined.

2.2.3.3 Western Blotting

Protein samples were denatured in 1x sample buffer for 10 min at 95°C, separated by SDS-
PAGE and transferred from the polyacrylamide gel to polyvinylidene fluoride (PVDF)
membranes using the TransBlot Semi-dry Western Blot module (20V for 90 min).
Membranes were blocked for 60 min at room temperature (blocking buffer) and agitated with
primary antibody, diluted in blocking buffer, at 4°C over night. Membranes were washed
3x 10 min in TBS-T and incubated with POD-labelled secondary antibodies, diluted in
blocking buffer, for one hour at room temperature. Finally, membranes were washed
3x 10 min in TBS-T and proteins were detected by Immobilon® Western Chemiluminescent
HRP substrate. Signals were visualised using Odyssey Imager. Precision Plus Protein
Standard Dual Color was applied to determine protein sizes. Image Studio Ver. 2.0 and
Image J were used for image processing and densitometric analysis, respectively.

To confirm specific antibody binding to antigen the antibody was pre-absorpted with the
peptide, representing the respective epitope. The dilution at which the antibody consistently
gives positive results was determined. The antibody was pre-incubated with a 1000 fold
molecular excess of peptide in 500 ul PBS for 2 hours at room temperature. Antibody/peptide
mixture was diluted in blocking buffer and the PVDF membrane was incubated with the

mixture at 4°C over night.
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2.2.4 Mammalian cell culture

2.2.4.1 Culturing of rat primary inner medullary collecting duct (IMCD)

cells

IMCD cells were prepared according to Faust et al. 2013°%. In brief, 10 to 12 weeks old rats
(Wistar Han, Charles River Laboratories International, Inc., Sulzfeld, DE) were anesthetised
and decapitated. Inner medullae were dissected and digested enzymatically by
hyaluronidase and collagenase. IMCD cells were resuspended in fully supplemented medium
(Tab. 11) and seeded in collagen type 1V (BD Biosciences, Heidelberg, DE; #356233)-coated
dishes. Six to eight days after seeding, cells were used for experiments. 24 hours before
starting the experiment, cells were incubated in medium without DBCAMP and nystatin in
order to increase the perinuclear location of AQP2.

2.2.4.2 Culturing of mammalian cells

HEK293, HK1, HKC8, M1, MCD4 and mTERT cells were grown in appropriate medium
(Tab. 11) and subcultured twice a week. Confluent cells were washed with ice-cold PBS and
incubated with 1x Trypsin-EDTA for 2-10 min at 37°C. After detachment of the cells,
trypsinisation was stopped by serum containing medium. A defined volume of cell
suspension was transferred into a new cell culture flask with freshly added medium. After cell
transfer, the cell passage (P) increased by a factor of one.

2.2.4.3 Cell counting

Cells were detached from plastic surfaces of culture dishes by trypsinisation. The cell
suspension was diluted 1:10 in a 1.5 ml reaction tube using PBS. Using the Scepter™ 2.0

pipette with 60 UM tips, cells of 9-21 uM size were counted.

2.2.4.4 Freezing and thawing of mammalian cell lines

When confluency was reached cells were trypsinised and centrifuged (2 min, 300x g, room
temperature). The pellet was resuspended in 3 ml medium without antibiotics per T75 cell
culture flask. The equal volume of FCS containing 20 % dimethyl sulfoxide (DMSO) was
added. The cell suspension was aliquoted in 3x 2 ml vials, which were stored at -80°C in a
Cryo-container to achieve a cooling rate of 1°C/min. After a minimum of 3 hours, the cell-
containing vials were transferred to liquid nitrogen.

To re-culture cells, frozen vials were quickly thawed by slight agitation in a water bath at
37°C. With a sterile Pasteur pipette, cells of one vial were slowly transferred in a T75 cell

culture flask, containing 15 ml medium. After 2-4 days cells were grown confluent.
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2.2.4.5 Reverse siRNA transfection of MCD4 cells

Transfection of double stranded short interfering RNAs (ds siRNAs) is widely used to
specifically inhibit the expression of a target gene and to study its biological function. sSiRNA

is a key component of RNA interference (RNAi**

) and mediates posttranscriptional gene
silencing (PTGS). With approximately 20 nucleotides in length, siRNA duplexes escape
dsRNA-induced mammalian defence mechanisms*? but assemble with the RNA-induced
silencing complex (RISC*®). The siRNA duplex is dissociated into its single strands, of which
the guide strand is incorporated into RISC (called activated RISC) and the passenger strand
is degraded**. Activated RISC is directed to the homologues mRNA target and catalyses its

cleavage*®*!*®. The expression of a single gene is then inhibited sequence-specifically.

siRNA was resuspended in RNAse-free water and incubated with Lipofectamine® 2000 for
15 min at room temperature. MCD4 cells were reversely transfected by seeding cells onto
the siRNA-liposome complex and incubation for 72 hours at 37°C. Transfections were
conducted manually in 6 well plates or 384 well microplates or robot-assisted in 384 well
microplates. In 6-well format, 200 pl of 500 nm siRNA were mixed with 200 pl Opti-MEM®,
containing 6 pl Lipofectamine® 2000. After 15 min incubation at room temperature, 45,000
MCD4 cells (P42) in 1600 ul medium were added, resulting in 50 nm final SiRNA
concentration in 2000 pl transfection volume per well. In 384 well microplates, 5 pl of 500 nm
siRNA were mixed with 5 pl Opti-MEM®, containing 0.15 ul Lipofectamine® 2000, and
incubated for 10-15 min at room temperature. 500 MCD4 cells (P42) in 40 pul medium were
added, resulting in 50 nm final sSIRNA concentration in 50 pl per well.

For automated reverse siRNA transfection in 384 well microplates, Tecan Freedom EVO
liquid handling robot was used. Transfection volume was reduced to 40 pl in order to safe
SiRNA. 4 pl of 500 nm siRNA and 6 pyl OptiMEM® including 0.15 ul Lipofectamine® 2000
were transferred to assay plates (GREINER 781091) by following the protocol instructions
Transfer_siRNAs and Transfer_Lipofectamine2000, respectively (Fig. S 2, Fig. S 3). The
siRNA-liposome-complex was incubated for 15 min at room temperature and finally 500

MCD4 cells in 30 pl medium were added, using the EL406™ dispenser module.

2.2.4.6 Determination of cell viability via alamarBlue®

In 384 well format, MCD4 cell viability was determined using alamarBlue® cell health
indicator. According to the protocol, 5 pl alamarBlue® cell viability reagent were added to
50 pl cell suspension. After incubation for four hours at 37°C, the absorbance of
alamarBlue® was measured at 570 nm, using 600 nm as a reference wavelength, utilizing
the Enspire®2300. The alamarBlue® absorbance at 570 nm is proportional to the amount of

living cells.
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2.2.5 Immunofluorescence microscopy

2.2.5.1 Immunofluorescent detection of proteins

Cells were grown to confluency on cover slides with 12 mm diameter. Medium was aspirated
and the cells were fixed with 2.5 % PFA for 15 min at room temperature. Cells were washed
three times with 1x PBS and permeabilised with 0.1 % Triton X-100 for 5 min at room
temperature. Unspecific binding was inhibited by blocking with 0.27 % fish skin gelatine for
60 min at 37°C. Cells were incubated with anti-AQP2 antibody H27 (1:500 dilution of H27,
stored with glycerol 1:1; resulting in final 1:1000 dilution) for 60 min at 37°C and washed
afterwards three times with 1x PBS. Cells were incubated with secondary anti-rabbit antibody
(1:500) and 1x DAPI for 60 min at 37°C and finally were washed with 1x PBS. Using Immu-

Mount™, cover slides were fixed on microscope slides and stored at 4°C overnight.

Using 384 well GREINER microplates 781091, the BioTEK microplate washer was used for
aspiration and washing steps. Detailed settings are appended (Tab. S 1, Tab. S 2, Tab. S 3,
Tab. S 4) and protocol names are indicated in italics. Initially, the washer was primed with
1x PBS, starting PRIME_200. Medium was aspirated by running GREINER 10, leaving 10 pl
residual volume per well. Using either the BioTEK EIx406 dispenser module or an Eppendorf
Research Pro multichannel pipette, 40 ul of 3.125 %PFA were added per well, resulting in
2.5 % PFA in 50 pl. After 15 min incubation at room temperature, cells were washed three
times with 1x PBS by running GREINER. The remaining volume was reduced to 10 pl per
well by activating GREINER 10. 40 ul of 0.125 % Triton X-100 were added to each well. Cells
were incubated for 5 min at room temperature and washed afterwards (GREINER). Again,
the remaining volume was reduced to 10 pl (GREINER 10). 40 pl blocking buffer per well
were added and microplates were incubated for 60 min at 37°C. Upon aspiration (GREINER
10), 20 ul of H27 (1:333 of H27, diluted 1:1 in glyceral, results in final 1:1000 H27 in 30 pl)
were dispensed and microplates were incubated for 60 min at 37°C. Cells were washed
(GREINER), PBS was aspirated (GREINR 10) and 20 pl 1.5x DAPI plus 1:400 fluorescently
labelled anti-rabbit secondary antibody, diluted 1:1 in glycerol, were dispensed. Finally, cells
were washed three times with 1x PBS (GREINER) and stored at 4°C before microscopic

analysis.
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2.2.5.2 Microscope settings

2.2.5.2.1 Arrayscan VTI HCS Reader

384 well microplates were analysed by automated microscopy, using the ArrayScan V'™ HCS
Reader (Thermo Fisher Scientific/Cellomics, Bonn, DE). Two channels were recorded,
applying the filters BGRFR_386 23 and BGRFR_549 15 to detect DAPI and Cy3 signals,
respectively. With 20x magnification, 81 image fields (Fig. 5) per well and channel were
acquired, resulting in 62,208 images per microplate (384 x 81 x 2). Images were acquired in
high resolution camera mode (1024 x 1024). Exposure was set manually. Auto focus on

DAPI signal in channel 1 was applied in each image field.
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Fig. 5. Images field per well. ArrayScan VTl HCS Reader acquires 81 image fields per well of a 384 well
microplate when set to 20x magnification. Pictures are recorded in spiral order starting with image field O from the
centre of the well.

2.25.2.2 LSM 780

Object slides were analysed with LSM780 confocal laser scanning microscope, applying 40x
magnification. Two channels were acquired: (i) DAPI, using a 405 nm laser and filter for
415-502 nm, and (ii) Cy3, using a 561 nm laser and filter for 563-699 nm. Pinholes were set
to 100-130 uM, digital gain remained 1.00 and master gain was adjusted to approximately
550 for both channels.

2.2.6 CellProfiler

The software CellProfiler was used for detailed image analysis. AQP2 speckles and nuclei
were identified as objects and specific image and object features were exiracted. The
settings of these measurements are defined in so-called modules. All modules together form

a pipeline, which was applied on 8 bit TIFF images.
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A-Measurelmagelntensity:

Image to measure:OrigBlue,[OrigRed]
ExportToSpreadsheet:
Intensity_MinIntensity_OrigBlue,[Intensity_MinIntensity OrigRed]
Intensity_Stdintensity_OrigBlue,[Intensity_StdIntensity_OrigRed]
Intensity_Totallntensity_OrigBlue,[Intensity_Totallntensity OrigRed]
Intensity_PercentMaximal_OrigBlue,[Intensity_PercentMaximal_OrigRed]
Intensity_TotalArea_OrigBlue,[Intensity_TotalArea_OrigRed]
Intensity_MADIntensity_OrigBlue,[Intensity MADIntensity_OrigRed]
Intensity_MeanlIntensity _OrigBlue,[Intensity_MeanlIntensity_OrigRed]
Intensity_MaxIntensity_OrigBlue,[Intensity_MaxIntensity _OrigRed]
Intensity_Medianintensity _OrigBlue,[Intensity Medianintensity OrigRed]

B-ldentifyPrimaryObjects:

Input image:OrigBlue

Primary objects to be identified:Nuclei

Typical diameter of objects, in pixel units (Min,Max):25,100

Discard objects outside the diameter range?:Yes

Try to merge too small objects with nearby larger objects?:Yes

Discard objects touching the border of the image?:No

Select the thresholding method:Otsu Global

Threshold correction factor:1

Lower and upper bounds on threshold:0.0125,1.0

Approximate fraction of image covered by objects?:0.01

Method to distinguish clumped objects:Shape

Method to draw dividing lines between clumped objects:Shape

Size of smoothing filter:10

Suppress local maxima that are closer than this minimum allowed distance:7
Speed up by using lower-resolution image to find local maxima?:No

Name the outline image:NucleiOutlines

Fill holes in identified objects?:Yes

Automatically calculate size of smoothing filter?:Yes

Automatically calculate minimum allowed distance between local maxima?:Yes
Manual threshold:0.0

Select binary image:None

Retain outlines of the identified objects?:Yes

Automatically calculate the threshold using the Otsu method?:Yes

Enter Laplacian of Gaussian threshold:0.5

Two-class or three-class thresholding?:Three classes

Minimise the weighted variance or the entropy?:Weighted variance

Assign pixels in the middle intensity class to the foreground or the background?:Background
Automatically calculate the size of objects for the Laplacian of Gaussian filter?:Yes
Enter LoG filter diameter:5

Handling of objects if excessive number of objects identified:Continue
Maximum number of objects:500

C-ExpandOrShrinkObjects:

Input objects:Nuclei

Output objects: ExpandedNuclei4,[5,6,7,8,9]

Select the operation:Expand objects by a specified number of pixels
Number of pixels by which to expand or shrink:4,[5,6,7,8,9]

Fill holes in objects so that all objects shrink to a single point?:No

Retain the outlines of the identified objects for use later in the pipeline:Yes
Name the outline image:ExpandedNucleiOutlines4,[5,6,7,8,9]

D-MeasureObjectintensity:
Image to measure:OrigBlue, [OrigRed]
Objects to measure:Nuclei, [ExpandedNuclei4,5,6,7,8,9]
ExportToSpreadsheet:
Intensity_StdintensityEdge_OrigBlue,[Intensity _StdintensityEdge_OrigRed]
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Intensity_MinIntensity_OrigBlue,[Intensity_MinIntensity OrigRed]
Intensity_IntegratedintensityEdge_OrigBlue,[Intensity_IntegratedintensityEdge_OrigRed]
Intensity_Stdintensity_OrigBlue,[Intensity_StdIntensity_OrigRed]
Intensity_MassDisplacement_OrigBlue,[Intensity MassDisplacement_OrigRed]
Intensity_UpperQuartileIntensity_OrigBlue,[Intensity_UpperQuartileIntensity_OrigRed]
Intensity _LowerQuartileIntensity _OrigBlue,[Intensity _LowerQuartilelntensity OrigRed]
Intensity_MinintensityEdge_OrigBlue,[Intensity _MinintensityEdge_OrigRed]
Intensity_Meanlntensity_OrigBlue,[Intensity_MeanlIntensity_OrigRed]
Intensity_MeanlIntensityEdge_OrigBlue,[Intensity_MeanintensityEdge_OrigRed]
Intensity_MaxIntensity_OrigBlue,[Intensity_MaxIntensity _OrigRed]
Intensity_Medianintensity _OrigBlue,[Intensity Medianintensity OrigRed]
Intensity_Integratedintensity_OrigBlue,[Intensity_Integratedintensity OrigRed]
Intensity_MaxIntensityEdge_OrigBlue,[Intensity_MaxIntensityEdge_OrigRed]

E-MeasureTexture:

Image to measure:OrigRed

Objects to measure:Nuclei, [ExpandedNuclei4,5,6,7,8,9]

Texture scale to measure:3

Texture scale to measure:4

Measure Gabor features?:No

Number of angles to compute for Gabor:4
ExportToSpreadsheet: [of ExpandedNuclei4,5,6,7,8,9]
Texture_DifferenceEntropy_OrigRed_3[4]
Texture_InfoMeas1_OrigRed_3,[4]
Texture_DifferenceVariance_OrigRed_3,[4]
Texture_SumVariance_OrigRed_3,[4]
Texture_AngularSecondMoment_OrigRed_3,[4]
Texture_Entropy_OrigRed_3,[4]
Texture_Correlation_OrigRed_3,[4]
Texture_SumAverage_OrigRed_3,[4]
Texture_Variance_OrigRed_3,[4]
Texture_InverseDifferenceMoment_OrigRed_3,[4]
Texture_SumEntropy_OrigRed_3,[4]
Texture_Contrast_OrigRed_3,[4]
Texture_InfoMeas2_OrigRed_3,[4]

F-MeasureObjectSizeShape:
Objects to measure:Nuclei, [ExpandedNuclei4,5,6,7,8,9]
ExportToSpreadsheet: [ExpandedNuclei4,5,6,7,8,9]

