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Abstract	

Aldosterone,	a	steroid	hormone	produced	by	the	adrenal	zona	glomerulosa,	plays	a	

significant	role	in	the	pathophysiology	of	cardiovascular	disease.	Drugs	that	block	

aldosterone	signaling	are	central	to	modern	cardiovascular	medicine;	however,	side	effects	

restrict	their	use.	Our	understanding	of	aldosterone	signaling	at	the	molecular	level	is	

incomplete,	limiting	the	development	of	new	approaches	to	block	aldosterone	signaling.	

Aldosterone	acts	via	the	mineralocorticoid	receptor	to	regulate	transcription	of	

genes	encoding	aldosterone-induced	proteins.	In	the	aldosterone-sensitive	distal	nephron	

and	collecting	duct	of	the	kidney,	these	proteins	regulate	the	activity	of	the	epithelial	

sodium	channel	ENaC,	resulting	in	increased	channel	activity	and	sodium	retention.	Many	

aldosterone-induced	proteins	have	been	identified	by	transcriptional	profiling	of	cell	

culture	models;	however,	deletion	of	these	proteins	in	mice	does	not	produce	the	

phenotype	of	renal	sodium	wasting,	elevated	plasma	potassium,	and	low	blood	pressure	

observed	in	mice	with	deletion	of	the	mineralocorticoid	receptor	specifically	in	the	kidney	

epithelium.	Thus,	aldosterone-induced	proteins	essential	for	the	activation	of	ENaC	remain	

to	be	identified.	

This	dissertation	sought	to	identify	these	proteins	using	two	studies	designed	to	

overcome	the	limitations	of	previous	screens.	In	the	first	study,	distal	tubule	cells	were	

isolated	from	the	kidneys	of	wild-type	mice	fed	low	sodium	or	high	sodium	diet.	The	distal	

tubule	cells	were	used	for	RNA-seq	to	identify	salt-sensitive	transcripts	that	were	

differentially	expressed	between	the	two	groups.	Distal	tubule	cells	isolated	from	mouse	
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kidney	were	used	in	this	study	to	avoid	the	limitations	of	in	vitro	cell	culture	models.	

Manipulation	of	endogenous	aldosterone	by	changing	dietary	sodium	was	chosen	to	avoid	

the	hypokalemic	metabolic	alkalosis	that	develops	with	the	administration	of	aldosterone	

in	vivo.		

Given	that	studies	in	wild-type	mice	do	not	provide	evidence	that	differential	

expression	is	the	direct	result	of	aldosterone	binding	to	the	mineralocorticoid	receptor,	a	

second	study	was	conducted	using	kidney-specific	mineralocorticoid	receptor	knockout	

mice	to	identify	mineralocorticoid	target	genes.	In	the	second	study,	cortical	collecting	

ducts	microdissected	from	kidney-specific	mineralocorticoid	receptor	knockout	mice	fed	a	

high	sodium,	low	potassium	rescue	diet	and	control	mice	fed	a	low	sodium	diet	were	used	

for	RNA-seq.	Both	groups	of	mice	had	elevated	plasma	aldosterone;	however,	in	the	kidney-

specific	mineralocorticoid	receptor	knockout	mice,	the	absence	of	the	renal	

mineralocorticoid	receptor	prevented	up-regulation	of	mineralocorticoid	target	genes.	

Data	from	both	models	were	compared	to	interrogate	aldosterone	signaling	and	

identify	novel	aldosterone-induced	genes	for	further	study.	Ultimately,	the	development	of	

transgenic	mouse	models	will	be	required	to	determine	the	physiological	role	of	these	

genes	in	the	kidney,	including	whether	they	are	essential	for	aldosterone	signaling	to	ENaC.		
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Chapter	1	–	Introduction	

