




Table of contents

CYP11B2

KCNJ5

CACNA1D

CTNNB1

CYP11B1 CYP11B2

KCNJ5

CACNA1D

CACNA1H

ARMC5



CACNA1H S1073C CYP11B2
CACNA1H M1549V

In vitro CACNA1H CYP11B2

CYP11B2

CYP11B2



CACNA1H S1073C CYP11B2

ARMC5 DACH1



1 Abstract 

KCNJ5 CACNA1D ATP1A1,

ATP1A2 CTNNB1

KCNJ5

KCNJ5

KCNJ5

KCNJ5 

KCNJ5

CYP11B2 KCNJ5 CACNA1D

CACNA1H

CACNA1H 

M1549V

CACNA1H

CACNA1H S1073C



CACNA1H S1073C

CACNA1H 

M1549V

CACNA1H S1073C

2 Zusammenfassung 

KCNJ5 CACNA1D ATP1A1 ATP2B3 CTNNB1

KCNJ5

KCNJ5

KCNJ5

G151R L168R 



KCNJ5

CYP11B2 KCNJ5 CACNA1D

CACNA1H

CACNA1H M1549V

CACNA1H S1073C

CACNA1H S1073C 

CACNA1H S1073C

CACNA1H M1549V

CACNA1H S1073C



3 List of Figures

CYP11B2

CACNA1H wt S1073C M1549V

KCNJ5

CACNA1H

4 List of Tables

DACH1

KCNJ5

CACNA1D

CTNNB1



5 Symbols and Abbreviations 

gene name encoding members of 
the Kir family 



6 Introduction 

6.1 Blood pressure and its regulation  

6.1.1 Systemic regulation in the normotensive body  

6.1.1.1 Renin-angiotensin-aldosterone system (RAAS) 





6.1.2 Molecular mechanisms of aldosterone production on cellular level 

6.1.2.1 Modulators of aldosterone production 



6.1.2.1.1 Angiotensin II  



in vivo

6.1.2.1.2 Adrenocorticotropic hormone  

in vivo



6.1.2.1.3 Potassium 

6.1.2.1.4 Atrial natriuretic peptide 

6.1.2.2 Enzymes involved in aldosterone production and their regulation 

StAR

6.1.2.2.1 Aldosterone synthase (CYP11B2) 

CYP11B2

CYP11B2

CYP11B2



CYP11B2

CYP11B2

CYP11B2

CYP11B2

CYP11B2

CYP11B2

dachshund homolog 1 DACH1 DACH1 CYP11B2

DACH1 

6.2 Classes of ion channels of major interest for this work 





6.2.1 Voltage-gated calcium channels 





6.2.1.1 L-type and T-type channels and their role in aldosterone production 

CACNA1H

CACNA1D



et al.

CYP11B2

CACNA1D CACNA1H

CACNA1H



CACNA1H CACNA1D

6.2.2 G protein-coupled inwardly-rectifying potassium channels 



6.2.2.1 G protein-coupled inwardly-rectifying potassium channel isoforms 

KCNJ3

KCNJ6



KCNJ9



6.2.2.1.1 Kir3.4/GIRK4/KCNJ5 

KCNJ5

KCNJ5

KCNJ5

CYP11B2

CYP11B2

KCNJ5

KCNJ5

KCNJ5

. 



KCNJ5 

6.3 Hypertension 



6.3.1 Antihypertensives 



6.3.2 Primary hyperaldosteronism  





6.3.2.1 Aldosterone-producing adenoma 

KCNJ5 CACNA1D ATP1A1 ATP2B3 CTNNB1

6.3.2.1.1 KCNJ5 mutations in aldosterone-producing adenomas 

KCNJ5

KCNJ5 

KCNJ5 

KCNJ5

KCNJ5



KCNJ5

KCNJ5 KCNJ5

KCNJ5

et al.

KCNJ5-

 KCNJ5

KCNJ5 G151R L168R

KCNJ5

CYP11B2

In vitro

et 

al. L168R 

G151R L168R

 CYP11B2

CYP11B2 KCNJ5

et al.

KCNJ5 KCNJ5



et al. KCNJ5

KCNJ5

et 

al.