AreaShape_Perimeter,
AreaShape_FormFactor,
AreaShape_Orientation,
AreaShape_Area,
AreaShape_Solidity,
AreaShape_EulerNumber,
AreaShape_Compactness,
AreaShape_Extent,
AreaShape_Eccentricity,
AreaShape_MinorAxisLength,
AreaShape_MajorAxisLength,
AreaShape_Center_Y,
AreaShape_Center_X,

G-EnhanceOrSuppressFeatures:

Input image:OrigRed

Output image:EnhancedRed3,[EnhancedRed4]
Select the operation:Enhance

Feature size:3,[4]

Feature type:Speckles

Range of hole sizes:1,10
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H-ldentifyPrimaryObjects:

Input image:EnhancedRed3,[EnhancedRed4]

Primary objects to be identified:Speckles3-1,[3-2,3-3,3-4,3-5,3-6,4-1,4-2,4-3,4-4,4-5,4-6]
Typical diameter of objects, in pixel units (Min,Max):3,5

Discard objects outside the diameter range?:Yes

Try to merge too small objects with nearby larger objects?:No

Discard objects touching the border of the image?:Yes

Select the thresholding method:RobustBackground PerObject

Threshold correction factor:0.55,[0,60;0,65;0,70;0,75;0,80]

Lower and upper bounds on threshold:0.01,0.7

Approximate fraction of image covered by objects?:0.01

Method to distinguish clumped objects:Intensity

Method to draw dividing lines between clumped objects:Intensity

Size of smoothing filter:1

Suppress local maxima that are closer than this minimum allowed distance:2
Speed up by using lower-resolution image to find local maxima?:No

Name the outline image:SpecklesOutlines3-1, [3-2,3-3,3-4,3-5,3-6,4-1,4-2,4-3,4-4,4-5,4-6]
Fill holes in identified objects?:Yes

Automatically calculate size of smoothing filter?:No

Automatically calculate minimum allowed distance between local maxima?:No
Manual threshold:0.0

Select binary image:None

Retain outlines of the identified objects?:Yes

Automatically calculate the threshold using the Otsu method?:Yes

Enter Laplacian of Gaussian threshold:0.5

Two-class or three-class thresholding?:Two classes

Minimise the weighted variance or the entropy?:Weighted variance

Assign pixels in the middle intensity class to the foreground or the background?:Foreground
Automatically calculate the size of objects for the Laplacian of Gaussian filter?:Yes
Enter LoG filter diameter:5

Handling of objects if excessive number of objects identified:Continue

Maximum number of objects:500

Select the measurement to threshold with:None

I-RelateObjects:

Input child objects:Speckles3-1 [3-2,3-3,3-4,3-5,3-6,4-1,4-2,4-3,4-4,4-5,4-6]
Input parent objects:ExpandedNuclei4[5,6,7,8,9]

Calculate distances?:None

Calculate per-parent means for all child measurements?:No

Calculate distances to other parents?:No

Parent name:None

J-ExportToSpre adsheet:
Count_Nuclei,
Count_Speckles3-1[3-2,3-3,3-4,3-5,3-6,4-1,4-2,4-3,4-4,4-5,4-6]

Fig. 6. Summary of CellProfiler pipeline . Settings of major 10 of in total 194 modules are described (A-J).
Square brackets indicate other objects or images on which the same module with identical parameters was
applied. A Intensity parameters of images OrigBlue (DAPI channel) and OrigRed (H27-Cy3 channel) were
measured and exported. B Nuclei were identified as primary objects and (C) expanded by 4, 5, 6, 7, 8 or 9 pixels.
D Intensity of OrigBlue image within nuclei objects and intensity of OrigRed image within nuclei and expanded
nuclei objects were measured and exported. E Texture parameters of OrigRed image within nuclei and expanded
nuclei were measured and exported. F Area shape characteristics of nuclei and expanded nuclei were measured
and exported. G OrigRed image was enhanced by a factor of 3 or 4. H Based on OrigRed enhancements by 3 or
4 AQP2 speckles were identified applying threshold corrections factors 0.55, 0.60, 0.65, 0.70, 0.75 or 0.80. |
Speckles were related to expanded nuclei. J Number of nuclei and speckles was measured and exported.
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2.2.7 Statistics

Statistical analysis was performed using GraphPad Prism5. Unpaired t-test or one-way

ANOVA with posthoc Bonferonni were applied. Significant differences are indicated as

p 00.05 =* p 00.01 =* p 00.001 =** Mean plus standard error of mean (SEM) are

plotted.

The quality of an assayf aantdileis@duatedfrarh meinsby t he
(1) and standard deviations (s) of positive (p) and negative (n) controls: Wy, Mn, Sp, Sh:

Z  0-3(sd+ sl Hp- bl

Z06 can xnceeveedr le 0. Z D 1.0bdescriwes amexcellenb, between 0.07 0.5 a

mar gi nal readout. Z06 below 0.0 marks poor qualit
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In order to investigate the AQP2 redistribution, a kidney cell line was needed in which AQP2
is expressed and inserted into the plasma membrane upon the elevation of cAMP. With
regard to screening procedures strongly adherent cells are sought as detaching during

automated washing procedure is minimised.

3.1 MCD4 cells are appropriate for the analysis of the
AQP2 redistribution

AQP2 protein expression in five mammalian kidney cell lines was analysed by Western
Blotting. In mouse collecting duct (MCD4) cells high AQP2 protein abundance was detected
but neither in mouse-derived cortical collecting duct INnTERT-CCD) nor in the human kidney

cell lines HEK293, HK2 and HKCS8 (Fig. 7).
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Fig. 7. AQP2 protein expression in mammalian kidney cells. A) AQP2 was expressed in MCD4 and rat
primary IMCD cells. Glycosylation forms are indicated. B) Protein abundance of AQP2 cg increased
upon stimulation with AVP or FSK in IMCD but not MCD4 cells. Cells were stimulated with 100 nM
AVP or 30 uM FSK for 30 min and lysed (2.2.3.1). Western Blotting was carried out with AQP2 (C17)
and U-Tubulin (DM1a) antibodies. HEK293, human embryonic kidney cell line“®; HK2, human kidney
cell line; HKC8, human kidney cell line; mTERT, mouse collecting duct cells*®; MCD4, mouse
collecting duct cells*”; IMCD, inner medullary collecting duct*®®; cg, complex glycosylated; hm, high

mannose; ng, non-glycosylated; ut, unstimulated AVP, arginine-vasopressin, FSK, forskolin.

As expected, AQP2 is expressed in rat primary inner medullary collecting duct (IMCD) cells
that were used as a positive control. Bands representing non glycosylated (ng), high
mannose glycosylated (hm) and complex glycosylated (cg) AQP2 were observed. In rat
primary IMCD cells, AQP2 protein abundance increased, if the cAMP level was elevated
upon the V2R activation by AVP or the direct stimulation of AC by FSK***%® (Fig. 7B).
In MCD4 cells no cAMP-dependent increase of AQP2 protein level was detected upon FSK-
or AVP-stimulation (Fig. 7B). The most likely explanation for this observation might be that
the transcription of AQP2 in MCD4 cells is controlled by human cytomegalovirus immediate

early promoter (CMV), driving constitutively high expression*"#18,
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MCD4 IMCD

Nuclei AQP2 AQP2 Nuclei

Fig. 8. The microscopic detection of the AQ P2 translocation in MCD4 and primary IMCD cells . In IMCD
cells, AQP2 inserted into the plasma membrane upon cAMP elevation in response to AVP and FSK. After
stimulation with FSK but not AVP, the AQP2 redistribution was detected in MCD4 cells. Cells were treated with
100 nM AVP or 30 uM FSK for 30 min. Nuclei and AQP2 were visualised with DAPI and H27 plus Cy5-labelled
secondary antibody (Jackson ImmunoResearch, Newmarket, UK; #711-176-152), respectively. Images were
acquired with confocal laser scanning microscope LSM780 using 40x magnification (IMCD) and ArrayScan v
HCS Reader using 20x magnification (MCD4). The scale bars indicate 20 um. ut, unstimulated; AVP, arginine-
vasopressin; FSK, forskolin. Representative images are shown.

Rat primary IMCD cells show AQP2 plasma membrane localisation after stimulation with
both FSK or AVP (Fig. 8). In contrast, AQP2 redistribution in MCD4 cells was observed upon
FSK but not AVP treatment. The resistance of MCD4 cells towards AVP is explained by the
lack of V2R expression (Fig. 9B). The cell line was generated by stably transfecting mouse
cortical M1 cells*®® with human AQP2 cDNA"’ (Fig. 9A). To confirm the AQP2 sequence,
genomic DNA was isolated from M1 and MCD4 cells. The AQP2 cDNA was amplified via
PCR using specific primers hAQP2-forw-1 and hAQP2-rev-816 (Tab. 7). The amplicon was
subjected to agarose gel electrophoresis, excised from the gel, purified and validated by
sequence analysis. Thus, MCD4 cells are appropriate for the analysis of the AQP2
redistribution. With a mean diameter of 20 to 40 um MCD4 cells are of similar size as rat
primary IMCD cells. They are attached tightly to the cell culture dish, which facilitates

automated washing procedures during large-scale experiments.
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Fig. 9. The expression of human AQP2 but not V2R in MCD4 cells. MCD4 cells were generated by stably
transfecting M1 cells with human (h) AQP2 cDNA*’". Genomic DNA of M1 and MCD4 cells was isolated and (A)
hAQP2 and (B) a fragment of mouse (m) Gapdh were amplified via PCR using specific primers (Tab. 7). DNA
was subjected to agarose gel electrophoresis. hAQP2 cDNA comprises 816 base pairs (bp), mGapdh fragment
comprises 101 bp. C) Cells were lysed and proteins were detected by Western Blotting with V2R (K3) and
U-Tubulin (DM1a) antibodies. The antibody K3 (provided by Prof. Dr. Bachman, Charité, Berlin) targets the
second intracellular loop of the V2R, whose amino acids are identical in murine and rat receptors (Fig. S 1).

3.2 Experimental design

RNA interference (RNAI) is used to inhibit the expression of specific genes and to analyse its
biological function. Gene expression is silenced post-transcriptionally by short interfering
ribonucleic acids (siRNA), which block the translation of specific mMRNA transcripts (2.2.4.5).
This mechanism was utilised to investigate the AQP2 redistribution in MCD4 cells and to
identify involved proteins. Gene products, whose knockdown prevents the insertion of AQP2
into the plasma membrane were to be identified. In 384 well microtiter plates MCD4 cells
were transfected with a Mouse Protein Kinase sublibrary (Fig. 10A, 3.4, 2.2.4.5) that is part
of a genome-wide siRNA library (2.1.3, 3.3). Three days after transfection cells were
stimulated with FSK to elevate cAMP and thereby, to trigger the AQP2 translocation
(Fig. 10B). Cells were fixed and labelled fluorescently.
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Fig. 10. The experimental design. A ) MCD4 cells were transfected with a Mouse Protein Kinases siRNA library
in 384 well plates. B) Three days after transfection, cells were stimulated with 30 uM FSK for 60 min. Cells were
fixed and labelled fluorescently. C) Images were acquired via automated immunofluorescence microscopy, using
an ArrayScan V'' HCS Reader. D) Applying CellProfiler software, images were analysed in detail and image
features were extracted. E) Based on metadata generated by the CellProfiler, cells were classified and hits were
visualised using KNIME software. All steps were performed in cooperation with Sabrina Kleissle, Dr. Katina
Lazarow, Dr. Martin Neuenschwander and Marc Wippich from the FMP Screening Unit, headed by Dr. Jens Peter
von Kries. The CellProfiler-based image analysis was run on a computer cluster that was provided by Dr. Jean-
Fred Fontaine and Dr. Miguel Andrade.

Images were obtained by automated immunofluorescence microscopy using an ArrayScan
V™ HCS Reader (Fig. 10C, 3.5) and analysed with the software CellProfiler*® (Fig. 10D, 3.6).
Extracted image features were forwarded to KNIME (Konstanz Information Miner,
www.knime.org) to classify cellular phenotypes and thereby, to identify hits (Fig. 10E, 3.7).

The experimental steps are explained in detail in the following section.
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3.3 Mouse Protein Kinases siRNA sublibrary

The Mouse Protein Kinases siRNA sublibrary is part of the Mouse siGENOME siRNA library-
SMART pool (2.1.3). Within the genome-wide siRNA library 16,872 genes are targeted. Four
different siRNAs directed against various positions of one mRNA transcript are pooled per
well (Tab. S 2). siRNA molecules were generated in 2008, based on annotations of
Reference Sequence Database release 32 (RefSeq, ftp://ftp.ncbi.nim.nih.gov/refseq/release/
release-catalog/archive/) published by the National Center for Biotechnology Information
(NCBI, www.ncbi.nlm.nih.gov). The genome-wide library comprises three additional
sublibraries: Mouse GPCR, Mouse Druggable and Mouse Genome (2.1.3). As MCD4 cells
do not express V2R (Fig. 9B) and downstream AC was to be stimulated in order to raise the
cytosolic cAMP level, the Mouse GPCR sublibrary was not considered relevant for this
experiment. For the present work, the Mouse Protein Kinases sublibrary was screened,

comprising three 384 well microtiter plates and targeting a total of 719 genes (Tab. S 1).

3.4 Reverse siRNA transfection of MCD4 cells

MCD4 cells were transfected reversely, i.e. seeded onto the siRNA-liposome complexes. For
maximal transfection efficiency optimum cell number, siRNA concentration and amount of
transfection reagent were determined. Seeding of 1000 MCD4 cells per well resulted in a
100 % confluent layer after 72 hours (Fig. 11). Single cells could not be identified, as cells
grew in multilayers and cell borders were not detectable. The mean cell area was smaller
compared to cells in less confluent cell layers. 400 MCD4 cells per well grew to 80-90 %

confluency within three days, representing the optimum density for microscopic analysis.

Nuclei F-actin

1000 cells

400 cells

Fig. 11. Seeding of 400 cells per well of a microtiter plate results in optimal density for microscopic
analysis. Nuclei and F-actin were visualised with DAPI and TRITC-Phalloidin, respectively. Images were
acquired using an LSM780 confocal microscope (20x magnification). The scale bar indicates 50 pm.
Representative images are shown.
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Thus, transfections were conducted with 400 cells per well. All experiments were performed
exclusively with cell passage 42. To determine an ideal amount of transfection reagent cells
were incubated with different amounts of Lipofectamine® 2000 in the absence of siRNA
(mock transfection). After three days, cell viability was monitored using alamarBlue® cell
health indicator and additionally by counting of nuclei (Fig. 12). The addition of 0.20 pl
Lipofectamine® 2000 to a total transfection volume of 50 pl significantly reduced MCD4 cell
viability (Fig. 12A) and number (Fig. 12B) compared to cells that were left untreated.
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siRNA - - - - - - - - - -
opti-MEM® (ul) - 10 9.80 9.85 9.90 - 10 9.80 9.85 9.90
Lipofectamine ® 2000 (ul) - - 020 0.15 0.10 - - 020 0.15 0.10
400 MCDA4 cells in (ul) 50 40 40 40 40 50 40 40 40 40
Fig. 12. Effect of Lipofectamine® 2000 transfection reagent on MCD4 cells. In each of the 384 wells of the

microtiter plates 400 MCD4 cells were mock-transfected (without siRNA) using Lipofectamine® 2000. After 72
hours, viability of MCD4 cells was determined using alamarBlue® cell health indicator (A) and number of cells
was monitored by nuclei counting (B).The addition of 0.2 ul transfection reagent per well significantly reduced cell
viability and cell number. Lipofectamine® 2000 was diluted in opti-MEM® serum free medium, cells grew in the
absence of antibiotics. Statistically significant differences were determined applying one-way ANOVA with
posthoc Bonferroni. *, p 00.05, **, p 00.01. Mean + SEM are plotted.