Sodium	balance	

In	the	adult	human	male,	total	body	sodium	is	approximately	60	mmol∙kg	body	

weight-1,	which	equates	to	4200	mmol	total	body	sodium	for	a	70	kg	man.	Within	the	body,	

sodium	is	described	as	non-exchangeable	or	exchangeable,	depending	on	whether	it	

equilibrates	with	injected	radioactive	sodium	within	24	hours.1	An	estimated	30	percent	of	

total	body	sodium	is	non-exchangeable	and	is	found	in	bone,	skin,	and	muscle.2	The	

remaining	total	body	sodium	is	exchangeable.	Exchangeable	sodium	is	primarily	

extracellular	and	is	located	in	interstitial	fluid,	plasma,	connective	tissue,	bone,	and	

cartilage.2	The	remaining	exchangeable	sodium	is	intracellular.	The	sodium	concentration	

in	extracellular	fluid	(140	mM)	is	much	higher	than	the	sodium	concentration	in	

intracellular	fluid	(15	mM);	this	gradient	is	maintained	by	the	action	of	Na+,	K+-ATPases.	

Sodium	intake	and	sodium	losses	must	be	precisely	matched	to	maintain	sodium	

balance.	In	humans,	sodium	intake	varies	from	0.03	to	6	mmol∙kg	body	weight-1∙day-1,	

depending	on	culturally	influenced	patterns	of	food	and	beverage	consumption.2	Sodium	

losses	result	from	the	production	of	sweat,	feces,	and	urine.	Under	normal	conditions,	

sodium	losses	resulting	from	the	production	of	sweat	and	feces	are	small	and,	in	humans,	

are	dictated	primarily	by	temperature	regulation	and	bowel	function,	respectively.	The	

majority	of	sodium	loss	results	from	the	production	of	urine	and	is	regulated	by	the	action	

of	the	renin-angiotensin-aldosterone	system	on	the	aldosterone-sensitive	distal	nephron	
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and	collecting	duct	of	the	kidney.	Aldosterone	directly	regulates	the	epithelial	sodium	

channel	ENaC	to	precisely	adjust	urinary	sodium	excretion	and	maintain	sodium	balance.	

	

Figure	1.	Distribution	of	sodium	in	the	human	body.		

The	mass	of	sodium	in	each	body	compartment	is	represented	by	the	area	of	the	corresponding	

rectangle.	Exchangeable	sodium	is	represented	by	white	rectangles;	non-exchangeable	sodium	is	

represented	by	the	gray	rectangle.	Data	from	Edelman	and	Leibman;1	figure	adapted	from	Bie.2	

Discovery	of	aldosterone	

The	adrenal	glands	were	first	depicted	in	1563	by	Bartolomeo	Eustachi,	an	Italian	

anatomist.3	However,	the	clinical	importance	of	the	adrenal	glands	was	not	recognized	

until	1849,	when	Thomas	Addison,	an	English	physician-scientist,	first	described	“anaemia,	

general	languor	and	debility,	remarkable	feebleness	of	the	heart’s	action,	irritability	of	the	
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stomach,	and	a	peculiar	change	of	the	colour	in	the	skin,	occurring	in	connection	with	a	

diseased	condition	of	the	suprarenal	capsules.”4	The	discovery	of	this	syndrome,	now	

known	as	Addison	disease	or	adrenal	insufficiency,	motivated	scientists	to	investigate	the	

adrenal	hormones.		

These	efforts	led	to	the	isolation	and	structural	determination	of	most	

glucocorticoids	by	the	late	1930s;	however,	the	existence	of	electrocortin,	a	hormone	with	

primarily	mineralocorticoid	activity,	remained	controversial.3	Although	adrenal	extract	

was	known	to	influence	sodium	and	potassium	metabolism,	many	scientists	argued	that	

the	action	of	glucocorticoids	could	explain	this	mineralocorticoid	activity.	However,	two	

groups	continued	to	pursue	the	isolation	and	structural	determination	of	electrocortin:	

Sylvia	Simpson	and	James	Tait	worked	in	collaboration	with	Tadeus	Reichstein	in	Europe	

while	Veron	Mattox	and	Harold	Mason	worked	in	the	United	States.	The	European	group	

was	first	to	isolate	electrocortin	and	published	their	manuscript	describing	the	isolation	of	

21	mg	electrocortin	from	500	kg	bovine	adrenal	glands	in	1953.5	Their	findings	were	

confirmed	by	the	American	group	several	months	later.6	The	following	year,	Simpson	et	al.	

published	the	structure	of	electrocortin	and	renamed	the	hormone	aldosterone.7	
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Figure	2.	Contributors	to	the	original	manuscript	describing	the	isolation	of	aldosterone.	