CYP11B2

KCNJ5

KCNJ5 VSNL1

In vitro

CYP11B2

et al.

KCNJ5

KCNJ5 

 in vivo KCNJ5

KCNJ5 G151R

L168R KCNJ5



KCNJ5

in vitro

6.3.2.1.2 CACNA1D mutations in aldosterone-producing adenomas 

CACNA1D

CACNA1D

CACNA1D

CACNA1D

CACNA1D

KCNJ5

KCNJ5

CACNA1D P1336R

V259D



Study Region Study
size 

Mutation frequencies (%) 

KCNJ5 CACNA1D ATP1A1 ATP2B3 CTNNB1 

et al., et al.  , et al.
ATP1A1 ATP2B3

et al. et al.
et al. CACNA1D



6.3.2.1.3 ATPase mutations in aldosterone-producing adenoma 

ATP1A1

ATP2B3,

ATP1A1

ATP2B3

CACNA1D

ATP1A1 ATP2B3 ATP2B3

CYP11B2 KCNJ5

ATP1A1

CYP11B2

ATP1A1 L104R V332G

ATP2B3





CYP11B2

6.3.2.1.4 CTNNB1 mutations in aldosterone-producing adenomas  

 CTNNB1

S45P CTNNB1

CTNNB1

AXIN2

CTNNB1 KCNJ5

CTNNB1 KCNJ5

CTNNB1

KCNJ5 CTNNB1 

CYP11B2

CYP11B1

CTNNB1



et al.

CTNNB1

In vitro

CYP11B2 CTNNB1

et al. CTNNB1

KCNJ5

CTNNB1

et al.

CTNNB1

et al.,

CTNNB1

6.3.2.1.5 APA origins and the role of aldosterone producing cell clusters

CYP11B2

ATP1A1 CACNA1D





KCNJ5 

G151R

6.3.2.2 Familial hyperaldosteronism 

6.3.2.2.1 Glucocorticoid-remediable hyperaldosteronism – crossing-over be-

tween CYP11B1 and CYP11B2  

CYP11B2 CYP11B1

CYP11B1

6.3.2.2.2 Familial hyperaldosteronism type II – familial hyperaldosteronism 

with unknown causes 





6.3.2.2.3 Familial hyperaldosteronism type III – KCNJ5 germline mutations  

KCNJ5

KCNJ5 T158A 

CYP11B2

KCNJ5 G151R, 

I157S, E145Q

E145Q in vitro

CYP11B2 NR4A2 NURR1

KCNJ5 G151E Y152C

in vitro

In vitro



CYP11B2

KCNJ5 G151R

KCNJ5 E145Q

 KCNJ5

et al.

KCNJ5 G151R

KCNJ5 G151R

6.3.2.2.4 Primary hyperaldosteronism with seizures and neurologic abnormali-

ties – germline CACNA1D mutations  

De novo CACNA1D

CACNA1H



CACNA1D

de novo

et al. de novo CACNA1D

CACNA1D

6.3.2.2.5 Familial hyperaldosteronism type IV - CACNA1H germline mutations  

CACNA1H

et al.

CACNA1H M1549V

de novo



CACNA1H 

M1549I et al. de novo

et al.

CYP11B2

CACNA1H M1549V in vitro

et al. CACNA1H S196L  

P2083L, 

M1549 

CYP11B2



et al. CACNA1H G1064R

 CYP11B2

CACNA1H

CYP11B2

CACNA1H

in vitro CACNA1H

et al.

armadillo repeat-containing 5 ARMC5 DACH1

6.3.2.2.6 Putative roles of ARMC5 in familial hyperaldosteronism 

armadillo repeat-contain-

ing 5 ARMC5

ARMC5 

in silico



ARMC5

in silico

ARMC5

6.3.2.3 Cell lines as models for primary hyperaldosteronism 

in vitro

CYP11B2

CYP11B2



KCNJ5

in vitro





7 Projects

7.1 Novel somatic mutations in primary hyperaldosteronism are related to the

clinical, radiological and pathological phenotype

7.1.1 Objectives of the work

KCNJ5 CACNA1D ATP1A1 ATP2B3 CTNNB1

7.1.2 Manuscript

In accordance with regulations, publication reprints were removed from this disserta

tion for the final print version.