The following experiments were conducted with 0.15 pl Lipofectamine® 2000 per well and
were evaluated using the alamarBlue® assay. In order to define the most effective siRNA
concentration, MCD4 cells were transfected with 20-70 nM toxic siRNA (TOX, Fig. 13).
Compared to cells transfected with scrambled non-targeting siRNA (NT#2) in an equal
concentration, TOX transfection resulted in the significant reduction of cell viability.
Transfection with NT#2 led to a reduction in cell viability by approximately 10 % compared to
mock transfection, indicating general off-target effects of sSiRNA. Up to 70 % transfection
efficiency was reached using 50 nM siRNA, 0.15 pl Lipofectamine® 2000 and 400 MCD4
cells. Additionally, transfection efficiency was verified using 50 nM siRNA directed against
hAQP2 mRNA or the expression of the housekeeping gene Gapdh. As confirmed by Western
Blotting, abundance of specific target proteins was strongly reduced (Fig. 14). Complex
glycosylated and high mannose AQP2 protein was efficiently knocked down, whereas
U-Tubulin and GAPDH remained unaffected upon Agp2 siRNA transfection. Transfection with
50 nM Gapdh siRNA led to the down regulation of GAPDH but neither of U-Tubulin nor of

AQP?2 protein.
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Fig. 13. Viability of MCD4 cells up on TOX-transfection. The transfection of 20-70 nM toxic siRNA (TOX)
significantly reduced cell viability compared to transfection with scrambled non targeting siRNA (NT#2). In 50 pl
total volume, 400 MCD4 cells were transfected using 0.15 pl Lipofectamine® 2000. After three days, cell viability
was monitored using alamarBlue® cell health indicator. Cells were left untreated or as controls supplemented with
opti-MEM® serum free medium only or mock-transfected. Statistically significant differences were determined
applying one-way ANOVA with posthoc Bonferroni. *, p 00.05, **, p 00.01, *** p 00,001. Mean + SEM are
plotted.
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Fig. 14. siRNA transfection reduces target gene expression. A ) AQP2 protein abundance was reduced upon
transfection with Agp2 siRNA but was not affected by transfection with Gapdh siRNA. B) After transfection with
Gapdh but not Agp2 siRNA the GAPDH protein level was decreased. The loading control U-Tubulin was not
affected by Gapdh or Agp2 siRNA transfection. MCD4 cells were transfected with 50 nM siRNA. Three days after
transfection, cells were lysed and proteins were detected by Western Blotting with AQP2 (C17), GAPDH (14C10)
and U-Tubulin (DM1a) antibodies.
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3.5 Automated immunofluorescence microscopy

One strategy to investigate the redistribution of AQP2 is to analyse the co-localisation of
AQP2 and the plasma membrane via automated immunofluorescence microscopy.
Therefore, in 384 well microtiter plates the near plasma membrane region of MCD4 cells was
detected by F-actin staining using TRITC-labelled Phalloidin. AQP2 was visualised with

404
7

primary antibody H2 in combination with Cy5-c o nj u g at gflhgment dohkéy) anti-
rabbit secondary antibody (Fig. 15; Jackson ImmunoResearch Laboratories, #711-176-152).
Early findings suggested that GFP-tagged AQP2 is usefull to study AQP2 trafficking*°. This
could not be reproduced by other studies and until today image-based investigations of

AQP?2 localisation depend on immunofluorescent staining using specific antibodies.
Nuclei AQP2 F-actin Merge

Ut ....
FSK ...

Fig. 15. Fluorescent staining of nuclei, AQP2 and F -actin of MCD4 cells. In 384 well plates nuclei, AQP2 and
F-actin were visualised with DAPI, anti AQP2 antibody H27 plus Cy5-labelled secondary antibody (Jackson
ImmunoResearch Laboratories; #711-176-152) and TRITC-Phalloidin, respectively. Images were acquired using
an ArrayScan V"' HCS Reader (20x magnification). The scale bar indicates 20 pm. ut, unstimulated; FSK,
forskolin. Representative images are shown.

During the optimisation of experimental conditions Jackson ImmunoResearch stopped
producing the antibody #711-176-152. The fluorophore Cy5 was replaced by Alexa Fluor
647, having similar excitation and emission spectra (Fig. 16A-D). Alexa Fluor 647-conjugated
antibodies did, however, reveal extracellular aggregates and high background staining
(Fig. 16B,C). Unexpectedly, neither the Cy5-labelled 1gG antibody (Fig. 16D) nor the
Cy3-conj ugat g dragntelit afgd L6E) did result in high quality staining that is
indispensable for image analysis. By testing secondary antibodies that were not raised in
donkey (Fig. 16F-H), the combination of the anti AQP2 antibody H27 and Cy3-conjugated
mouse anti-rabbit IgG (H27-Cy3, #211-165-109; Fig. 16H) resulted in specific AQP2 staining.
Unlike initial conditions (Fig. 16A, Fig. S 5) background staining was observed. However, in
contrast to other secondary antibodies (Fig. 16B-G) extracellular aggregates were not visible
(Fig. 16H). Thus, the following experiments were performed with the secondary antibody
#211-165-109.
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Avrticle number # 711-176-152 711-606-152 711-605-152 711-175-152
Raised in donkey donkey donkey donkey
Against rabbit rabbit rabbit rabbit
IgG-form F(abo) F(abo) whole IgG whole IgG
Conjugated dye Cy5 Alexa Fluor 647 Alexa Fluor 647 Cy5
Excitation peak (nm) 650 651 651 650
Emission peak (nm) 670 667 667 670

H27 +

DAPI

Article number # 711-166-152 111-095-003 111-225-144 211-165-109
Raised in donkey goat goat mouse
Against rabbit rabbit rabbit rabbit
IgG-form F(abo) whole IgG whole IgG whole IgG
Conjugated dye Cy3 FITC Cy2 Cy3
Excitation peak (nm) 550 492 492 550
Emission peak (nm) 570 520 510 570

H27 +

DAPI

Fig. 16. Immunofluorescent staining of AQP2 in MCD4 cells using H27 and different secondary antibodies

AQP2 was visualised using rabbit-derived H27 primary antibody in combination with one of eight secondary anti-
rabbit antibodies. Secondary antibodies were purchased from Jackson ImmunoResearch Laboratories, article
numbers are indicated. A) The production of #711-176-152 was stopped. B-G) H27 plus secondary antibodies
revealed unspecific extracellular signals. H) #211-165-109 s1pecifically recognised AQP2-H27. Nuclei were
stained with DAPI. Images were acquired using an ArrayScan V ' HCS Reader (20x magnification). The scale bar
indicates 50 um. Representative images are shown.
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Microscopic analysis was conducted within seven days after fluorescent staining to avoid
time-dependent signal decrease*”. Images were acquired using an ArrayScan V"' HCS
Reader automated microscope. Using the high resolution camera mode 1024 x 1024 pixel
sized images were generated. Best imaging results were obtained by using ultrathin optical
bottom (190 um) 384 well microtiter plates (GREINER, pclear, Fig. S 4). Applying 20 fold
magnification one well splits into 81 image fields, requiring 81 focussing events (Fig. 5). The
acquisition of three channels (nuclei, AQP2, plasma membrane) per image field resulted in
243 images per well and required approximately 24 hours per microtiter plate. Files
generated by the ArrayScan V"' HCS Reader were saved in a proprietary file format (12 bit
Cellomics CO01), which cannot be processed by common image analysis programs and thus,
were exported to 8 bit TIFF files. In doing so, the number of grey values was reduced to
2% = 256. Alternatively, 16 bit TIFF files could have been created providing 2'® = 65,536
possible grey values per pixel. However, in order to avoid the distortion of the original data by
generating additional grey values that were not recorded, images would have to be rescaled
to equivalent ranges in downstream applications. Overall, this would double storage space
from approximately 60 GB to 120 GB per microtiter plate considering raw images only and
was therefore not performed in this work. Depending on cell density and the duration of
focussing, image acquisition and subsequent file conversion required up to 30 hours per

microtiter plate.
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3.6 Image analysis using CellProfiler

Images, generated by automated immunofluorescence microscopy were analysed
automatically to quantitatively evaluate cellular phenotypes in an unbiased approach.
Specific image features were extracted using CellProfiler advanced image analysis software.
Within several so-called modules thresholds, smoothing filters and segmentation methods
were defined to identify nuclei, plasma membrane and AQP2. In order to distinguish
phenotypes of unstimlated and FSK-stimulated cells, AQP2 plasma membrane signals,
predicted to increase upon AQP2 redistribution, were quantified. However, this strategy failed
for two reasons. First, F-actin-labelling was variable as it depends on the cytosolic cAMP
level'®®. Although the F-actin signal was consistently most intense at the plasma membrane,
overall intensity decreased upon FSK stimulation (Fig. 15) as previously observed in IMCD
and CD8 cells'®®**°. The precise and transferable identification of the plasma membrane

could not be achieved (Fig. 17A). Second, the difference of AQP2 mean signal ratios in
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Fig. 17. Intensity of AQP2 signals within defined plasma membrane regions. A ) Plasma membrane

identification using CellProfiler image analysis software did not result in precisely defined regions. Based on
F-actin staining, plasma membrane was defined using the Watershed-Gradient method, three classes Otsu per
object thresholding applying threshold correction factor 0.4 within 0.0001-0.095 lower and upper limits of
threshold. Nuclei are shown in blue, F-actin is depicted in red. White arrows highlight examples for identification
errors. B) Ratios of AQP2 plasma membrane to intracellular signal intensity increased upon FSK treatment. The
signal window between control and stimulated condition was too small to assign unknown phenotypes.
Statistically significant differences were determined applying the unpaired t-test. ** p 00.001. ut, unstimulated;
FSK, forskolin.

plasma membrane regions under control and FSK-stimulated conditions, which is defined as
separation band, was not big enough, albeit significant (Fig. 17B). The separation band
forms a #fAsi,gniad whindlwhi ts can be i d€mtcitfoired.Z6l)
astatistical par ameter to judge an assays qual
deviations of positive and negative controls and needs to exceed 0.5 to guarantee an
excellent readout (2.2.7). The signal window emerging from analysis of AQP2 plasma
membrane to intracellular signal intensities under unstimulated and stimulated conditions
resul t e@047 and thi$ was not suitable for the detection of an AQP2 redistribution.
An alternative strategy to quantify the AQP2 redistribution is to monitor perinuclear AQP2

speckles that decrease upon FSK stimulation (Fig. 15). A CellProfiler pipeline comprising 194
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modules was generated (Fig. 6) to first identify nuclei and expand nucleus outlines by 4, 5, 6,
7, 8 or 9 pixels in order to include differently sized perinuclear regions; second, to define
AQP2 speckles applying 6 different thresholds (0.55, 0.60, 0.65, 0.70, 0.75 or 0.80) based on
prior signal expansion by a factor of 3 or 4; and third, to relate all AQP2 speckles to each of
the six nucleus outlines (Fig. 18). In total, AQP2 speckles per nucleus were determined by 72
alternative settings (Fig. 19), which allows applying the pipeline on different microtiter plates
without prior adjustment. If performed on a standard desktop computer, image analysis by
the CellProfiler pipeline requires 385 hours to process 62,208 images derived from one 384
well microtiter plate. The time was reduced to 5 hours per microtiter plate by running the

pipeline on a computer cluster, which uses 500 processors simultaneously.

Fig. 18. CellProfil er pipeline modules in detail. A ) The RGB immunofluorescent image depicts an overlay of
both channels: B) DAPI, showing nuclei and G) H27-Cy3 (rabbit-derived anti-AQP2 antibody plus Cy3-conjugated
secondary antibody), staining AQP2. D) Nucleus outlines were identified based on DAPI staining (C) and
expanded by 4 (E), 5, 6, 7, 8 or 9 (F) pixels. Outlines did not overlap (red arrow) to avoid double measurement of
the same region. Pixels were exclusively assigned to one nucleus. H27-Cy3-signal (H) was enhanced by a factor
of 3 (I) or 4 (L). Based on each enhancement AQP2 speckles were identified using a threshold of 0.55 (J, M),
0.60, 0.65, 0.70, 0.75 or 0.80 (K, N). The number of identified speckles depends on both thresholds (red circles)
and enhancements (green and yellow circles). e, enhanced; ex, expansion; t, threshold correction factor. The
scale bar indicates 50 pm.
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DAPI
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Fig. 19. Summary of CellProfiler pipeline modules. Within the CellProfiler 72 ways to analyse AQP2 speckles
per nucleus were applied. Based on DAPI staining nuclei were identified in channel 1. Nucleus outlines were
expanded by 4, 5, 6, 7, 8 or 9 pixels. H27-Cy3 signal in channel 2 was enhanced by a factor 3 or 4. Upon
enhancement, AQP2 speckles were defined applying six different threshold correction factors ranging from 0.55
to 0.80. Each threshold was used on both feature enhancements that are related to all expanded nucleus outlines
resulting in 72 alternative definitions of AQP2 speckles per nucleus. H27-Cy3, rabbit-derived anti-AQP2 antibody
plus Cy3-conjugated secondary antibody.

Extracted image information was saved in 76 output files per image field. Accordingly, 6,156
files per well and 2,363,904 files per microtiter plate were generated, accounting for
approximately 200 GB. Taking 60 GB raw images per microtiter plate that emerged from the
ArrayScan V"' HCS Reader by the acquisition of two channels (nuclei, AQP2) into account,
screening of the Mouse Protein Kinase sublibrary in triplicate required 2 TB storage space.

The extracted metadata were further processed in KNIME.
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3.7 Data analysis using KNIME

Handling of huge data amounts is facilitated by KNIME software, whose use in combination
with CellProfiler is well established*??. The program was used to summarise the data of
identified nuclei and AQP2 speckles per image field and to relate all 6,156 files of 81 image
fields to the corresponding well. First, pictures distorting the analysis were excluded (Fig. 20).

ET ¥ l DS T W
q
%

Fig. 20. Excluded images. Images were excluded from the data analysis when the edge of a well is depicted (A),
mean (B) or median (C) signal intensity exceeded 0.25, percent maximum signal intensity was above 0.2 (D), the
standard deviation of signal intensity exceeded 0.15 (E), focus score was not in the range of 0.11-0.24 (F) or
power logarithmic slopre in channel 1 (nuclei; G) or channel 2 (AQP2; H) was below -2.0. Images were acquired
using an ArrayScan V 'HCS Reader (20x magnification). The scale bar indicates 50 pm.

Image fields 49, 56, 64, 71, 72, 73, 79 and 80 (Fig. 20A, Fig. 5) were not considered as they
are depicting the edge of the well. Besides, if the signal exceeded mean (Fig. 20B), median
(Fig. 20C) or maximum intensity (Fig. 20D) or if the standard deviation of its intensity was
above 0.15 (Fig. 20E) in either channel, images were excluded. Also out of focus recordings
(Fig. 20F) and imaging artefacts (Fig. 20G,H) were not taken into consideration. Metadata of

filtered images were used to evaluate cellular phenotypes.

3.7.1 Transfection efficiency

To control transfection efficiency NT#2 and TOX siRNA were placed manually in the middle
and outer regions on both sides of each microtiter plate, accounting for 16 wells per condition
(Fig. 21A). Nuclei number of NT#2- and TOX-transfected cells was related to each other. The
transfection of MCD4 cells with TOX siRNA led to a 64-72 % reduction of cell number
compared to NT#2-transfected cells (Fig. 21B,C,E). Compared to mock-transfected cells,
scrambled NT#2 siRNA did not affect MCD4 cell number, indicating that it did not have off-
target effects. Additionally, AQP2 siRNA was placed manually on each microtiter plate

(Fig. 21A). As expected, the down regulation of AQP2 led to reduced immunoflourescent
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signals elicited by rabbit-derived anti-AQP2 antibody H27 plus Cy3-conjugated secondary
antibody (H27-Cy3; Fig. 21D,F).
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Fig. 21. MCD4 cells were efficiently transfected with siRNAs of the Mouse Protein Kinases sublibrary.

A) Library siRNAs were located in the central 320 wells of columns 3-22 of 384 well plates. Controls were
arranged on either side and included cells transfected with AQP2 siRNA, TOX siRNA, NT#2 siRNA and mock-
transfected cells. Except for rows 1 and 23 20 pl of 90 uM FSK were added to all wells resulting in final
concentrations of 30 uM FSK. B) The experiment was performed three times independently, i.e. microtiter plates
1-3 were analysed in triplicate (1.1, 1.2, 1.3, 2.1, 2.2, 2.3, 3.1, 3.2, 3.3). The transfection of TOX siRNA reduced
the cell number to 64-72% compared to NT#2 transfected cells. Colour code relates to well definition. C) A
graphical overview of nuclei counts of microtiter plate 2.1. The lowest cell number was detected in TOX-
transfected cells. Also, in well F19 a decreased cell number was detected, implying that transfection with sSiRNA in
that well elicits a toxic effect on MCD4 cells. D) Heatmap of recorded H27-Cy3 intensities on microtiter plate 2.3,
on which 79 of central 320 wells were occupied with library siRNAs. The lowest AQP2 intensity was detected
upon AQP2 siRNA transfection. Representative images of cells transfected with TOX and AQP2 siRNA are
shown in (E) and (F). Images were acquired using an ArrayScan V" HCS Reader (20x magnification). The scale
bars indicate 50 um. AQP2 is depicted in green, nuclei are shown in blue. H27-Cy3, rabbit-derived anti-AQP2
antibody H27 plus Cy3-conjugated secondary antibody. Statistically significant differences were determined
applying one-way ANOVA with posthoc Bonferroni. ***, p 00.001. Mean + SEM are plotted.
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TOX siRNA
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3.7.2 siRNA affects cell viability

Beside TOX siRNA, the transfection of several siRNAs included in the Mouse Protein
Kinases sublibrary led to strongly reduced cell number. Out of 719 tested genes, the
knockdown of 24 kinases decreased cell viability to less than 60 % compared to NT#2-
transfected cells (Tab. 14). To identify targeted genes, siRNA sequences were re-annotated

with RefSeq version 58 (www.ncbi.nlm.nih.gov/refseg/announcements/), released in 2013.