Left	to	right:	Tadeus	Reichstein,	Sylvia	A.	Simpson,	James	F.	Tait,	Albert	Wettstein,	Robert	Neher,	and	

Joseph	von	Euw.		

Once	the	existence	of	aldosterone	was	firmly	established,	and	methods	for	purifying	

the	hormone	were	refined,	physiologists	sought	to	understand	the	mechanism	of	action	of	

aldosterone.	Alexander	Leaf	developed	a	model	system	using	toad	bladder	epithelium	for	

the	study	of	hormonal	regulation	of	transepithelial	sodium	transport.8	Using	this	system,	

Jean	Crabbé	demonstrated	stimulation	of	transepithelial	sodium	transport	by	aldosterone	

following	a	latency	of	approximately	1	hour.9	Isidore	Edelman	and	colleagues	built	on	this	

work,	conducting	a	series	of	experiments	to	determine	the	relationship	between	the	uptake	

of	aldosterone	into	toad	bladder	epithelium	and	its	effect	on	transepithelial	sodium	

transport.	By	measuring	the	uptake	of	H3-aldosterone	into	toad	bladder	epithelium	at	

several	time	points	from	15	minutes	to	6	hours,	they	demonstrated	that	H3-aldosterone	
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reaches	a	steady	state	in	the	epithelium	before	the	increase	in	transepithelial	sodium	

transport.	Additionally,	H3-aldosterone	localizes	to	the	nucleus	and	actinomycin	D	(an	

inhibitor	of	RNA	synthesis)	or	puromycin	(an	inhibitor	of	protein	synthesis)	block	its	

effects	on	transepithelial	sodium	transport.	These	findings	led	Edelman	and	colleagues	to	

conclude	that	the	action	of	aldosterone	to	stimulate	transepithelial	sodium	transport	

requires	de	novo	protein	synthesis.10	

Regulation	of	aldosterone	synthesis	

Throughout	the	mid-twentieth	century,	adrenocortical	function	and	the	regulation	

of	aldosterone	secretion	were	the	subjects	of	numerous	investigations.	During	this	time,	

Helen	Wendler	Deane	conducted	a	series	of	experiments	using	histologic	examination	of	

the	adrenal	gland	to	identify	conditions	associated	with	aldosterone	secretion	by	the	zona	

glomerulosa.11	She	first	examined	the	effect	of	manipulating	the	sodium	to	potassium	ratio	

on	the	rat	adrenal	cortex.	When	the	sodium	to	potassium	ratio	was	reduced,	either	through	

low	sodium	diet	or	potassium	loading,	she	observed	widening	of	the	zona	glomerulosa	and	

hypertrophy	of	the	glomerulosa	cells.	In	contrast,	when	the	sodium	to	potassium	ratio	was	

elevated,	either	by	administration	of	the	mineralocorticoid	deoxycorticosterone	acetate	or	

by	low	potassium	diet,	the	zona	glomerulosa	narrowed,	and	the	glomerulosa	cells	became	

smaller.	In	subsequent	experiments	examining	histologic	changes	in	the	adrenal	gland	

during	experimental	hypertension,	Deane	observed	widening	of	zona	glomerulosa	and	

hypertrophy	of	the	glomerulosa	cells	following	either	encapsulation	of	the	kidneys	with	
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silk	or	administration	of	renin.12	These	findings	led	her	to	conclude	that	renin	caused	

expansion	of	the	zona	glomerulosa	and	elevated	aldosterone	secretion.		