7.2 Macrolides selectively inhibit mutant KCNJ5 potassium channels that cause

aldosterone producing adenoma

7.2.1 Objectives of the project

KCNJ5

CYP11B2

in vivo

7.2.2 Manuscript

In accordance with regulations, publication reprints were removed from this disserta

tion for the final print version.



7.3 CACNA1H M1549V mutant calcium channel causes autonomous aldoste

rone production in HAC15 cells and is inhibited by mibefradil

7.3.1 Objectives of the project

CACNA1H M1549V

CYP11B2

in vivo

CYP11B2

7.3.2 Manuscript

In accordance with regulations, publication reprints were removed from this disserta

tion for the final print version.



7.4 Investigations of the CACNA1H S1073C variant: Effects on CYP11B2 expres

sion and aldosterone production in the adrenocortical cell line HAC15 in

comparison to CACNA1HM1549V

7.4.1 Objectives of the project

CACNA1H S1073C

In vitro

in vivo

CACNA1H M1549V

7.4.2 Materials and Methods

7.4.2.1 Patients andmutation discovery

CACNA1H M1549

et

al.

7.4.2.2 Chemicals, buffers and primers



7.4.2.3 Cell culture

7.4.2.4 Plasmids and cloning

S1073C CACNA1H

wt

E.coli

CACNA1H wt

CACNA1H

CACNA1H wt/M1549V



7.4.2.5 Transfection

CACNA1H in vitro

CACNA1H wt, S1073C, M1549V

7.4.2.6 Aldosterone ELISA

7.4.2.6.1 Isolation of total soluble protein from cells



7.4.2.7 qPCR

GAPDH CYP11B2

7.4.2.8 Statistical analysis and software

In silico CACNA1H S1073C ARMC5 A656S

7.4.3 Results



CACNA1HM1549

CACNA1H S1073C

CACNA1H S1073C

In silico

in vitro

CYP11B2

CYP11B2

CACNA1H wt

CACNA1H wt CACNA1H

S1073C CACNA1H M1549V

CYP11B2 wt

CACNA1H wt

CACNA1H wt S1073C CACNA1H M1549V

wt



ARMC5 A656S,

DACH1

In silico ARMC5

DACH1 S154_S155dup



7.4.4 Conclusions

CACNA1H S1073C

CACNA1H in silico

CACNA1H S1073C

CYP11B2

CACNA1Hwt

CACNA1H M1549V CACNA1H S1073C

DACH1 S154_S155dup ARMC5 A656S

in vitro



DACH1

S154_S155dup



8 Discussion

8.1 APAmutations and their correlationwith patient and tumor characteristics

KCNJ5

et al.

KCNJ5 ATP1A1 ATP2B3, CACNA1D CTNNB1

8.1.1 Mutation frequencies are largely in accordance with previous reports

KCNJ5

G151R

KCNJ5 L168R

KCNJ5

F154C I150_G151insM I157K S143_I144insIA

CACNA1D

CACNA1D

CACNA1D



CACNA1D

G403R

CACNA1D

CACNA1D

ATP1A1

ATP2B3

L104R

ATP1A1 ATP2B3

CTNNB1

CTNNB1

8.1.2 Mutations relate to patient and tumor characteristics



KCNJ5 KCNJ5

KCNJ5

KCNJ5

KCNJ5

KCNJ5

KCNJ5

CACNA1D

KCNJ5

CACNA1D

8.1.3 Conclusion and outlook

KCNJ5

CACNA1D



CTNNB1

8.2 Macrolides are blockers of KCNJ5 mutant channels

et al.

Legionella, Chlamydia Mycoplasma



8.2.1 KCNJ5 channel blockers reduce aldosterone production and give new im

pulses for the diagnosis and treatment of PHA patients

CYP11B2 KCNJ5 G151R L158R

in vivo

in vitro

in vitro

KCNJ5

KCNJ5

in vitro

KCNJ5

KCNJ5 G151R



G151R

CYP11B2

8.2.2 Comparison with previous studies

et al.

et al.

et al.



et al.

CYP11B2

8.2.3 Outlook: Future studies of channel inhibitors

KCNJ5 in vivo Kcnj5

KCNJ5

et al.