Tab. 14. MCD4 cell viability is decreased upon  the down regulation of the listed genes.

Position Viability ( %) Protein s ymbol Gene name Accession
1 3/HO7 18 WEE1 WEE 1 homolog 1 NM_009516
2 1/D20 25 COPB2 Coatomer protein complex subunit beta 2 (beta prime) NM_015827
3 2/F19 25 PLK1 Polo-like kinase 1 NM_011121
4 1/104 33 AURKB Aurora kinase B NM_011496
5 1/A11 43 STK36 Serine/threonine kinase 36 NM_175031
6 1/J06 50 EVI5L Ecotropic viral integration site 5 like NM_153536
7 2/F20 50 PLK2 Polo-like kinase 2 NM_152804
8 3/C10 52 AURKA Aurora kinase A NM_011497
9 3/F10 50 TRPM6 Transient receptor potential cation channel subfamily M NM 153417
member 6 -
10 2/F09 55 MAP3K2 Mitogen-activated protein kinase kinase kinase 2 NM_011946
11 1/A22 55 CDKL3 Cyclin-dependent kinase-like 3 NM_153785
12 1/K06 56 PDIK1L PDLIM1 interacting kinase 1 like NM_146156
13 1/112 57 THNSL1 Threonine synthase-like 1 NM_0010012
14 1/F10 57 XYLB Xylulokinase homolog NM_0010332
15 3/D03 58 TEC Tec protein tyrosine kinase NM_013689
16 1/C05 58 MAGI3 (l;noenr?;;aggnz:asiici)%atsed guanylate kinase WW and PDZ NM_133853
17 2/E10 58 MAP2K4 Mitogen-activated protein kinase kinase 4 NM_009157
18 1/004 58 CARD14 Caspase recruitment domain family member 14 NM_130886
19 1/G10 58 AKAP13 A kinase (PRKA) anchor protein 13 NM_029332
20 3/Co7 59 STK38L Serine/threonine kinase 38 like NM_172734
21 2/112 59 MARK3 MAP/microtubule affinity-regulating kinase 3 NM_021516
22 3/D05 59 TESK1 Testis specific protein kinase 1 NM_011571
23 1/H11 59 ARAF V-raf murine sarcoma 3611 viral oncogene homolog NM_009703
24 1/M10 59 C230081A13RIK  RIKEN cDNA C230081A13 gene NM_172924

Cells were transfected with siRNA targeting mRNA transcripts of the indicated genes. Three days after
transfection, cells were analysed via automated immunofluorescence microscopy. During image analysis number
of nuclei were determined within the CellProfiler pipeline. 6 Posi ti ond i ndicates wmnn
which well respective siRNAs were located. Mean viability of three independent experiments is shown (repititions
1.1-1.3 are averaged to 1, 2.1-2.3 to 2, 3.1-3.3 to 3). NT#2-transfected cells were considered as 100 % viable.
Position indicates the microtiter plate and well of detected candidates. Accession numbers refer to National
Center for Biotechnology Information (NCBI, www.ncbi.nlm.nih.gov/) entries.

Many of these proteins are involved in cell cycle regulation (EVI5SL*3, PLK2%*, AURKA®**®,
STK38L**, MARK3*¥") and mitosis (PLK1*?®, WEE1, AURKB*®, ARAF*¥* CDKL3*"). TEC
plays o role in inflammation and bone destruction®®. TESK1 and C230081A13RIK that is
also known as atypical kinase SGK269 participate in diverse signalling processes and are
involved in cytoskeletal organisation®®****, STK36 particpiates in cilogenesis*®; MAP3K2
acts as transcriptional regulator*®®. MAGI3 participates in extracellular signal-related kinase
(ERK) signalling®®” and MAP2K4 is involved in stress-activated c-Jun N-terminal kinases
(JNK) and p38 MAPK signalling pathways**®. AKAP13 is also called AKAP-Lbc and functions
as PKA-targeting protein and as GEF that activates RhoA**. COPB2 is a coat protein that

[“° and TRPM6 acts as cation channel

regulates vesicle transport from ER to GOLG
mediating Ca?* and Mg?* transport***. XYLB is suggested to participate in the carbohydrate
metabolism*?. The function of CARD14**®, PDIK1L** and THNSL1 is currently not known.
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The expression of these genes is indispensable for MCD4 cell survival. On the other hand,
the down regulation of 22 other kinases led to slightly increased cell number (Tab. S 1).
However, viability increased maximal by 15 %.

3.7.3 Multilayer perceptron

In order to automatically analyse the AQP2 localisation, cellular phenotypes were classified
using a multilayer perceptron (MLP), which is integrated into KNIME. MLP is a powerful
machine learning model that is able to autonomously identify complex data patterns and to
map them to defined groups. It belongs to the class of artificial neural networks that are
widely used for gene identification approaches*”. Machine learning algorithms can be
successfully trained even for phenotypes that cannot be distinguished by humans*®. MLP
was trained with CellProfiler-derived metadata of unstimulated and FSK-stimulated mock-
transfected cells, showing many and few perinuclear AQP2 speckles, respectively. Data of
each microtiter plate were classified separately. Out of 72 sets of AQP2 speckle
identifications one was used for MLP classification. First, input information was restricted to
metadata from 9-pixel-expanded nucleus outlines. Compared to expansions by 4-8 pixels,
more perinuclear AQP2 speckles were included within this region (Fig. 22). Second,
considering feature enhancements and threshold correction factors of each of the remaining

12 sets of AQP2 speckle identifications (Fig. 19) the number of AQP2 speckles in 9-pixels-

mock expansion by 4 pixels expansion by 9 pixels

ut

FSK

Fig. 22. Differently sized expansions of nucleus outlines . Perinuclear AQP2 speckles were included entirely in
nucleus outlines that are expanded by 9 pixels but not in smaller 4 pixel-expansions. Mock-transfected cells were
left unstimulated (ut) or stimulated with 30 uM FSK for 60 minutes (FSK). Cells were analysed via automated
immunofluorescence microscopy. Using CellProfiler image analysis nuclei (blue) were identified. Nucleus outlines
were increased by 4-9 pixels in order to surround perinuclear AQP2 signals (green). Expansions of nucleus
outlines by 4 and 9 pixels of identical nuclei are indicated by white lines. Images were acquired using an
ArrayScan V" HCS Reader (20x magnification). The scale bar indicates 50 pm. ut, unstimulated; FSK, forskolin.
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-expanded nuclei of unstimulated and FSK-stimulated mock-transfected cells was compared
(Fig. 23). The dataset displaying the maximal difference in the distribution of AQP2 speckles
in the presence and absence of FSK (Fig. 23A) was used for microtiter plate-specific MLP
training (Tab. 15).
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Fig. 23. The distribution of AQP2 speckle s per cell . Number of unstimulated and FSK-stimulated mock-
transfected cells displaying 0-20 AQP2 speckles within 9-pixels-expanded nucleus outlines, were compared with
regard to the corresponding speckle identification parameters. A) AQP2 speckles were defined after signal
enhancement by a factor of 4 and the application of the threshold correction factor 0.80. Upon stimulation with
FSK more cells showed 0 AQP2 speckles (70 %) compared to unstimulated cells (40 %). The majority of
unstimulated cells showed AQP2 speckles. B) Signal enhancement factor 3 and threshold correction factor 0.55
were applied for AQP2 speckle identification. The difference between unstimulated and FSK-stimulated cells
displaying 0 AQP2 speckles was lower compared to A. In most of the cells 1-20 AQP2 speckles were detected in
the presence or absence of FSK. Cells were stimulated with 30 uM FSK for 60 minutes. ut, unstimulated; FSK,
forskolin.

Tab. 15. Optimal parameters for AQP2 speckles identification.

Micro titer plate Feature enhancement Threshold correction factor
1.1 4 0.75
1.2 3 0.65
1.3 4 0.75
2.1 4 0.80
2.2 3 0.80
2.3 3 0.70
3.1 4 0.60
3.2 3 0.65
3.3 4 0.80

Parameters of AQP2 speckle identification, which led to a maximally different distribution of AQP2 speckles in
unstimulated and FSK-stimulated MCD4 cells. Parameters are indicated for each microtiter plate screened and
relate to 9-pixels-expanded nucleus outlines.

The dataset was imported as MLP input information and was processed by perceptrons that
are arranged in so-called layers (Fig. 24). A perceptron is comparable to a biological neuron,
as it fires if input values are above a certain threshold**’. MLP learns to exert the desired
classification by defining the expected output of control input data in a process referred to as
training®*°. In other words, the weight of single perceptrons is adjusted to a predefined output
and a rule is generated to recognise specific phenotypes. The hidden layer contained 10
perceptrons, in which multiple unknown algorithms were applied to filter and prioritise
relevant input information in order to achieve the predefined binary output, being hit YES if

many or hit NO if few APQ2 speckles are present (Fig. 24A).
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After MLP training with metadata of mock-transfected cells, images of unstimulated and FSK-
stimulated NT#2-transfected MCD4 cells were classified applying the previously trained
hidden algorithms. If the classification of these controls resulted in the expected output, i.e.
hit YES for unstimulated and hit NO for FSK-stimulated NT#2-transfected cells, successful
MLP training was confirmed (Fig. 24B). In this case, the trained MLP was used to classify
CellProfiler-derived metadata of siRNA transfected cells with unknown phenotype that were
derived from the same microtiter plate. If the MLP classification of NT#2-transfected cells
failed (Fig. 24C), MLP training was repeated using metadata from the remaining 11 sets of
speckle identifications. However, none of these additional trainings proved to be correct, i.e.
led to the expected classification of NT#2-transfected cells.

Positive control Negative control

‘

A MLP training
Input Hidden Output Input Hidden Output
mock ut defined: Hit YES mock FSK defined: Hit NO
B  Correct classifcation
upon MLP training
Input Hidden Qutput Input Hidden QOutput
NT#2 ut Hit YES NT#2 FSK Hit NO
C Incorrect classifcation
upon MLP training
Input Hidden Output Input Hidden Output
NT#2 ut Hit NO NT#2 FSK Hit YES
Fig. 24. Cellular phenotypes were classified using a multilayer perc eptron (MLP). The MLP consists of two

layers, hidden and output layer. The hidden layer contains 10 perceptrons (only three are depicted), the output
layer is made of one perceptron. CellProfiler-derived metadata were used as input information. Input information
and perceptrons of the hidden layer were not connected within each other but were linked to all perceptrons of the
following layer, which represents a characteristical feature of feedforward artificial neural networks. A) Given the
metadata of images of unstimulated and FSK-stimulated mock-transfected cells, the MLP was trained to result in
defined output information hit YES and NO, respectively. B) Upon training, MLP classification was tested on
images derived from NT#2-transfected cells. If unstimulated cells were classified to be a hit and FSK-stimulated
cells not to be, MLP classification was used for the analysis of the whole microtiter plate. C) If NT#2-transfected
controls were classified incorrectly, microtiter plates were excluded from the analysis. ut, unstimulated; FSK,
forskolin.
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In total, five of nine microtiter plates were excluded from further analysis: 1.1, 1.2, 2.2, 3.1
and 3.2 (Tab. 16). MLP classification proved to be correct on four microtiter plates 1.3, 2.1,
2.3 and 3.3. Each plate of the Mouse Protein Kinase sublibrary was represented at least
once. The AQP2 redistribution upon the siRNA-mediated knockdown of all 719 kinases could
be analysed using machine learning.

Tab. 16. Results of MLP classification.

Output of MLP classifier
Well Stimulation 1.1 1.2 1.3 2.1 2.2 2.3 3.1 3.2 3.3
C23 ut YES YES YES YES YES YES YES YES YES
C24 +FSK NO NO NO NO NO NO NO NO NO
D23 ut YES YES YES YES YES YES YES YES YES
D24 +FSK NO NO NO NO NO NO NO NO NO
EO1 ut YES YES YES YES YES YES YES YES YES
E02 +FSK NO NO NO NO NO NO NO NO NO
FO1 ut YES YES YES YES YES YES YES YES YES
FO2 +FSK NO NO NO NO NO NO NO NO NO
K23 ut YES NO YES YES NO YES NO NO YES
K24 +FSK NO NO NO NO NO NO NO NO NO
L23 ut YES YES YES YES NO YES YES YES YES
L24 +FSK NO NO NO NO NO NO NO NO NO
MO1 ut YES NO YES YES NO YES NO NO YES
MO02 +FSK NO NO NO NO NO NO NO NO NO
NO1 ut YES NO YES YES NO YES NO NO YES
NO2 +FSK YES NO NO NO NO NO NO NO NO

Microtiter plates were excluded from the analysis if the MLP classification of metadata from NT#2 transfected
cells did not result in the predicted categories. On microtiter plates 1.1, 1.2, 2.2, 3.1 and 3.2 several controls were
not classified correctly (red), whereas MLP classification proved to be correct on microtiter plates 1.3, 2.1, 2.3 and
3.3. ut, unstimulated; FSK, forskolin.

Additionally, the screening was evaluated based on standard statistical methods using
Z-score-based analysis. Whereas MLP classification is based on plate-specific controls, the
Z-score describes the performance of a single sample related to the mean of all samples per

microtiter plate.

3.7.4 Z-score based analysis

Z-score-based analysis of large data sets is meaningful if the signal window between positive
and negative controls is big enough and variability of control values is low. Statistically, this
can be expr e sfaterda dimgnsidnless patameter describing the capability of hit
identification for a given assay at defined screening conditions**’. Based on means and
standar d de v ifactori describes the dyeamiZ éange of positive and negative
controls. Although marginal readout is possibleif Z 6 i s b 6.5, exeellient artalysts is
only guarant eed*i2f2.7)Z.6 /A xrtefpaldsindi@ates hat hits cannot be
separated from backgr oun dactaratie Z-score ihtegratesssantplesa st t o

values only and represents the deviation of a phenotype from the mean of a screen.

T h e -fagtdr was determined for each microtiter plate with regard to 12 different settings of
AQP2 speckle identifications related to 9-pixels enhanced nucleus outlines (Tab. 17). Mock-

and NT#2-t r ansfected cell s were cons-fadte ofeO5 wase par at e
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detected once in 108 measurements (Tab. 17, microtiter plate 2.1, feature enhancement 3,
threshold correction factor 0.70). Thus, in addition to MLP classification the metadata of one
microtiter plate were analysed by Z-score. This conventional analysis was not possible on
the remaining eight microtiter plates. A siRNA pool was regarded positive if it scored >2
standard deviations above the mean, i.e. if the Z-score was larger than 2.

Tab. 17. Z6 factors.

Feature enhancement: 3 Feature enhancement: 4
Threshold correction factor: Threshold correction factor:
M'gg}ger SiRNA | 055 060 065 070 075 080 | 055 060 065 070 075 0.80

1.1 mock 0.0 0.1 -0.1 -0.4 -0.4 -0.4 -0.3 -0.4 -0.4 -0.4 -0.4 -0.5
1.1 NT#2 -0.7 0.1 -0.4 -0.8 -1.2 -1.4 -0.3 -0.9 -1.3 -1.5 -1.7 -1.8
1.2 mock -2.8 -1.7 -1.8 -1.6 -1.9 -1.7 -1.5 -1.6 -1.6 -1.8 2.1 2.4
1.2 NT#2 -10.8 -9.7 -6.3 -4.8 -4.1 -3.9 -5.1 -3.9 -3.6 -3.9 -4.1 -4.6
1.3 mock -1.0 0.0 0.0 -0.2 -0.3 -0.3 -0.3 -0.1 -0.1 -0.1 -0.2 -0.3
1.3 NT#2 -0.1 -0.4 -0.8 -1.3 -1.5 -1.6 -1.1 -1.4 -1.5 -1.7 -1.8 -2.0
2.1 mock 2.1 -0.1 0.0 0.4 0.3 0.2 0.0 0.1 -0.1 -0.1 -0.1 0.0
2.1 NT#2 -2.0 -0.5 0.2 0.5 0.4 0.2 0.1 0.3 0.3 0.2 0.2 0.2
2.2 mock -5.3 2.1 -25 -1.7 -1.6 -1.8 -1.4 -1.3 -2.0 2.4 -2.9 -3.3
2.2 NT#2 -8.3 -5.8 -4.3 -4.4 -5.0 5.1 -3.7 -4.4 -4.7 -5.0 5.2 -5.3
2.3 mock 2.7 -0.6 0.2 0.4 0.3 0.3 0.4 0.3 0.2 0.1 0.0 -0.1
2.3 NT#2 -0.6 0.2 0.1 0.1 -0.1 -0.3 0.2 -0.1 -0.3 -0.4 -0.4 -0.5
3.1 mock -2.8 2.4 -4.1 -6.5 -74 -138 | -58 71 -17.0 -31.5 -73.4 -649.0
3.1 NT#2 -2.0 -2.1 -3.4 -7.4 -9.3 -9.9 -6.3 -9.0 -105  -14.7 -19.1 -25.3
3.2 mock -4.0 -3.6 -2.3 -1.7 -2.1 2.1 -2.0 -1.9 -1.9 -1.9 -1.6 -1.6
3.2 NT#2 -2.6 -3.7 -3.0 -3.5 -3.8 -5.4 -3.3 -4.3 5.7 -6.7 -7.4 -7.8
3.3 mock -0.4 0.0 0.2 0.3 -0.3 -0.7 0.1 -0.5 -0.4 -0.4 -0.5 -0.5
3.3 NT#2 -2.0 -0.3 0.0 -0.2 -0.3 -0.4 0.0 -0.2 -0.4 -0.6 -0.6 -0.6

Based on indicated speckle identification parameters (feature enhancement and threshold correction factor)

metadata of filtered images were normalised per wel | and Z6 factors wer

highlighted in grey, bold numbers mark settings that allow high quality analysis.