Over	the	ensuing	decades,	scientists	identified	additional	components	of	the	renin-

angiotensin	system.	Renin	itself	was	first	described	in	the	late	nineteenth	century	by	

Tigerstedt	and	Bergman.13	However,	angiotensin	was	not	identified	until	several	decades	

later.	Two	independent	groups,	one	at	the	University	of	Buenos	Aires	and	one	at	Eli-Lilly	

Laboratories,	identified	a	“vasoactive	peptide	resulting	from	the	action	of	renin	on	an	

alpha-globulin”	following	clamping	of	the	renal	artery	in	dogs.14,15	The	Argentinian	group,	

led	by	Bernardo	Houssay,	named	the	compound	hypertensin;	the	American	group,	led	by	

Irvine	Page,	named	the	compound	angiotonin.	The	two	groups	later	jointly	proposed	the	

hybrid	name	angiotensin.14	Skeggs	and	colleagues	subsequently	identified	two	forms	of	

angiotensin:	angiotensin	I,	a	decapeptide,	and	angiotensin	II,	an	octapeptide.16	

Subsequent	investigations	demonstrated	that	adrenocorticotropic	hormone	(ACTH),	

angiotensin	II,	and	potassium	regulate	aldosterone	secretion	by	the	adrenal	zona	

glomerulosa.	To	determine	the	role	of	ACTH	in	aldosterone	secretion	by	the	adrenal	glands,	

Gordon	Farrell	and	colleagues	measured	glucocorticoids	and	aldosterone	in	adrenal	venous	

blood	samples	collected	from	dogs	after	hypophysectomy	or	hypophysectomy	plus	

administration	of	ACTH.17	The	rate	of	aldosterone	secretion	decreased	after	

hypophysectomy	and	subsequently	increased	after	administration	of	ACTH;	however,	the	

effects	of	hypophysectomy	and	administration	of	ACTH	on	aldosterone	secretion	were	

much	smaller	than	the	effects	on	glucocorticoid	secretion.	Given	that	ACTH	plays	a	

relatively	small	role	in	the	regulation	of	aldosterone	secretion,	others	investigated	the	

effects	of	angiotensin	II	and	potassium.	To	determine	the	effect	of	angiotensin	II	on	
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adrenocortical	secretions	in	the	absence	of	renin	and	pituitary	hormones,	Mulrow	and	

Ganong	monitored	adrenocortical	secretions	following	administration	of	angiotensin	II	to	

hypophysectomized,	nephrectomized	dogs.18	They	observed	that	low	doses	of	angiotensin	

II	selectively	stimulate	aldosterone	secretion	by	the	adrenal	gland.	To	examine	the	

relationship	between	serum	potassium	and	aldosterone	secretion,	Laragh	and	Stoerk	

performed	a	series	of	experiments	in	dogs	where	they	measured	urinary	aldosterone	

following	administration	of	potassium	chloride.19	They	observed	that	urinary	aldosterone	

is	positively	correlated	with	serum	potassium.	Over	the	ensuing	decades,	advances	in	

cellular	biology	enabled	scientists	to	connect	these	physiological	observations	to	

intracellular	signaling	pathways	in	the	zona	glomerulosa	cells.	

	

Figure	3.	Regulation	of	aldosterone	synthesis.	

Angiotensin	II	and	extracellular	potassium	act	on	the	zona	glomerulosa	cells	in	the	adrenal	cortex	to	

increase	intracellular	calcium,	resulting	in	acute	and	chronic	increases	in	aldosterone	synthesis.	