KCNJ5 T158A

in

vivo

KCNJ5 ex vivo



KCNJ5

in ex vivo

8.3 In vitro investigations of the effects of CACNA1Hmutations on CYP11B2 ex

pression and aldosterone production

CACNA1H

8.3.1 CACNA1H M1549V increases aldosterone production and CYP11B2 ex

pression in HAC15 cells

CACNA1H M1549V

et al. in vitro

CACNA1H M1549V

CACNA1H M1549V CYP11B2

in vivo

M1549V CYP11B2



M1549V

8.3.1.1 Comparison of our findings on CYP11B2 expression and aldosterone pro

duction with other studies

et al.. CACNA1HM1549I

CACNA1H M1549V

CYP11B2

CYP11B2

in vitro

CYP11B2

CACNA1H M1549I

et al.

CYP11B2

CYP11B2

et al.

et al.



CYP11B2

CACNA1H

8.3.1.2 CACNA1HM1549V can be inhibited by T type channel blockermibefradil

CYP11B2

CACNA1H M1549V

CACNA1H M1549V

CYP11B2

CYP11B2

CYP11B2

CYP11B2

CACNA1H M1549V



in vitro

CACNA1H

8.3.1.3 Outlook: Investigating the effects of CACNA1H M1549V on cell prolifera

tion

CACNA1HM1549V

CYP11B2 in vitro



CACNA1H M1549V

CACNA1H M1549V

8.3.2 CACNA1H S1073C does not affect aldosterone production and CYP11B2 ex

pression in HAC15 cells

in vitro CACNA1HM1549V

S1073C



8.3.2.1 Sequence conservation and structural considerations

.

CYP11B2

et al

8.3.2.2 Limitations of our study

et al. at al.,

CYP11B2 CACNA1H

S1073C CACNA1HM1549V

CACNA1H S1073C



In vivo

et al.



8.3.2.3 Outlook: Investigations of mutations in ARMC5 and DACH1

CACNA1H S1073C

CYP11B2

Dach1 S154_S155dup

DACH1 S154_S154

ARMC5A656S.

ARMC5 A656S DACH1 S154_S155dup

in vitro CACNA1H S1073C M1549V



ARMC5 A656S

DACH1 S154_S155dup,

CACNA1H S1073C

DACH1 ARMC5

Chromo
some Position Base change

Effect on
protein Annotation

Allele
frequency



9 References

Textbook Of Practical
Physiology

Handbook of
cardiac anatomy, physiology, and
devices

Guyton and Hall Textbook of
Medical Physiology

Am. J. Physiol.
227,

et al.

Pflügers Arch. Eur. J. Physiol. 465,

Circulation 87,

Science 191,

Circ. Res. 93,

Hypertension
15,

J. Renin Angiotensin Aldosterone Syst. 7,

N. Engl. J. Med. 313,

et al. Adv.
Physiol. Educ. 26,

et al.

J.
Cell Biol. 104,

et al.

Cell.
Physiol. Biochem. 13,

et al.

J. Biol.
Chem. 278,

et al.

Am. J. Physiol. Renal
Physiol. 305,

Curr. Opin. Nephrol.
Hypertens. 21,

Pflügers Arch. Eur. J. Physiol. 447,

Curr. Opin. Cell Biol. 9,

Crit. Care 7,

Front. Endocrinol.
(Lausanne). 7,

J. Mol. Endocrinol. 56,

Physiol. Rev. 84,

Endocr. Relat.
Cancer 23,

Endocr. Res. 22,



Clin. Sci. 100,

Endocrinology
131,

Am. J.
Physiol. Endocrinol. Metab. 268,

Am.
J. Physiol. Metab. 276,

Am. J.
Physiol. Physiol. 292,

J. Clin. Endocrinol. Metab.
81,

FEBS Lett.
159,

et al.

Am. J.
Physiol. Cell Physiol. 271,

et al.

J. Biol. Chem. 274,

et al.

J. Biol. Chem. 263,

et al.

J. Biol. Chem.
266,

J. Biol. Chem.
264,

Cell Calcium
9,

J. Biol. Chem.
259,

PLoS One 8,

et al.