3.7.5 Hits

On four microtiter plates that were included in the analysis of the AQP2 redistribution, 137
hits were identified (Fig. 25A). On microtiter plates 1.3, 2.1 and 3.3 six to eight candidates
were detected by MLP machine learning. On microtiter plate 2.3 108 candidates were
localised (Fig. 25A). This represents 34 % of all 320 siRNA pools per plate and is far above a

448449 indicating plate-specific misclassification. To avoid false

reasonable number of hits
positives these candidates were not considered but it was focussed on MLP classification
and Z-score based analysis of microtiter plate 2.1, harbouring identical siRNAs as microtiter
plate 2.3. Considering only candidates that were identified by both methods on microtiter
plate 2.1, the overall number of hits was reduced to 19, three of which were detected twice
(Fig. 25). No microtiter plate- or well-specific effects were observed and thus systemic errors
could be excluded. Of the 19 hits the down regulation of 6 candidates decreased cell viability
to less than 60 % compared to NT#2-transfected cells (Tab. 14, Tab. 18). The expression of
genes 14-19 listed in Tab. 18 is necessary for MCD4 cell survival and respective candidates
were excluded from downstream analysis. The remaining 13 candidates reduced MCD4 cell

viability to 64-97 % (1-13 in Tab. 18). The decreased expression of each of these 13 genes
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Fig. 25. Hit maps of four different microtiter plates . A) On microtiter plates 1.3, 2.1, 2.3 and 3.3 8, 6, 108 and
8 hits, respectively, were identified by MLP machine learning. B) Z-score-based analysis of microtiter plate 2.1
revealed 7 hits, three of which were also detected by MLP (red cross). Hit ranking according to
Z-scores is depicted. For targeted genes, refer to Tab. 18 and Tab. S 1.

Tab. 18. Hit list.
Microtiter plate /well Viability (%) Protein symbol Gene name Accession
1 2.1/E22 97 PKIA cAMP -dependent protein kinase inhibitor NM_008862.3
2 3.3/A09 87 STK11 Serine/threonine kinase 11 NM_011492.3
3 1.3/L20 79 FGFR1 Fibroblast growth factor receptor 1 NM_010206.2
4 1.3/K17 78 EPHB3 Eph receptor B3 NM_010143.1
5 1.3/L08 75 BMPR1B Bone morphogenetic protein receptor type 1B NM_007560.3
6 3.3/H06 70 VRK3 Vaccinia related kinase 3 NM_133945.1
7 3.3/F08 70 TRIM27 Tripartite motif-containing 27 NM_009054.3
8 2.1/A21 70 CDK18 Cyclin -dependent kinase 18 NM_008795.2
9 1.3/G06 69 AK3 Adenylate kinase 3 NM_021299.1
10 3.3/C11 69 SYK Spleen tyrosine kinase NM_011518.2
11 3.3/E03 66 TK2 Thymidine kinase 2, mitochondrial NM_021028.3
12 1.3/114 65 DUSP2 Dual specificity phosphatase 2 NM_010090.2
13 2.1/C13 64 PFKP Phosphofr uctokinase 1 NM_019703
14 3.3/F10 50 TRPM6 Transielnt receptor potential cation channel NM 153417.1
subfamily M member 6 —

15 3.3/C10 52 AURKA Aurora kinase A NM_011497.3
16 1.3/J06 50 EVI5I Ecotropic viral integration site 5 like NM_001039578.3
17 1.3/104 33 AURKB Aurora kinase B NM_011496.1
18 1.3ID20 25 CoPB2 &%?;Ogﬁ; gme'” complex subunit beta 2 NM_015827.2
19 3.3/H07 18 WEE1 WEE 1 homolog 1 NM_009516.3

Upon the down regulation of the expression of the indicated genes the AQP2 redistribution in MCD4 cells was
inhibited. Hits are listed according to MCD4 cell viability caused by siRNA-mediated silencing of gene expression.
Viability of NT#2-transfected cells was considered 100 %. Three genes that were detected twice are highlighted.
The down regulation of candidates 1-6 decreased MCD4 cell viability to less than 60 %. Accession numbers refer
to National Center for Biotechnology Information (NCBI, www.ncbi.nlm.nih.gov/) entries.
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inhibited the AQP2 redistribution upon FSK- stimulation in MCD4 cells (Fig. 26, Fig. S 6).
None of them was previously related to AQP2 control (Tab. 2).
PKIA blocks PKA activity by binding to its catalytic subunits upon their cAMP-dependent

dissociation from its regulatory subunits**®

. It regulates the nuclear export of the free
catalytical PKA subunits*!. STK11 controls the activity of AMP-activated protein kinases
(AMPK) and thus, is involved in various processes such as cell growth, energy metabolism
and cell polarity*®. FGFR1 acts as receptor for fibroblast growth factors and is involved in
embryonic development, cell proliferation, differentiation and migration*3. The tyrosine-
protein kinase mediates the activation of RAS/MEK/MAPK signalling pathways**. The
receptor tyrosine kinase EPHB3 binds transmembrane ephrin-B ligands and leads to contact-
dependent signalling into neighbouring cells*>. It controls cell migration and adhesion and is

" and intestinal epithelium differentiation®®.

involved in axon guidance®®, angiogenesis*
BMPR1B forms a receptor complex, which activates SMAD transcription factors in response
to particular cytokines, the transformation growth factor (TGFb) and bone morphogenic
protein (BMP) families?®®. The kinase is important in skeletal and bone development*®. VRK3
activates the phosphatase activity of DUSP3 (dual specificity phosphatase 3), leading to ERK

dephosphorylation and hence, inactivation*®. It plays a role during embryonic development

positive’control

Fig. 26. AQP2 translocation is impaired upon silencing of hits. The knockdown of Cdk18-, Pfkp-, Pkia- or
Vrk3- gene expression inhibits the AQP2 insertion into the plasma membrane. Except for the positive control, in
which cells were left unstimulated all wells were treated with 30 uM FSK for 60 min. Control images show NT#2-
transfected cells. Images were acquired using an ArrayScan V' HCS Reader (20x magnification). The scale bar
indicates 50 um. AQP?2 is depicted in green, nuclei are shown in blue. Representative images are shown.
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of hematopoesis*®*. TRIM27 is associated with tumorigenesis*®. It mediates epigenetic gene
silencing and was suggested to function as E3 ubiquitin ligase*®.

CDK18 belongs to the family of cyclin-dependent kinases; its function is unclear*®*. AK3
maintains homeostasis of cellular guanine and andenine nucleotides by catalysing the
conversion between nucleosides and phosphates’®. SYK mediates signal transduction
downstream of various plasma membrane receptors and is involved in the regulation of

466

innate and adaptive immunity 467

and vascular development™’. It regulates CFTR (cystic
fibrosis transmembrane conductance regulator) trafficking and activation*®®. Amongst others,
it activates the PKC signalling pathway*®. TK2 has a key function in the synthesis of
mitochondrial DNA*’®. It catalyses the phosphorylation of pyrimidine deoxyribonucleosides to
deoxyr i bon umohoprmsphates™. BWSP2 is a crucial player in the regulation of
immune responses. It controls mitogenic signal transduction by dephosphorylating ERK1/2
and p38 MAPK leading to their inactivation*’?. PFKP is a key enzyme of the glycolysis.

It catalyses the phosphorylation of fructose-6-phosphate to fructose-1,6-bisphosphate®”.

Regarding proteins shown to play a role in the control of AQP2 (Tab. 2), 26 proteins or
protein subunits were targeted within the Mouse Protein Kinase sublibrary. None of them
was identified as hit (Fig. S 7); i.e. the decreased expression of each of these genes did not
impair the AQP2 redistribution in MCD4 cells. With the exception of PI3K2C, whose down
regulation decreased cell viability to less than 60 %, silencing of these genes did not affect
MCD4 cell viability (Tab. S 6).
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3.8 Hit validation

Screening of the Mouse Protein Kinases sublibrary revealed 13 genes, whose expression is
relevant for the AQP2 redistribution (Tab. 18). To confirm the results of the automated image
and data analysis and thus, to judge the assays quality, experiments were repeated on a
small scale. As for the screening, MCD4 cells of passage 42 were transfected with the SIRNA
pools that are included in the library and three days after transfection the AQP2 localisation
was monitored by laser scanning microscopy. The efficiency of protein knockdown was
monitored by Western Blotting. Exemplarily, SiRNA pools targeting Pkia and Cdk18
transcripts, were chosen (Tab. 18, Fig. 26) as both of them were detected by MLP machine
learning and Z-score-based analysis (Fig. 25) and their down regulation did not reduce

MCD4 cell viability as strongly as the silencing of other hits did (Tab. 18).
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Fig. 27. Efficiency of CDK18 and PKIA down regulation. A ) After the transfection of MCD4 cells with pooled
PkiU siRNAs, PKIA abundance was significantly reduced compared to NT#2-transfecetd cells. B) PkiU single
SiRNA did not reduce target protein abundance. The down regulation of CDK18 is more effective upon
transfection with pooled Cdk18 siRNAs (C) than after Cdk18 single siRNA transfection (D). MCD4 cells were
transfected with 50 nM siRNAs as indicated or left untreated. After three days, cells were stimulated with 30 uM
FSK for 60 min, lysed and proteins were detected by Western Blotting with Cdk18 (C17), PkiU (N20), Pan-
cadherin (C3678) and U-Tubulin (CM1a) antibodies. Signals were quantified by densitometric analysis. Statistical
analysis was performed using the unpaired t-test. Statistical significant differences are indicated. *, p 00.05; **,
p 00.01; ** p 00.001. Mean = SEM are plotted, n = 3-6 independent experiments. FSK, forskolin.
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The transfection of MCD4 cells with pooled PkiU siRNAs led to 30 % reduction of PKIA
protein abundance compared to NT#2-transfected cells (Fig. 27A). Comprising 76 amino
acids, PKIA has a mass of approximately 8 kDa. However, a distinct signal at 16 kDa was
detected by Western Blotting (Fig. 27A). Since the signal disappeared upon blocking of the
antibody with the peptide representing its epitope (Fig. 28), the band was considered as
specifically representing PKIA.

50 KDa | s e || S s | U-Tublin
15kDa (" PKIA

10 kDa —

4.6 kDa|

Fig. 28. The detection of PKIA by Western Blotting. PKIA was detected using the antibody sc-1943 (Tab. 5)
alone (left) or upon blocking with 1000x molecular excess of peptide sc-1943P representing its epitope (2.2.3.3).
As loading control U-Tubulin was detected using antibody DM1a (Calbiochem, CPO06).

Immunofluorescence microscopy revealed that AQP2 resides intracellularly upon PKIA down
regulation by pooled PkiU siRNAs (Fig. 29). With and without FSK stimulation distinct AQP2
speckles were detected perinuclearly. Compared to unstimulated NT#2-transfected cells,
AQP2 was less spread throughout the cytoplasm but was exclusively located close to the
nucleus. Transfection with pooled Cdk18 siRNAs led to a 75 % reduction of target protein
abundance compared to NT#2-transfected cells (Fig. 27C). The down regulation of CDK18
by pooled Cdk18 siRNAs abolished the AQP2 transport to the plasma membrane (Fig. 29).

Thus, screening results obtained by automated image and data analysis were confirmed.
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ut FSK

NT#2

Cdk18
pooled siRNAs

Cdk18
single siRNA

PkiU
pooled siRNAs

PkiU
single siRNA

Fig. 29. FSK-induced AQP2 translocation in MCD4 cells is impaired after transfection with Pki Uand Cdk18
pooled but not single siRNAs. MCD4 cells were transfected with 50 nM siRNA as indicated. After three days,
cells were left untreated or stimulated with 30 uM FSK for 60 min, fixed and analysed via immunofluorescence
microscopy. Images were acquired with confocal laser scanning microscope LSM780 (40x magnification). The
scale bar indicates 50 um. AQP?2 is depicted in green, nuclei are shown in blue. ut, unstimulated; FSK, forskolin.
Representative images are shown.
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To validate the potential role of PKIA and CDK18 in the AQP2 redistribution, their
involvement was to be shown by alternative methods. One possibility is to block target
proteins by specific inhibitors and thereupon, monitor the AQP2 localisation. However,
according to OpenPHACTS, a database that provides pharmacological and physiochemical
information no substances or compounds selectively inhibiting any of the identified hits are
known (Open Pharmacological Space, www.openphacts.org/explorer). Thus, gene
expression was down regulated by RNAI as established before. MCD4 cells were transfected
with single siRNAs targeting Pkia and Cdk18 mRNA, respectively. Single siRNAs were
directed against mRNA regions that were not targeted by any of the four pooled siRNAs
applied before (Tab. 8, Tab. S 2). Three days after transfection, the efficiency of protein

knockdown was detected by Western Blotting and AQP2 location was analysed by
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Fig. 30. The down regulation of AQP2 was accompanied by reduced Cdk18 and Pkia gene expression.
MCD4 cells were transfected with 50 nM Aqp2 or NT#2 siRNA or left untreated. The knockdown of AQP2 led to a
approximately 50 % reduction of PKIA (A) and CDK18 (B) abundance compared to NT#2-transfected cells. C)
AQP2 protein abundance was significantly reduced up to 85 % upon transfection with Aqp2 siRNA compared to
NT#2-transfected cells. Cells were stimulated with 30 uM FSK for 60 min, lysed afterwards and proteins were
detected by Western Blotting with AQP2 (C17), Cdk18 (C17), PkiU (N20), Pan-cadherin (C3678) and U-Tubulin
(CM1la) antibodies. Signals were quantified by densitometric analysis. Statistical analysis was performed using
the unpaired t-test. Statistical significant differences are indicated. *, p 00.05; **, p 00.01; *** p 00.001. Mean *
SEM are plotted, n = 3-7 independent experiments. FSK, forskolin.
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immunofluorescence microscopy. PkiU single siRNA did not inhibit target mRNA translation

as PKIA protein abundance was not reduced compared to NT#2-transfected cells (Fig. 27B).

Since a down regulation of PKIA using pooled siRNAs was observed after three days (Fig.

27A) it can be excluded that PKI A protein half
AQP2 redistribution did not change upon transfection with PkiU single siRNA compared to
NT#2-transfected controls (Fig. 29).

Transfection with Cdk18 single siRNA led to a 37-50 % reduction of CDK18 protein
abundance (Fig. 27D) and thus, was less effective than knockdown with pooled siRNAs (Fig.

27C). A 50 % decrease of CDK18 expression did not prevent the AQP2 redistribution

completely (Fig. 29).

To gain further insight into the regulation of AQP2 by PKIA and CDK18, it was investigated
whether a decrease in their gene expression affects AQP2 protein abundance and vice
versa. MCD4 cells were transfected with pooled Cdk18 or PkiU siRNAs or single Aqp2
siRNA, and were analysed by Western Blotting. The down regulation of AQP2 of up to 85 %
(Fig. 30C) significantly reduced the expression of both CDK18 and PKIA (Fig. 30A,B) by
approximately 50 %.