Endocrinology 130,

Mol. Endocrinol. 14,

Am. J. Physiol.
Cell Physiol. 271,

Endocrinology
135,

et al.

Endocrinology 118,



Am. J. Physiol.
Endocrinol. Metab. 248,

et al.

J. Cell Biol.
157,

et al.

Circ. Res. 34,

et al.

Circ. Res. 36,

Eur. J. Biochem. 174,

Endocrinology
120,

Endocrinology 129,

Cell
Calcium 12,

Endocrinology 121,

et al.

J. Clin. Invest. 98,

Mol. Cell.
Endocrinol. 217,

Endocrinology
108,

Eur. J. Endocrinol. 95,

Am. J. Physiol. Endocrinol.
Metab. 255,

Am. J. Physiol. Cell
Physiol. 262,

Front. Endocrinol. (Lausanne). 7,

Endocrinology 120,

J. Clin.
Invest. 122,

Am. J.
Physiol. Ren. Physiol. 261,

Am. J. Physiol. Cell Physiol. 266,

Am. J. Physiol. Ren. Physiol.
258,



Biochem.
Biophys. Res. Commun. 223,

Mol. Cell.
Endocrinol. 115,

et al.

Mol. Endocrinol. 12,

et al.

Mol. Cell.
Endocrinol. 173,

Endocrinology 104,

et al.

Mol. Cell. Endocrinol. 121,

et al.

cis
Mol. Endocrinol. 11,

et al.

Eur. J. Pharmacol.
584,

Endocr. Res. 22,

Endocrinology 143,

Endocrinology 138,

Mol. Endocrinol. 18,

Endocrinology 151,

J. Mol.
Endocrinol. 28,

et al.

J.
Steroid Biochem. Mol. Biol. 91,

J. Mol.
Endocrinol. 42,

Mol.
Cell. Endocrinol. 302,

CYP11B2
Endocr.

Res. 26,

et al.

Endocrinology
147,

et al. DACH1

Hypertension 65,

Ion Channels of Excitable



Membranes

Adv. Physiol.
Educ. 28,

Endocr. Rev. 25,

BioEssays 17,

Pharmacol. Rev. 57,

Trends Neurosci.
11,

Annu. Rev. Cell Dev. Biol. 16,

Neuron 4,

Wiley Interdiscip. Rev.
Membr. Transp. Signal. 2,

Cold Spring Harb. Perspect.
Biol. 3,

Physiol. Rev. 83,

et al.

Nature
328,

et al.

J. Biol. Chem. 268,

J. Biol. Chem. 260,

et al.

Circ. Res. 85,

Diabetes 51,

et al.

J. Cell Biol.
123,

J.
Physiol. 394,

Ann. N. Y. Acad. Sci. 560,

J. Neurosci.
15,

in vitro

J. Physiol. 315,

Nature 316,

Circ. Res. 61,

et al.

J. Steroid



Biochem. Mol. Biol. 144,

J. Physiol. 404,

Endocrinology
134,

J. Physiol. 483,

Proc. Natl. Acad. Sci. U.
S. A. 85,

et al. CACNA1H

EBioMedicine
13,

Physiol.
Rev. 90,

Am. J. Physiol. Cell
Physiol. 280,

et al.

CACNA1H

Elife 4,

J.
Endocrinol. 142,

et al.

Cell Calcium 23,

et al.
CACNA1D

Nat. Genet. 45,

Pharmacol. Rev. 44,

Naunyn.
Schmiedebergs. Arch. Pharmacol. 337,

Nature 316,

J. Pharmacol. Exp.
Ther. 295,

J. Pharmacol. Exp.
Ther. 287,

Science
240,

et al.

Clin. Ther. 19,

Lancet
351,

J. Am. Coll. Cardiol. 27,

Mol.
Cell. Endocrinol. 175,



Endocrinology 127,

J.
Physiol. 538,

Endocrinology 141,

Am. J.
Physiol. Ren. Physiol. 267,

Am. J. Physiol. Cell Physiol.
279,

Proc. Natl.
Acad. Sci. U. S. A. 90,

Biochem. J. 273,

et al.

Endocrinology
132,

Endocr Res 21,

et al.

J
Cardiovasc Pharmacol 47,

et al.