Vice versa, a reduction of PKIA protein level did not alter AQP2 expression (Fig. 31). The
knockdown of CDK18 was accompanied by a twofold increase of AQP2 protein abundance,

in the absence or presence of FSK (Fig. 32A). Since AQP2 protein stability and intracellular
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Fig. 31. The down regulation of PKIA did not affect AQP2 protein abundance. Cells were transfected with

50 nM pooled siRNAs where indicated. After three days cells were stimulated with 30 pM FSK for 60 min, lysed
and proteins were detected by Western Blotting with AQP2 (C17), PkiU (N20), Pan-cadherin (C3678) and
U-Tubulin (CM1a) antibodies. Signals were quantified by densitometric analysis. Statistical analysis was
performed using the unpaired t-test. Mean + SEM are plotted, n = 3 independent experiments. FSK, forskolin.
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localisation are tightly regulated by its phosphorylation (1.3.1) it was investigated, whether
AQP2 phosphorylation is influenced by CDK18 knockdown. Out of four relevant residues in
the C-terminus of human AQP2 (1.3.1) the phosphorylation of two serines was analysed by
Western Blotting: pS256 and pS261. The Phosphorylation of S264 and T269 could not be
detected as no phospho-specific antibodies are available. Phosphorylation at S256 is
triggering the AQP2 translocation to the plasma membrane. Surprisingly, a significantly
increased pS256 abundance was observed in cells lacking CDK18 (Fig. 32B). The ratio of
pS256/total AQP2 remained unchanged after the down regulation of CDK18 (Fig. 32D).
pS261 levels correlate with AQP2 degradation®®. Since CDK18 knockdown leads to the
elevation of total AQP2 levels, a reduction of pS261 was expected. Indeed, less pS261 was
observed in cells lacking CDK18 compared to NT#2-transfected cells (Fig. 32C). As
anticipated, stimulation with FSK led to the reduction of pS261 in untreated, mock-
transfected and Cdk18-transfected cells. The ratio of pS261 to total AQP2 was decreased in
cells lacking CDK18 compared to NT#2-transfected cells (Fig. 32E).
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Fig. 32. CDK18 down regulation affects AQP2 protein abundance and its phosphorylation at S261.

A) The knockdown of CDK18 was accompanied by significantly elevated AQP2 expression. B) Abundance of
pS256 significantly increased after CDK18 silencing compared to NT#2-transfected cells. C) The level of pS261
significantly decreased upon FSK stimulation in untransfected, NT#2-transfected and Cdk18-transfected cells. D)
Compared to total AQP2 expression the level of pS256 did not change upon CDK18 down regulation or FSK
stimulation. E) Related to total AQP2 expression the level of pS261 was significantly reduced in cells lacking
CDK18 and upon FSK stimulation. Cells were transfected with 50 nM pooled siRNAs as indicated or were left
untreated. After three days cells were stimulated with 30 uM FSK for 60 min, lysed and proteins were detected by
Western Blotting with AQP2 (C17), pS256 (custommade), pS261 (ab72383), Cdk18 (C17), Pan-cadherin (C3678)
and UTubulin (CM1a) antibodies. Signals were quantified by densitometric analysis. Statistical analysis was
performed using the unpaired t-test. Statistical significant differences are indicated. *, p 00.05; **, p 00.01. Mean
+ SEM are plotted, n=3-4 independent experiments. pS256, AQP2-pS256; pS261, AQP2-pS261; Cg,
complexely glycosylated; hm, high mannose; ng, non glycosylated. FSK, forskolin.
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Within the last decade comprehensive large scale studies revealed the proteome*™,
phosphoproteome®®, membrane proteome*” and transcriptome*’® of kidney collecting duct
cells, trying to unmask the complex AVP signalling network and to understand the molecular
details of renal water reabsorption. However, none of them directly addressed the

translocation of AQP2, the key player of collecting duct water transport.

In the present thesis the first loss of function study investigating the regulation of AQP2
trafficking was established. By sophisticated image and data analysis the difficult scorable
phenotypes of MCD4 cells were automatically classified. Silencing of the mouse kinome
revealed 13 genes, whose expression is necessary for the AQP2 transport to the plasma
membrane and additional 24 genes, whose expression is indispensable for MCD4 viability.
So far, none of these candidates was related to AQP2 or MCD4 survival.

The herein established method provides a powerful technique to investigate the AQP2
translocation in an unbiased genome-wide manner and thereby to provide fascinating new

insight into the regulation of AQP2 as well as exciting theurapeutic strategies.

4.1 Strengths and limitations of siRNA screenings

With large-scale RNAI screenings a powerful technology for high throughput analysis of gene
function emerged. Genes involved in biological processes of interest can be identified in an
unbiased genome wide approach.

Mammalian RNAI screens largely focussed on cancer biology aiming to identify genes that
relate to drug resistance or are involved in cell cycle arrest, proliferation, DNA damage repair
and cell migration**®*’”. The assay readout is usually based on colorimetric, fluorescence or
luminescence detection*””. The minority of large-scale siRNA screens was conducted in
mouse cell lines and even less focussed on image-based analysis of subcellular protein
localisation*””.

As in the present work, RNAI screenings are usually performed in duplicates or triplicates to
minimise the false-positive and false-negative rates*®. Transient transfection of siRNA leads
to the short-term down regulation of gene expression and requires readouts within 48-96
hours*®. This time might not be sufficient for the depletion of proteins with extended half lifes
or the detection of long term effects as epigenetic changes. The down regulation of gene
expression over a longer period (not to a larger extend) can be achieved by using short

hairpin RNAs (shRNAs)*®. Comprising approximately 65 nucleotides shRNAs are encoded
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in adeno- or lentiviral vectors that stably incorporate into the genome of target cells**°. A
disadvantage in using shRNA is that the handling of infectious amphotropic viruses requires
extra safety precautions as experiments are carried out under biosafety level 2*®* and thus, in
the present thesis effects of siRNA-mediated gene silencing were investigated. Large-scale

experiments often yield false positive and false negative results*®

. In RNAI experiments

these can result from off-target effects that are independent of the siRNA delivery method but

are mediated by the oligonucleotides*®®. Unintended targets can be down regulated for three

reasons. First, if the 3 &TR (untranslated region) of the transcript shows perfect
complementarity to the siRNA hexa- or heptameric seed region, i.e. to bases2-7/ 8 i n its
end*® that mediate specific target recognition. Second, if the siRNA oligonucleotide contains

microRNA (miRNA) seed regions, defined as six to eight nucleotidesatt he 56 end of mi
that are essential for specific mRNA binding*®* and therefore, acts like a miRNA. A third

possibility is that the cellular RNAi machinery is saturated with exogenous siRNA, preventing
endogenous miRNA function**®*%. Genes, whose expression is controlled by miRNA might

be upregulated and therefore, might alter the cellular phenotype.

Potential off-target effects of the siRNAs used in this work were minimised by the
development of predictive algorithms and enhanced siRNA design by the manufacturer

Dharmacon*®?

. Additionally, effective screening design reduced the detection of off-targets as
on every microtiter plate not only mock but also scrambled NT#2-transfected cells were
included under both stimulated and unstimulated conditions (Fig. 21A). Thus, multiple
treatments were considered for the phenotypic characterisation of controls and non-specific

effects due to delivery or RNAI itself were taken into account.

In general, the RNAi-mediated knockdown of target proteins is not complete and a residual
protein activity might remain®®. Also, silencing of redundant genes may not result in a
detectable phenotype.

Results of RNAi screens are acutely sensitive to cell system, assay design, readout and
statistical analysis. For example, in 2008 three groups independently conducted genome-
wide siRNA screenings in either HeLa or HEK293 cells, aiming to identify genes that are

critical for HIV replication*®" %

. All of them transfected pooled siRNAs and monitored
reporter gene expression for assay readout. Surprisingly, there was only an overlap of hits of
7 %**1*%° Therefore, much effort is being made to create guidelines providing minimum
information about RNAi experiments (MIARE**") to enable the unambiguous interpretation

and reproduction of the results**.
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4.2 Specificity of sSIRNAs of the Mouse Protein Kinases
sublibrary

The Mouse siGENOME siRNA library targets 16,872 genes (Tab. 1,Tab. 6). Out of 23,139
genes within the mouse genome (useast.ensembl.org/Mus_musculus/Info/Annotation),
current siRNA libraries address approximately 19,000. Within the library four synthetic sSiRNA
oligonucleotides directed against the same transcript are pooled (Tab. S 2). In comparison to
transfection with single oligonucleotides of equal concentration, usage of pooled siRNAs

increases knockdown efficiency and reduces off-target effects*®?.

In the Mouse Protein Kinases sublibrary 719 genes are targeted by 2876 unique SiRNA
duplexes (Tab. S 1) that were assembled in 2008 based on NCBI RefSeq version 32 (3.3).
Since genome annotations are continuously evolving the siRNA sequences were compared
to NCBI RefSeq version 58 released in 2013. This revealed that 65 of 2876 duplexes do not
bind to currently annotated transcripts (Tab. S 7). Even single base pair mismatches can
dramatically alter siRNA functionality and lead to off-target effects*®. Whether the 65
duplexes bind to any other than originally targeted transcripts cannot be defined. Using the

genome-wide basic local alignment search tool (BLAST*®

) no unique targets of 19 bp
oligonucleotides were identified, as multiple genes scored equally. In 44 cases, one of four
siRNAs did not match with indicated transcripts (Tab. S 7), i.e. only three duplexes were
complementary to target mRNA: amongst them two gene products might be involved in the
AQP?2 redistribution, Tk2 and Trim27 (Tab. 18, Fig. S 6); three gene products were shown to
be essential for MCD4 cell viability as their down regulation reduced MCD4 cell number to
less than 60 % compared to NT#2-transfected cells, Akap13, Evi5l and Mark3 (Tab. 14); and
four genes encoding proteins that are known to regulate AQP2 (Tab. 2), Pkba, Myo3a,
Pp2cb and Pkcd (Tab. S 7). Seven genes were targeted by two and additional two genes by
either only one or none out of four siRNA oligonucleotides (Tab. S 7). Neither cellular viability
(Tab. 14, Tab. S 1) nor AQP2 translocation (Tab. 18) was affected upon transfection with any
of these siRNA pools. In total, 53 of 719 targets were not addressed by four siRNAs, which

might have lowered efficiency of gene silencing.

siRNAs of the Dharmacon library are arranged in central 320 wells of a 384 well plate,
leaving two rows on both sides for controls (Fig. 4). According to Zhang et al. an alternative
is to place controls all over the plate but not only in outer regions*®. Thereby, the
normalisation of plate position-related effects i.e. well-, column- or row-specific effects would
be more precise. Due to automated handling procedures systematic errors can occur,

leading to misinterpretation of results*”. Besides, wells at the edges are more exposed to
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variations in temperature, humidity and oxygen than central wells**°. However, no systematic
errors were detected in this experiment as no gradient of cell number or fluorescent signal
was identified (Fig. 21C,D) and gene products affecting both cellular viability (Tab. 14,
Tab. S 1) and AQP2 redistribution (Tab. 18,Fig. 29) were identified in different regions of the
microtiter plates. This proves robust assay setup and exact robotic liquid handling.

4.3 Characterisation of MCD4 cells

MCD4 cells express human AQP2 (Fig. 9) that inserts into the plasma membrane upon FSK
stimulation (Fig. 8). Consequently, the molecular machinery relevant for the translocation of
AQP2 is functional and MCD4 cells are appropriate for the analysis of proteins involved in
the exocytosis-like AQP2 redistribution.

However, MCD4 cells do not express the V2R (Fig. 9C), which activates many pathways that
might affect AQP2 trafficking®. Regulators of AQP2 trafficking (1.3.3) upstream of AC cannot
be detected in MCD4 cells. Accordingly, effects of bradykinin, dopamine and purine as wells
as the influence of Ca*, PGE, or NO on AQP2 translocation were not considered in the
assay performed in this work. As MCD4 cells are not polarised it was not differentiated

between AQP2 transport to apical or basolateral plasma membranes.

In rat primary IMCD cells, AQP2 protein abundance increases in response to AVP or FSK
stimulation (Fig. 7B). Increased cytosolic cAMP leads to the stimulation of AQP2

9

transcription®® and in parallel to the inhibition of proteasomal AQP2 degradation®. The

underlying mechanism involves blocking of p38 MAPK and thus, reduction of the
destabilizing phosphorylation of AQP2 at S261%°. As observed in rat primary IMCD cells'®,
the level of pS261 in MCD4 cells is decreased in response to FSK (Fig. 32C), indicating that
AQP2 is not destabilised upon the elevation of the cAMP level. Thus, MCD4 cells are
suitable for the analysis of phosphorylation-dependent changes in AQP2 stability and
localisation. However, in MCD4 cells AQP2 expression remained unchanged after FSK
treatment (Fig. 7B). The most likely explanation for this observation is that the transcription of
hAQP?2 is not controlled by its endogenous promotor. The cDNA was cloned into the EcoRlI-

Notl sites of the mammalian expression vector pcDNA3*®

(Invitrogen). The transcription of
hAQP?2 is controlled by the human cytomegalovirus (CMV) immediate early promoter, driving
constitutively high expression. Most likely maximal expression level is reached already under

unstimulated conditions.
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Analysis of MCD4 cells by immunofluorescence microscopy revealed diverse cellular
phenotypes. Stimulation with FSK resulted either in the detection of strong AQP2 plasma
membrane (Fig. 33C) or homogenous AQP2 signals (Fig. 33D), which might represent an
intermediate state between exclusive perinuclear and exclusive plasma membrane
localisation. However, both phenotypes clearly differ from cells under resting conditions, in
which AQP2 is localised perinuclearly (Fig. 33B). The presence and absence of perinuclear
AQP2 speckles appears to be most suitable for quantitatively scoring these phenotypes. A
fraction of the cells showed large intracellular compartments (Fig. 33A), whose number
increased with increased passage number. Such structures suggest that cells undergo
autophagy®’. To minimise experimental variations, all experiments were conducted with the
lowest possible cellular passage (42) using always the same lot of serum in the growth
medium. Similar to rat primary IMCD cells**®, 10-20 % of MCD4 cells completely lack AQP2
(Fig. 33B). Cells that did not express AQP2 (Fig. 33B) and cells showing large intracellular
compartments (Fig. 33A) were not excluded during image analysis. Thus, hit identification by

either method is based on the assumption that a relative constant number of cells shows

these phenotypes (Fig. 33A, B).

Fig. 33. Diverse phenotypes of MCD4 cells . A) Single MCD4 cells show large intracellular compartments,
independently of prior treatment. Depicted cells were left untransfected and unstimulated. B) About 10-20 % of
MCD4 cells show little or no AQP2 expression. Stimulation with 30 uM FSK for 60 min decreased the number of
perinuclear AQP2 speckles and led to increased AQP2 plasma membrane (C) as well as homogenous AQP2
signals (D). Images were acquired using an ArrayScan V" HCS Reader (20x magnification). The scale bar
indicates 50 um. AQP2 is depicted in green, nuclei are shown in blue.
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4.4 Transfection efficiency

A prerequisite for siRNA screenings is the sufficient delivery of siRNAs into the cells. The
applied concentration of 50 nM is in the range of commonly used 25-100 nM final siRNA
concentration in high throughput screenings®®®°®. Upscaling of the procedure to automated
handling conditions did not impair the transfection efficiency as equivalent to manually
conducted experiments a down regulation of up to 72 % was achieved (Fig. 21B). Gene
silencing was constant within triplicates proving a robust assay that produces reliable results
under normal experimental variation (Fig. 21B).

Commonly, transfection efficiency is not monitored in an arrayed format but shown
exemplarily by the detection of fluorescent siRNAs or quantitative analysis of mRNA or
protein levels of selected hits. Using Hepa-1 mouse epithelial hepatoma cells**® and CGR8

mouse embryonic stem cells®*

, SiIRNA-mediated reduction in target transcripts of 54-79 %
and 34-86 % was reported, respectively. In the present work, a target protein reduction of up
to 85 % was achieved (Fig. 30C). Gene silencing was monitored on protein rather than
mMRNA level since a reduction in target transcripts does not necessarily imply a down
regulation of respective proteins®®?. In summary, the level of gene silencing is in range with
comparable siRNA screenings and the down regulation is sufficient for loss of function

studies.

4.5 High content image analysis

Automated image analysis enables the extraction of multiple cellular information, including
intensity, localisation, shape and textures of defined subcellular compartments, whereas
human observers typically score only one or a few obvious features*. In this work, images
were analysed using CellProfiler, an open source software for cell image analysis capable of
extracting high information content. Created by the Broad Institute of MIT (Massachusetts
Institute of Technology) and Harvard University, CellProfiler was the first of constantly

emerging open-source software packages to profile microscopic images like GCelllQ>%,

7 or PhenoRipper®® (reviewed in Li et al. 2013°%).

CellCognition®**, micropilot®®, 1cy®®, Fiji
Five of them were published in Nature within the last 3 years, highlighting the growing
relevance of bioinformatic image analyses.

CellProfiler generates consistent, quantitative measures for every image and creates specific
phenotypic fingerprints for each cell. In a so-called pipeline single modules are aligned, in
which images are sequentially processed in a manually defined manner®®. Every image
travels along the pipeline and is analysed by all modules**. Visual information is reduced to

a single numerical output®**. The specific pipeline can be saved and rerun by other users.
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In this work, a sophisticated image analysis was established; not only the absence or
presence of fluorescence signals per well but also its subcellular localisation was measured
(Fig. 18). Based on nuclei staining, differently sized perinuclear regions were defined, in
which AQP2 speckles were detected. Based on various parameters AQP2 speckles were
identified (Fig. 18), resulting in 72 different ways for analysing AQP2 speckles per nucleus
(Fig. 19). This complex analysis allowed the evaluation of images derived from different
microtiter plates on different days with the same pipeline without prior adjustment of the
settings. The software generated 2,363,904 files per microtiter plate, amounting to a total of
approximately 200 GB of data per plate.