CACNA1D

Nat. Neurosci. 14,

et al.

J. Assoc.
Res. Otolaryngol. 5,

et al.

Cell 102,

et al. CACNA1D

Biol. Psychiatry 77,

et al. CACNA1H
J. Biol.

Chem. 281,

et al.
CACNA1H

Ann.
Neurol. 54,

et al.

J. Biol. Chem. 279,

CACNA1D
J. Physiol.

594,

et al.

EMBO J. 24,

et al.

Genes, Brain Behav. 6,

et al.

Science 302,

Brain Res. 951,

et al.

Pain



105,

et al. Molecular Biology of the
Cell

et al.

Physiol. Rev. 90,

KCNJ5

Horm. Metab. Res. 47,

Pharmacol. Rev. 52,

et al.

Pharmacol. Rev. 57,

Nat. Rev. Neurosci. 4,

Biophys. J.
66,

Nature 391,

Nat. Cell
Biol. 1,

J. Gen. Physiol. 108,

J. Biol. Chem. 274,

J. Biol. Chem. 278,

Proc.
Natl. Acad. Sci. U. S. A. 84,

Proc. Natl. Acad. Sci. U. S.
A. 90,

Xenopus
J. Neurosci. 16,

et al.

J. Neurosci. 25,

et al.

J. Biol. Chem. 274,

J. Physiol.
401,

et al.

Am. J. Physiol. Gastrointest.
Liver Physiol. 278,

et al.

Neuron 33,

et al.

Proc
Natl Acad Sci U S A 90,

Gene 284,

et al.

Genomics
51,

et al.



J.
Biol. Chem. 270,

et al.

Endocrinology 142,

et al.

J. Physiol. 521,

et al.

FEBS Lett. 353,

et al.

J.
Neurosci. 19,

et al.

J. Biol. Chem.
270,

J. Biol. Chem. 275,

et al.

Cell. Signal. 11,

et al.

Cell 147,

Proc. Natl. Acad.
Sci. U. S. A. 92,

et al.

Nature
374,

J. Biol. Chem. 273,

J. Biol. Chem. 273,

Neuroscience 77,

et al.

Circulation
112,

Neuron 20,

et al.

Proc. Natl. Acad. Sci. U. S. A. 105,

J. Neurosci. 20,

et al.

Am. J. Hum. Genet. 86,

et al.

Science 331,

et al. KCNJ5

J. Clin. Endocrinol. Metab.
100,

in vitro

Mol.
Cell. Endocrinol. 412,

et al.



Br. J. Pharmacol. 163,

Endocrinology 153,

+
Biochemistry 37,

et al.

Endocrinology
155,

Naunyn. Schmiedebergs. Arch.
Pharmacol. 339,

J. Biol. Chem.
278,

et al.

J.
Hypertens. 31,

et al.

Lancet 365,

et al.

JAMA 289,

N. Engl. J. Med.
340,

Circulation 96,

et al.

Am. J. Epidemiol. 146,

et al.

Am.
J. Epidemiol. 151,

Lancet 360,

Lancet 367,

Hypertens.
Res. 28,

Nat. Rev. Nephrol. 12,

N. Engl. J. Med. 351,

Ann.
Intern. Med. 139,

Prev. Med. 17,

Int. J. Epidemiol.
26,

Nat. Rev. Drug



Discov. 1,

Am. J. Cardiol. 106,

Am. Hear. J. 106,

N. Engl. J. Med.
286,

Physiol. Rev. 80,

Circulation 112,

J. Clin. Hypertens. 13,

Biochem. Pharmacol. 74,

et al.

Hypertens. Res. 30,

J.
Clin. Endocrinol. Metab. 60,

et al.

J. Clin. Endocrinol. Metab.
101,

et al.

J. Am. Coll. Cardiol. 48,

et al.
Hypertension

42,

et al.

J. Am. Coll. Cardiol. 69,

Primary Aldosteronism

N.
Engl. J. Med. 339,

Curr. Opin. Nephrol. Hypertens. 22,

Clin.
Endocrinol. (Oxf). 66,

et al.

Horm. Metab. Res.
44,

et al.

Hypertension
58,

J. Steroid Biochem. Mol. Biol.
165,

et al.