In a first step, nucleus outlines were defined and expanded by 4-9 pixels (Fig. 18D-F). As in
4-8 pixel expansions only a fraction of perinuclear AQP2 speckles was included (Fig. 22),
they were not considered in the downstream analysis. Nuclei expansions are not relative to
overall cell size but fixed pixel definitions, indicating that in large cells a relatively smaller
area is considered perinuclear than in small cells and hence, less AQP2 speckles are
considered (Fig. 34).

‘3

Y

Fig. 34. Differently sized perinuclear regions. A ) Nucleus outlines include the minority of AQP2 speckles. After
transfection with Cdk18 siRNA MCD4 cell viability was reduced to 70 % compared to NT#2-transfected cells.
B) Nucleus outlines include the majority of AQP2 speckles. Upon transfection with PkiU siRNA MCD4 cell viability
remained unchanged in comparison to NT#2-transfected cells. Images were acquired using an ArrayScan VTI
HCS Reader (20x magnification). The scale bar indicates 50 um. AQP2 is depicted in green, nuclei are shown in
blue.

Gene silencing usually affects cellular viability. Although the down regulation of only 24 of in
total 719 tested genes decreased MCD4 cell viability to less than 60 % (Tab. 14), in 83 % of
all transfections MCD4 viability was lower than 90 % and in approximately 50 % of all
transfections lower than 80 % compared to NT#2-transfected cells (Tab. S 1). Thus, siRNA-
transfected cells have more space to spread than mock-transfected cells. Therefore, in future
experiments it might be feasible to expand nuclei by more than 9 pixels. Alternatively, nuclei
could be enlarged relative to corresponding cell size. In order to do so, plasma membranes
would have to be defined and the ratio of nucleus to total cell area to be determined.
However, this would markedly increase image acquisition and processing time.

AQP2 speckles were defined after fluorescent signals were computationally enhanced by a
factor of 3 or 4 and one of six different threshold correction factors was applied (Fig. 19).

Of in total 12 different settings of AQP2 speckle identification per nucleus outline expansion
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the one detecting the biggest difference between both control conditions (Fig. 23) or resulting
in  hi g hfactot (TaBd.017) was used for MLP classification (4.6) and Z-score-based
analysis (4.7), respectively. Since the method used to analyse high throughput screenings
has a tremendous impact on the hit identification®?, both strategies were applied to reliably
identify hits.

4.6 Profiling the translocation of AQPZ2 using MLP

machine learning

In the present work the AQP2 localisation was analysed by the automated classification of
cellular phenotypes using MLP machine learning. In contrast to other tools like the Advanced
or Enhanced Cell Classifier (ACC®*3; ECC®*) single cells did not have to be scored manually
and thus, unbiased data evaluation was guaranteed.

MLP was trained with CellProfiler-derived metadata of mock-transfected cells that were left
unstimulated or stimulated with FSK, representing positive and negative controls,
respectively (Fig. 24A). Experimental variation was taken into account by creating training
sets for every microtiter plate, which is a more robust approach than applying the same rule
on all replicates®. To verify the trained algorithms, metadata of NT#2-transfected cells were
classified without predefining the output. MLP classification proved correct if all wells with
unstimulated or FSK-stimulated NT#2-transfected cells were classified to be hits or no hits,
respectively (Fig. 24B). Four of nine microtiter plates were classifiable, amongst them each
plate of the Mouse Protein Kinase sublibrary was represented at least once (Tab. 16). In the
remaining five plates, the MLP classification algorithms were not sufficient to group controls
correctly, indicating that phenotypes of mock- and NT#2-transfected cells were too divergent
or too similar to each other. Classification errors occurred on either side but only in rows
K, L, M and N in the lower half of the microtiter plate (Tab. 16). In the majority of
misclassifications unstimulated cells were grouped to be hits, suggesting that too few
speckles were recognised. The reason for this is not known. Cells are seeded and stimulated
using an automated dispenser module operating from the left to the right side of the
microtiter plate, i.e. from column 1 to 24. Incorrect dispension would result in a column- but
not row-specific gradient. In addition, MLP was trained with metadata of mock-transfected
cells, including wells located in the lower part of the microtiter plate. Consequently, effects of
potential handling errors were considered in training algorithms.

Alternatively, metadata of NT#2-transfected cells could have been used for MLP training in
addition to metadata of mock-transfected cells and thereby broaden the range of control

specific parameters or could have been used for MLP backpropagation. Backpropagation
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describes the correction of classification errors by readjusting the perceptrons weights**.

However, in this case MLP classification could not have been verified plate-specifically.

Upon down regulation of 6 of 19 identified hits MCDA4 cell viability was reduced to less than
60 % compared to NT#2-transfected cells (Tab. 18). These candidates were referred to as
false positive and hence, excluded from the validation process. Wells showing reduced cell
number were not already excluded during upstream image analysis as the absolute count

varies microtiter plate-specifically and thus, no fix minimum could be set.

A common criticism of artificial neural networks such as MLP is that they operate as a black
box and how or why an output is achieved remains elusive*®. Algorithms of perceptrons in
the hidden layer are not known. However, by restricting the input information MLP users can
preselect relevant data. Here, classification was based on the relative distribution of
perinuclear AQP2 speckles in unstimulated and FSK-stimulated mock-transfecetd cells
(Fig. 23).

A drawback of machine learning is that novel phenotypes are not identified but grouped into
predefined classes. As in the present work the morphology of single MCD4 cells was
investigated in detail by sophisticated image analysis more insight into cellular phenotypes
apart from AQP2 localisation can be gained. For example, the entire CellProfiler-derived
metadata could be plotted and outliers could be visualised. Thereby, effects of gene silencing
on for instance nuclei size and shape would be detectable and could hinttoa geneds r ol e
MCD4 cells.

4.7 Z-score-based analysis of AQP2 redistribution

Z-score-based analysisi s r e a s o n a-fadtoe exéeéds Q.50 e a cZitérion that is widely

used to assess cell-based high throughput experiments®'®

. With regard to six different

threshold correction factors each related to one of two different feature enhancements,

metadata from mock- and NT#2-t r ansf ected cell s wer €labulf)ed f or

P o s i t-factoes w&rédetected on four of nine microtiter plates (1.1, 1.3; 2.1 and 2.3), three

of which were classifiable by MLP machine learning (1.3, 2.1 and 2.3; Tab. 16). Of in total

108 pairs of contr ol s-fadtdss inr eeherumotk®dNT#24trangbeotesdi t i v e .
cell s and additional ei ght m&aetasu foreboth rconsol s h o we ¢
conditions. Multiple image analysis settings scored similar on the same microtiter plate.

These findings highlight that the analysability largely depends on microtiter plate- and cell-

specific parameters. Despite cellular variability sophisticated image analysis allowed the

evaluation of diverse MCD4 phenotypes and reliable hit identification.
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The majority of the settings did not allow standard Z-score-based analysis since
discrepancies between control phenotypes were too large and the signal window between
mean positive and mean negative controls was too small as expressed by negative
Z dactors. Microtiter plate 2.1 was suitable to undergo Z-score-based evaluation, with regard
to the identification of AQP2 speckles upon feature enhancement by a factor 3 and

application of a threshold correctionf act or of 0. 7 0 -factoraft0.5 (TebvEn | e d

Any other of the remaining 11 settings of AQP2 speckle identification parameters led to
dramatically decreased Zéfactors on microtiter plate 2.1. Thus, based on the same cellular
p h en ot Yyapte vadability dependents on prior image analysis. The application of feature
enhancement 3 and threshold correction factor 0.70 did not score highest on other plates.
Therefore, the prioritisation of a single method to identify AQP2 speckles is not possible.

On microtiter plate 2.1, Z-score-based analysis was conducted, i.e. the number of standard
deviations a sample is different from the mean was determined based on the ratio of AQP2
speckles per nucleus. A siRNA pool was considered as hit if it scored >2 standard deviations
above the mean of all values (Fig. 25B). In contrast to MLP classification Z-score-based
analysis did not result in a binary output but in a hit list with associated Z-scores allowing a
ranking of the identified candidates. Theoretically, the microtiter plate-wise Z-score-based
analysis might pr oduce mi sl eading results if a cl
the same plate®®. However, of in total seven hits that were determined by using the Z-score
tool, three candidates were also revealed by MLP machine learning that did not consider
other sample but control values only (Fig. 25). This confirms the reliable detection of hits.
None of them showed viability of less than 60 % compared to NT#2-transfected cells
(Tab. 14). In contrast, the MLP classification of metadata derived from the same microtiter
plate revealed one gene, whose down regulation led to 25 % remaining viability (well F19,
pooled siRNAs targeting PIkl mRNA, Tab. 14, Fig. 25A). This indicates that Z-score-based
analysis reduces the identification of false positives. However, as only one of nine microtiter
plates was analysable by this statistical tool, MLP machine learning is the method of choice
to automatically evaluate the phenotype of MCDA4 cells.

4.8 Hit validation

The collecting duct kinome comprises 154 kinases out of 518 that exist in the whole
genome®"’. 60 of theses 154 kinases likely participate in AVP signalling®*’ as they were up or
down regulated is response to AVP*'"; 15 were described to be involved in the control of
AQP2 expression and/or localisation (Tab. 2). In the work presented here, 13 hits were
identified to be relevant for the AQP2 redistribution, amongst them 10 genes encoding

kinases or subunits of kinases (Tab. 18).
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Validation experiments were conducted to verify the performance of automated image and
data analysis and to gain insight into the functional implication of selected hits with regard to
the AQP2 control. MCD4 cells were transfected with siRNAs targeting Cdk18 and Pkia, both
of which were detected by MLP machine learning as well as Z-score-based analysis
(Fig. 25). The down regulation of both, Cdk18 or Pkia expression, impaired the translocation
of AQP2 to the plasma membrane upon FSK stimulation and led to the perinuclear
accumulation of AQP2. Thus, the here established workflow composed of a combination of
sophisticated image analysis with microtiter plate-specific data evaluation using MLP
machine learning and common statistical tools did result in reliable and robust hit
identification.

Although hit identification was confirmed, it cannot be ruled out that observed effects were
elicited by siRNA-mediated off-target effects, i.e. by the down regulation of unintended
targets due to afore mentioned reasons (4.1). However, according to the microRNA database
miRBase®'® siRNAs directed against the identified hits (Tab. S 8) are not complementary to

any mouse miRNA, providing strong evidence that the siRNAs target the specific mMRNAs.

To detect off-target effects, most commonly smart pools are deconvoluted into their
constituent siRNAs and rescreened using the same assay*®. The effect is confirmed if
transfection with at least two of four different siRNAs duplexes results in the same
phenotype. However, this strategy focuses on an identical readout as the primary screen, i.e.
this approach may rely on the detection of secondary effects but does not directly prove
specific gene silencing. In the work presented here, specificity of siRNA pools was
investigated by monitoring target protein abundance three days after transfection. Western
Blotting revealed the significant down regulation of CDK18 and PKIA upon transfection with
the respective siRNA pools (Fig. 27A,B). Additionally, MCD4 cells were transfected with
single Cdk18 and PkiU siRNAs that are directed against yet untargeted regions of the
MRNAs (Tab. 8, Tab. S 2). PKIA abundance was not reduced (Fig. 27B), indicating that
single PkiU siRNA was ineffective. In line, the AQP2 redistribution was not impaired (Fig. 29).
The use of single PkiU siRNA was not sufficient to down regulate PKIA and did not affect
AQP?2 localisation. Although this does not validate this target it shows the specificity of the
approach. The CDK18 protein level was significantly decreased after transfection with Cdk18
single siRNA (Fig. 27D), albeit not as drastic as upon transfection with pooled Cdk18 siRNAs
(Fig. 27C). CDK18 reduction by approximately 40 % did not completely inhibit the AQP2
redistribution (Fig. 29). However, although AQP2 was detected in the plasma membrane,
perinuclear AQP2 abundance was increased upon transfection with Cdk18 single siRNA.
The positive correlation between protein knockdown and phenotype penetrance underlines
that CDK18 is involved in the control of AQP2.

84



4 DISCUSSION

4.8.1 CDK18

The down regulation of CDK18 reduced the viability of MCD4 cells by 30 % (Tab. 14),
impaired the AQP2 translocation (Fig. 26, Fig. 29) and led to significantly increased AQP2
abundance independently of FSK stimulation (Fig. 32A). Surprisingly, CDK18 down
regulation did not lower AQP2 phosphorylation at S256 (Fig. 32B), which is the key trigger for
the AQP2 redistribution™’. Since this phosphorylation is catalysed by PKA™ or PKG**® one
possible explanation might be that the down regulation of CDK18 reduces PKA and/or PKG
activity.

Upon CDK18 silencing, AQP2 phosphorylation at S261 was decreased by 32 % (Fig. 32E).
Since the phosphorylation at S261 is associated with the proteasomal degradation of
AQP2%*'®  the down regulation of CDK18 and the associated decrease of S261
phosphorylation is likely to account for the increase in AQP2 protein abundance. As a
putative kinase phosphorylating AQP2 at S261 is p38-MAPK?®, a possible explanation would
be that active CDK18 lowers p38-MAPK activity.

Vice versa, it was investigated whether the knockdown of AQP2 affects CDK18 abundance.
The down regulation of AQP2 of up to 85 % (Fig. 30C) led to significantly decreased CDK18
abundance (Fig. 30B), which emphasises a mutual regulation of both proteins.

CDK18 belongs to the CDK family of serine/threonine protein kinases that are involved in
various processes such as proliferation, transcription, mMRNA processing, translation or the

control of differentiation and function of neurons®*®

. Whereas the majority of CDKs is well
characterised, the function of CDK18 is poorly understood. CDK18 shows highest expression
in brain, kidney and intestine%. Il ncreased CDK18 expressio
disease®: large-scale RNAi studies revealed an involvement of CDK18 in mitotis®.
Whether CDK18 exhibits kinase activity is unknown®®. Mouse CDK18 contains multiple
phosphorylation sites, including consensus sequences for PKA and PKC (Fig. S 8). Although
the CDK18 sequence strongly varies amongst species®®, mouse and human CDK18 share
91 % amino acid identity (Fig. S 9). Human CDK18 is associated with the plasma
membrane>*?
proteins are known to participate in the control of AQP2, CDK5 and PP2A (PPP2CB; Tab. 2).
CDK5 phosphorylates AQP2 at S261%’. Since CDK18 knockdown was associated with
decreased phosphorylation of AQP2 at S261 (Fig. 32E), the CDK5-mediated phosphorylation
of AQP2 might depend on CDK18. The inhibition of PP2A by okadaic acid induces the AQP2
redistribution without affecting its phosphorylation at S256°*, indicating that the phosphatase
counteracts the AQP2 transport PKG and/or PKA-independently. Although CDK18 and PP2A

exert opposing effects on AQP2 trafficking, they both regulate AQP2 localisation

and was shown to interact with 22 proteins (Tab. 19). Amongst them, two

independently of the phosphorylation at S256. One possible explanation would be that
CDK18 negatively regulates PP2A.
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Tab. 19. Interaction partners of human CDK18

Protein symbol Protein name Reference
1 BAG6 Large proline-rich protein BAG6 522
2 CCDC85B Coiled-coil domain-containing protein 858 523
3 CCNK Cyclin-K 523
4 CDK5 Cyclin-dependent kinase 5 522
5 EEF2 Elongation factor 2 522
6 EIF3I Eukaryotic translation initiation factor 3 subunit | 522
7 GNB4 Guanine nucleotide-binding protein subunit beta-4 522
8 HSP90AB1 Heat shock protein HSP 90 beta 524
9 LARP4B La-related protein 4B 522
10  MAGED2 Melanoma-associated antigen D2 522
11 MTR Methionine synthase 522
12 NSRP1 Nuclear speckle splicing regulatory protein 1 522
13 NTPCR Cancer-related nucleoside-triphosphatase 522
14  PPP2CB Serine/threonine-proteine phosphatase 2A catalytic subunit beta isoform 522
15  PPP5C Serine/threonine-protein phosphatase 5 522
16  SEC23A Protein transport protein Sec23A 525
17 SEC24D Protein transport protein Sec24D 525
18  STUB1 E3 ubiquitin-protein ligase CHIP 522
19  UBL4A Ubiquitin-like protein 4A 522
20  YWHAB 14-3-3 protein beta/alpha 526
21 YWHAH 14-3-3 protein eta 526
22 YWHAZ 14-3-3 protein zeta/delta 526

Interaction partners of human CDK18 were listed according to the NextProt database (www.nextprot.org).

4.8.2 PKIA

A reduction of PKIA protein by just 30 % (Fig. 27A) completely blocked the AQP2 transport to
the plasma membrane and led to the exclusive perinuclear localisation of AQP2 (Fig. 26,
Fig. 29). Whereas PKIA down regulation did not affect AQP2 protein abundance (Fig. 31),
the knockdown of AQP2 significantly reduced the PKIA level by 50 % (Fig. 30A). The down
regulation of PKIA did not affect MCD4 viability (Tab. 18).

PKIA is a potent inhibitor of PKA®*’. Following the cAMP-mediated dissociation of the PKA
holoenzyme into its regulatory and catalytic subunits, PKIA functions as a pseudo-substrate
and selectively binds and thereby inhibits the catalytic subunits**°. Thus, the phosphorylation
of PKA substrates is prevented. In addition, PKIA controls the intracellular distribution of
active PKA by regulating the nuclear export of free catalytic subunits into the cytoplasm**.
Upon down regulation of PKIA and stimulation with FSK the catalytic subunits of PKA might
be trapped within the nucleus and therefore, cannot phosphorylate AQP2.

According to the STRING database that describes functional protein association networks®?®
PKIA is predicted to bind to Profilin 2 (PFN2), as both proteins show similar patterns of
mRNA expression. PFN2 is required for actin polymerisation in the synapse®®. Since actin
depolymerisation promotes AQP2 transport to the plasma membrane®®'®® Pfn could
possibly be involved in the control of AQP2 redistribution. However, if and how PKIA

interacts with PFN2 in vivo and whether this is controlled by PKA remains to be established.
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4.8.3 Proteins involved in AQP2 control

Proteins indicated in Tab. 2 are known to participate in the control of AQP2. Of these, 26
proteins or protein subunits are targeted by siRNA pools of the Mouse Protein Kinase
sublibrary. In the present thesis, none of them was identified to be essential for the FSK-
stimulated AQP2 translocation in MCD4 cells (Tab. 18, Fig. S 7):

AKAP220 is thought to facilitate AQP2 phosphorylation by targeting PKA to AQP2-bearing
vesicles'*
as a down regulation of AKAP220 did not impair the FSK-induced AQP2 redistribution
(Fig. S 7). CSNK phosphorylates AQP2 at S256 during its GOLGI transition®****, As cells

were stimulated with FSK, PKA was highly likely to be fully activated, which might have

. Apparently, its expression is not crucial for the AQP2 translocation in MCD4 cells

overwhelmed potential effects of CSNK knockdown. Possibly, a perinuclear pool of PKA
outside the GOLGI is activated™® and thus, AQP2 is phosphorylated at S256. MLCK was
suggested to facilitate the translocation of AQP2 by regulating the interaction of myosin and
actin?®® that is predominantly responsible for AQP2 transport to the plasma membrane®.
However, AQP2 localisation is mediated only in part through activation of MLCK?*® and thus,
possible effects of MLCK down regulation might have been overwhelmed by constantly
activated PKA. The knockdown of PKG did not block the AQP2 redistribution in response to
FSK (Fig. S 7). Possibly, the down regulation of the PKG-mediated phosphorylation of AQP2
at S2562*® triggering the AQP?2 redsitribution was compensated by constantly activated PKA
activity. Down regulation of five PKA subunits (Fig. S 7; PKACA, PKACB, PKARI1A,
PKAR2A, PKAR2B) did not inhibit AQP2 translocation, indicating that they are functionally
redundant.

As expected, silencing of CDK1, CDK5, ERK1/2, GSK3B, JNK1/2, p38-MAPK, PI3K, PKC,
PP1/2A did not affect the FSK-stimulated translocation of AQP2; most of them do not
participate in AQP2 exocytosis-like transport (Tab. 2). ERK1/2 and JNK1/2 may mediate the
phosphorylation of AQP2 at S256 under hypotonic conditions, which were not tested in this
experiment (Tab. 2, 4.3) and inhibition of the phosphatases PP1/2A induces AQP2 transport
to the apical plasma membrane®,

Of note, none of these effects was validated, yet. Bearing in mind that on the one hand the
degree of siRNA-mediated protein reduction might not be sufficient to elicit a detectable
effect and on the other hand that decreased gene expression might be compensated by
redundant proteins, these findings need to be verified in additional experiments.

The redistribution of AQP2 was measured by analysing perinuclear AQP2 speckles. Thus, it
cannot be distinguished between the sub-plasma membrane and plasma membrane
localisation of AQP2. Accordingly, in this assay it cannot be detected whether gene products

are necessary for vesicle to plasma membrane fusion.
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5 PERSPECTIVE

In the present thesis a powerful technique to automatically analyse the AQP?2 trafficking in an
unbiased large-scale manner was established. After siRNA-mediated silencing of the murine
kinome, the localisation of AQP2 was investigated on a single-cell level and the expression
of 13 genes was shown to be essentiell for its exocytosis-like transport to the plasma
membrane. To our knockledge, this is the first high throughput anaylsis of gene function
regarding the control of AQP2.

The here presented method is a suitable tool to screen the complete Mouse siGENOME
siRNA library and thereby extend the analysis to a genome-scale range. Thus, global
networks controlling cAMP-induced AQP2 redistribution could be identified. Using
bioinformatics resources like DAVID, FuncAssociate or MAPPFinder (Huang et al.>*) the
biological significance of the identified genes could be analysed systematically and thereby
reveal exciting insight into the AQP2 control. Novel drug targets could be identified for the
treatment of diseases associated with high level of AVP, such as CHF.

In addition, the screening could be conducted without prior FSK stimulation of the cells and

thereby, genes whose down regulation triggers AQP2 translocation could be identified.

In future experiments the involvement of the 13 identified gene products in the control of the
AQP2 redistribution should be validated, first, by investigating specific target protein
reduction via Western Blotting and second, by using another non image-based readout.
Exemplarily, cell surface proteins (including AQP2) could be biotinylated and precipitated
using streptavidin. By Western Blotting AQP2 abundance in response to FSK and after the
specific down regulation of gene expression could be analysed. Another approach to validate
candidates is to rescue the phenotype by expressing a RNAI resistant version of the target in
the presence of siRNA''. For this, siRNAs targeting the 3 &TR of targets and cDNA
encoding the respective gene product wi t h o u UTRishosld b& d@itilised. The validation
should be extended to cells that express the V2R such as rat primary IMCD cells.

In this work, it was observed that knockdown of PKIA and CDK18 inhibited the AQP2
translocation in response to FSK (Fig. 26, Fig. 29). Knockdown of PKIA did not alter AQP2
protein abundance (Fig. 31). In future experiments, the phosphorylation status of AQP2 as
well as total PKA activity upon the knockdown of PKIA should be analysed. Further, the
localisation of the catalytic subunit of PKA could be investigated by immunofluorescence

microscopy.
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5 PERSPECTIVE

Knockdown of CDK18 led to significantly increased AQP2 protein abundance (Fig. 32A).
Whereas the phosphorylation of AQP2 at S256 was not altered (Fig. 32D), phosphorylation
at S261 was impaired upon down regulation of CDK18 (Fig. 32E). In future experiments
activities of PKA phosphorylating S256 and p38-MAPK phosphorylating S261 should be
investigated. In contrast to human CDK18, the interaction proteins of mouse CDK18 are not
known. Thus, interaction partners of CDK18 in MCD4 cells could be identified by mass
spectrometry upon CDK18 precipitation. Of note, human CDK18 interacts with the E3
ubiquitin-protein ligase CHIP (carboxyl terminus of Hsp70-interacting protein; STUB1). As the
E3 ligase mediating AQP2 degradation is presently unknown (1.3.2) and since CDK18
regulates AQP2 stability through controlling S261 phosphorylation (Fig. 32A), a possible

involvement of STUB1 in AQP2 ubiquitination could be investigated in future experiments.
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6 SUMMARY

6 SUMMARY

Water reabsorption in the renal collecting duct is controlled by arginine-vasopressin (AVP).
By binding to vasopressin-type-2 receptors (V2R) on the basolateral surface of renal
principal cells, AVP elicits an increase in cAMP and thus, the activation of protein kinase A
(PKA). PKA phosphorylates the water channel aquaporin-2 (AQP2), which induces its
translocation from perinuclear vesicles to the plasma membrane. This causes a 10-100 fold
increase in water reuptake from the primary urine. The molecular details of AQP2 transport
are largely unknown. Aberrations in AVP-mediated water reabsorption are associated with
nephrogenic diabetes insipidus (NDI), the syndrome of inappropriate antidiuretic hormone
secretion (SIADH) and congestive heart failure (CHF).

Here, an image-based siRNA screening was established to identify genes whose expression
is essential for the AQP2 redistribution. In mouse collecting duct (MCD4) cells, stably
expressing human AQP2, the 719 genes comprising kinome was silenced and the
subcellular AQP2 localisation was analysed by automated immunofluorescence microscopy.
Sophisticated image analysis using CellProfiler software and the combination of phenotypic
classification applying artificial neural networks and the evaluation by standard statistical
metrics revealed 13 so far unknown gene products that are essential for the AQP2
translocation. One candidate is cyclin-dependent kinase 18 (CDK18), whose down regulation
impaired AQP2 plasma membrane targeting and in parallel led to significantly increased

AQP?2 protein abundance.

By integrating biological and computational approaches, the herein established method
represents a powerful technique to elucidate molecular mechanisms underlying the AQP2
redistribution in an unbiased genome-wide manner. This contributes to the identification of
potential therapeutic targets for the treatment of diseases associated with aberrant AVP-
mediated water reabsorption.
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7 ZUSAMMENFASSUNG

7 ZUSAMMENFASSUNG

Die Wasserriickresorption im renalen Sammelrohr wird durch Arginin-Vasopressin (AVP;
Antidiuretisches Hormon, ADH) reguliert. Durch Bindung an den Vasopressin-Typ-2
Rezeptor auf der basolateralen Oberflache renaler Hauptzellen bewirkt AVP einen Anstieg
von intrazellularem cAMP und folglich die Aktivierung der Proteinkinase A (PKA). PKA
phosphoryliert den Wasserkanal Aquaporin-2 (AQP2), wodurch dessen Translokation von
peri-nukledren Vesikeln zur Plasmamembran induziert wird. Dies bewirkt einen bis zu 100-
fachen Anstieg der Ruckresorption von Wasser aus dem Primarharn. Die molekularen
Mechanismen des AQP2 Transportes sind grof3tenteils unbekannt. Storungen AVP-
vermittelter Wasserruickresorption sind mit nephrogenem Diabetes insipidus (NDI), dem
Syndrom der inadéaquaten ADH-Sekretion (SIADH) und Herzinsuffizienz assoziiert.

In der vorliegenden Arbeit wurde ein siRNA screening etabliert um Gene zu identifizieren,
dessen Expression fir die AQP2 Translokation essenziell ist. In murinen Sammelrohrzellen,
welche stabil humanes AQP2 exprimieren (MCD4-Zellen), wurde die Expression des 719
Gene umfassenden Kinoms inhibiert und die subzelluldre Lokalisierung von AQP2 durch
automatische Immunfluoreszenzmikroskopie analysiert. Hochkomplexe Bildanalyse und die
Kombination von Zellklassifizierung mit Hilfe eines artifiziellen neuronalen Netzes sowie die
Analyse anhand statistischer Standardmethoden ergaben 13 bisher unbekannte Gene,
dessen Expression fur die AQP2 Umverteilung unerlasslich ist. Ein Kandidat ist Cyclin-
dependent kinase 18 (CDK18), dessen Herunterregulierung die AQP2 Translokation

inhibierte und gleichzeitig zu einem signifikanten Anstieg der AQP2 Abundanz fiihrte.

Durch das Integrieren molekularbiologischer und bioinfomatischer Methoden bildet die in
dieser Arbeit etablierte Analyse eine leistungsstarke Technik, um die molekularen
Mechanismen der AQP2 Umverteilung genomweit zu erforschen. Dies tragt zur
Identifizierung potenzieller therapeutischer Angriffspunkte zur Behandlung von Erkrankungen

bei, welche mit gestorter AVP-vermittelter Wasserriickresorption assoziiert sind.
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sp|0O88721|V2R_MOUSE  MILVSTTSAVPGALSSPSSPSNSSQEELLDDRDPLLVRAELALLSTIFVAVALSNGLVLG 60
sp|QO0788|V2R_RAT MLLVSTVSAVPGLFSPPSSPSNSSQEELLDDRDPLLVRAELALLSTIFVAVALSNGLVLG 60

Kedkokkk kkkkk ok

sp|088721|V2R_MOUSE  ALIRRGRRGRWAPMHVFISHLCLADLAVALFQVLPQLAWDATDRFHGPDALCRAVKYLQM
sp|QO0788|V2R_RAT ALIRRGRRGRWAPMHVFISHLCLADLAVALFQVLPQLAWDATDRFHGPDALCRAVKYLQM 12

sp|088721[V2R_MOUSE ~ VGMYASSYMILAMTLDRH
sp|Q00788[V2R_RAT  VGMYASSYMILAMTLDRHR

RAICRPMLAYRHGGGARWNRP
NCRPMLAYRHGGGARWNRPVL

VLVAWAFSLLLSLPQLFIFAQ 1
MAWAFSLLLSLPQLFIFAQ 18C

sp|0O88721|V2R_MOUSE =~ RDVGNGSGVFDCWARFAEPWGLRAYVTWIALMVFVAPALGIAACQVLIFREIHASLVPGP 2
sp|QO0788|V2R_RAT RDVGNGSGVFDCWARFAEPWGLRAYVTWIALMVFVAPALGIAACQVLIFREIHASLVPGP 240

sp|088721|V2R_MOUSE =~ SERAGRRRRGHRTGSPSEGAHVSAAMAKTVRMTLVIVIVYVLCWAPFFLVQLWAAWDPEA
sp|Q00788|V2R_RAT SERAGRRRRGRRTGSPSEGAHVSAAMAKTVRMTLVIVIVYVLCWAPFFLVQLWAAWDPEA 3(

sp|088721|V2R_MOUSE  PLERPPFVLLMLLASLNSCTNPWIYASFSSSVSSELRSLLCCAQRHTTHSLGPQDESCAT 3¢
sSp|QO0788|V2R_RAT PLERPPFVLLMLLASLNSCTNPWIYASFSSSVSSELRSLLCCAQRHTTHSLGPQDESCAT 360

sp|O88721|V2R_MOUSE ~ ASSSLMKDTPS 371
sp|QO0788|V2R_RAT  ASSSLMKDTPS 371

Kkkkkkkkkkk

Fig. S 1. Mouse and rat V2R share 98 % amino acid sequence identity

. The antibody targeting V2R (K3, Prof.

Dr. Bachmann, Charité Berlin, DE) binds to the second intracellular loop of the receptor, which is highlighted.
UniProt sequence ID is indicated (www.uniprot.org).
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. volume
Set Variable "enter the volume in ul to transfer"
"enter the volume in ul to transfer"
1
. volume pl Water wet contact MCA 384 DiTi 125 slow for Optimem
. Aspirate "AB0781" (Col. 1, Rows 1-16)
. volume pl Water wet contact MCA 384 DiTi 125 slow for Optimem
3 Dispense "Greiner pClear" (Col. 1, Rows 1-16)
M Positioning with global Z-Trave
. ove "Adapter384ComboDiti" (Col. 1, Rows 1-16)
. answer
Set Variable "shall the tips be washed now?"
"shall the tips be washed now?"
5
=
If - Then answer = yes
6
=
Group wash tips and dry them with ethanol
7
Comment wash tips and dry them with ethanol
8
Mi 100.0 pl Water wet contact MCA384 DiTi 125
. X "water tip wash" (Col. 1, Rows 1-16)
Aspirat 100.0 pl Ethanol Wash MCA Diti
o Spirate "ethanol" (Col. 1, Rows 1-16)
Di 100.0 pl Ethanol Wash MCA Diti
y Ispense "ethanol” (Col. 1, Rows 1-16)
Mi 80.0 pl Air Dry MCA Diti
X ethanol” (Col. 1, Rows 1-16)
Start Timer 1
13
Wait for Timer Timer 1 : 15 sec
14
Mi 80.0 pl Air Dry MCA Diti
- X ethanol” (Col. 1, Rows 1-16)
Start Timer 2
16
Wait for Timer Timer 1 : 120 sec
17
M Positioning with global Z-Trave
" ove "Adapter384ComboDiti" (Col. 1, Rows 1-16)
Group End wash tips and dry them with ethanol
19
Else
20
End If

21

—
. watertip ...l . . GreinerpC...|. . . . , . . .

Fig. S 2. Protocol for automated siRNA transfer

4.3 pl, resulting in 4 pl transferred volume per well of a 384 well plate.

using TECAN Freedom EVO.

Volume (step 1) was set to
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Fig. S 3. Protocol for automated transfer of Lipofectamine ® 2000 using TECAN Freedom EVO . Volume
(step 1) was set to 6.3 pl, resulting in 6 pl transferred volume per well of a 384 well plate.
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