Hypertension 63,

et al.

J. Clin.
Endocrinol. Metab. 97,

et al.
ATP1A1 ATP2B3

Nat. Genet. 45,

Clin.
Endocrinol. (Oxf). 68,

et al.



KCNJ5

Hypertension 59,

et al.

J. Clin. Endocrinol.
Metab. 100,

et al.

KCNJ5

J Atheroscler
Thromb 22,

et al.

Endocr. Relat. Cancer 22,

et al. KCNJ5

J. Clin. Endocrinol.
Metab. 97,

et al.

PLoS One 7,

et al.

Medicine
(Baltimore). 94,

et al.

Hypertension 65,

et al.

J. Clin. Endocrinol. Metab. 97,

et al.

CACNA1D J.
Clin. Endocrinol. Metab. 101,

et al.

J. Clin. Endocrinol. Metab. 99,

et al.
KCNJ5

J. Clin. Endocrinol. Metab.
97,

et al.

Mol.
Cell Endocrinol. 411,

et al.

Hypertension 59,

et al. KCNJ5

Mol. Cell. Endocrinol. 371,

et al.

KCNJ5

Hypertension 59,

et al.

Hypertension 64,

et al.

Exp. Clin.
Endocrinol. Diabetes 123,

Pflugers Arch. Eur. J.
Physiol. 467,

Mol.
Cell. Endocrinol. 417,

et al.

J. Clin.
Endocrinol. Metab. 99,



et al.

Sci. Rep. 5,

et al.
Sci. Rep. 6,

et al.
ATP1A1 CACNA1D

Nat. Genet. 45,

Front. Endocrinol.
(Lausanne). 7,

et al.
CTNNB1

Sci. Rep. 6,

et al.

KCNJ5

Langenbeck’s Arch.
Surg. 398,

et al.
KCNJ5 ATP1A1

ATP2B3
Endocr.

Relat. Cancer 21,

et al.

PLoS One 11,

et al. ATP1A1
ATP2B3 KCNJ5

Hypertension 63,

et al.

Sci. Rep. 7,

et al. KCNJ5

Endocr. Relat. Cancer 19,

et al.

Endocrinology 156,

Hormone
and Metabolic Research 47,

Arch. Biochem.
Biophys. 476,

et al.

Endocrinology 157,

et al.

Cancer Res. 65,

et al.

Hum. Mol. Genet. 19,

et al.

N. Engl. J. Med. 373,

et al.

Mol. Cell. Endocrinol. 384,

et al.

Eur. J.
Endocrinol. 164,

et al.

J. Clin. Endocrinol. Metab.
91,

eLS July,

CTNNB1 N. Engl. J.



Med. 374,

et al.

J. Clin.
Endocrinol. Metab. 95,

et al.

Proc. Natl. Acad. Sci. U. S. A. 112,

et al.

J. Clin.
Endocrinol. Metab. 101,

Can. Med. Assoc. J. 95,

J. Clin. Endocrinol.
Metab. 84,

et al.

Nature 355,

et al.

Nat. Genet. 2,

Biochem. Biophys. Res. Commun. 207,

et al.

J. Clin. Endocrinol.
Metab. 83,

et al.

Clin. Exp. Pharmacol.
Physiol. 19,

et al.

Clin. Exp. Pharmacol. Physiol.
18,

J. Hypertens. 9,

Trends Endocrinol. Metab. 14,

et al.

J. Hypertens. 26,

et al.

J.
Hypertens. 23,

et al.

J. Med.
Genet. 37,

et al.

J. Clin. Endocrinol.
Metab. 93,

AMA. J. Dis. Child. 98,

et al. KCNJ5

Hypertension 59,

Endocrinology 153,

et al. KCNJ5

J. Mol. Endocrinol. 57,



et al.

KCNJ5 Proc. Natl.
Acad. Sci. U. S. A. 109,

et al.
KCNJ5

J. Clin. Endocrinol. Metab.
97,

et al.

J. Clin. Endocrinol.
Metab. 100,

et al.

J. Clin.
Endocrinol. Metab. 98,

et al.

KCNJ5

Horm. Res.
Paediatr. 82,

et al.

J. Clin. Endocrinol.
Metab. 101,

et al.

Endocr. J. 59,

et al. PRKACA

Eur. J. Endocrinol.
172,

et al. KCNJ5

Mol.
Cell. Endocrinol. 441,

et al. CACNA1D

Pediatr. Diabetes 18,

et al.
CACNA1D

Hum.

Mol. Genet. 26,

Wiley
Interdiscip. Rev. Membr. Transp. Signal.
3,

et al.

CACNA1D
Diabetologia 56,

et al.

J. Physiol. 537,

Trends Pharmacol. Sci.
19,

Trends
Neurosci. 19,

et al.

Endocrine
Abstracts 41,

et al. ARMC5

N. Engl. J. Med.
369,

et al.
ARMC5 J.

Clin. Endocrinol. Metab. 100,

et al.

Nature 491,

et al. ARMC5

J. Hum. Hypertens. 30,

Mol. Cell.
Endocrinol. 228,

Mol. Cell. Endocrinol. 351,

J. Natl. Cancer Insitute



51,

et al.
PRKAR1A

J.
Clin. Endocrinol. Metab. 93,

et al.

Int. J.
Urol. 8,

et al.

Cancer Res. 50,

Mol. Cell. Endocrinol. 100,

J. Clin. Endocrinol. Metab. 93,

Mol. Endocrinol. 7,

et al.

J. Clin.
Endocrinol. Metab. 77,

et al.

Endocrinology
133,

Endocrinology
136,

et al.

Horm. Metab.
Res. 44,

et al.

Horm. Metab. Res.

45,

Endocrinology 157,

J. Hum. Hypertens. 31,

Methods 25,

et al.

Nature 536,

et al.

Clin. Endocrinol. (Oxf). 83,

Curr.
Opin. Endocrinol. Diabetes Obes. 20,

et al.

J. Clin. Invest. 127,

et al.
Drugs 61,

Int. J.
Antimicrob. Agents 18,

Br. J.
Clin. Pharmacol. 50,

Drug Saf. 9,

et al.



Chem. Pharm. Bull. 37,

et al.
J.

Pharmacol. Exp. Ther. 292,

J. Antimicrob.
Chemother. 20,

Nat. Rev.
Endocrinol. 7,

Am. J. Heal.
Pharm. 69,

et al.

Cardiovasc. Res. 58,

et al.
Am. J. Cardiol.

83,

Curr. Opin.
Cardiol. 22,

et al.

J. Am. Coll. Cardiol. 45,

J. Clin. Invest. 40,

et al.

J.
Mol. Endocrinol. 52,

CYP11B1
CYP11B2 Endocrinology
147,

Clin. Biochem. 36,

Jpn. J.
Pharmacol 85,

et al.

Hypertens. Res. 32,

et al.

Hypertens. Res. 29,

et al.

Br. J.
Pharmacol. 143,

J.
Pharmacol. Exp. Ther. 328,

et al.

Mol. Pharmacol.
62,

Arterioscler. Thromb.
Vasc. Biol. 15,

Cell Calcium 40,

Nat. Rev. Mol.
Cell Biol. 1,

Mol.
Cancer 5,

Front.
Endocrinol. (Lausanne). 7,



et al.

Endocrinology 137,

Trends Pharmacol. Sci. 30,

et al.

CACNA1H
Ann. Neurol. 62,

et al.

ARMC5
J. Clin. Endocrinol. Metab.

99,

et al. ARMC5

J.
Clin. Endocrinol. Metab. 99,



10 Danksagung



11 Appendix

11.1 Projects featured in this work and contributions

11.1.1 Project 1 (Section 7.1)

KCNJ5

CACNA1D ATP1A1 ATP2B3 CTNNB1

CACNA1D ATP1A1 ATP2B3

CTNNB1

11.1.2 Project 2 (Section 7.2)

CYP11B2

CYP11B2

11.1.3 Project 3 (Section 7.3)

CACNA1HM1549V CYP11B2



11.1.4 Project 4 (Section 7.4)

Unpublished

CACNA1H S1073C

CACNA1H S1073

CYP11B2

in silico



11.2 Plasmid maps



11.3 Sequencing Primers

CACNA1H



11.4 Software used for the generation of this thesis

11.5 Summary of APA studies
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