Illustration	from	Stowasser	and	Gordon.20	
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Regulation	by	angiotensin	II	

Angiotensin	II	stimulates	both	acute	and	chronic	aldosterone	synthesis	by	zona	

glomerulosa	cells.	Acute	stimulation	of	aldosterone	synthesis	results	from	a	series	of	

signaling	events	that	increase	intracellular	calcium,	leading	to	increased	expression	and	

phosphorylation	of	steroidogenic	acute	regulatory	(StAR)	protein.21	Binding	of	angiotensin	

II	to	the	type	I	angiotensin	II	receptor	(AT1-R)	on	the	plasma	membrane	of	zona	

glomerulosa	cells	activates	phosphoinositide-specific	phospholipase	C	(PLC),	resulting	in	

hydrolysis	of	phosphatidylinositol	4,5-bisphosphate	(PIP2)	to	form	1,4,5-trisphosphate	

(IP3)	and	diacylglycerol	(DAG).22–26	Through	distinct	pathways,	both	IP3	and	DAG	signaling	

increase	intracellular	calcium.	IP3	induces	calcium	release	from	the	endoplasmic	reticulum.	

DAG	inhibits	TWIK-related	acid-sensitive	potassium	channels,	leading	to	membrane	

depolarization	and	calcium	influx	through	voltage-dependent	long-lasting	(L-type)	and	

transient	(T-type)	calcium	channels.	The	rise	in	intracellular	calcium	leads	to	activation	of	

calmodulin,	calcium/calmodulin-dependent	protein	kinases	(CaMKs),	and	cAMP-response	

element	binding	protein,	which	promotes	StAR	protein	activity	and	aldosterone	

synthesis.27–29		

Chronic	stimulation	of	aldosterone	synthesis	by	angiotensin	II	results	from	

increased	expression	of	aldosterone	synthase	as	well	as	cell	growth	and	proliferation	in	the	

zona	glomerulosa.	As	with	acute	stimulation	of	aldosterone	synthesis,	binding	of	

angiotensin	II	to	the	AT1-R	initiates	signaling	pathways	that	increase	intracellular	calcium,	

resulting	in	activation	of	calmodulin	and	CaMKs.	CaMKs	increase	expression	of	aldosterone	

synthase	by	phosphorylating	and	activating	transcription	factors	that	bind	response	
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elements	in	the	5’-flanking	region	of	CYP11B2,	the	gene	encoding	aldosterone	synthase.30	In	

addition	to	increased	expression	of	aldosterone	synthase,	angiotensin	II	stimulates	cell	

growth	and	proliferation	in	the	zona	glomerulosa.31,32	These	trophic	changes	are	thought	to	

result	from	increased	expression	of	several	early	genes,	including	c-fos,	c-jun,	and	c-myc,	

following	activation	of	protein	kinase	C,	tyrosine	kinases,	and	mitogen-activated	protein	

kinases.33,34	

Regulation	by	potassium	

As	with	angiotensin	II,	stimulation	of	aldosterone	synthesis	in	response	to	elevated	

plasma	potassium	is	mediated	by	intracellular	calcium	signaling.	Elevated	plasma	

potassium	causes	depolarization	of	zona	glomerulosa	cells,	resulting	in	calcium	influx	

through	voltage-dependent	calcium	channels.	The	increased	intracellular	calcium	

concentration	stimulates	acute	and	chronic	aldosterone	synthesis	through	increased	StAR	

protein	activity	and	expression	of	CYP11B2,	respectively.	

Regulation	by	adrenocorticotropic	hormone	

Unlike	angiotensin	II	and	potassium,	ACTH	stimulates	acute,	but	not	chronic,	

aldosterone	synthesis.35	ACTH	activates	adenylate	cyclase,	resulting	in	increased	

production	of	cAMP	and	activation	of	protein	kinase	A.36,37	Protein	kinase	A	stimulates	

aldosterone	synthesis	through	increased	expression	and	activation	of	StAR	protein	as	well	

as	increased	calcium	influx	through	L-type	calcium	channels.38–41	
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The	mineralocorticoid	receptor	

	

Figure	4.	Structural	domains	of	the	human	mineralocorticoid	receptor.	

The	mineralocorticoid	receptor	has	three	principle	domains:	the	N-terminal	domain	(NTD),	the	DNA-

binding	domain	(DBD),	and	the	ligand-binding	domain	(LBD).	The	DBD	and	the	LBD	are	joined	by	a	

hinge	region.	NH2	represents	the	N-terminus	and	COOH	represents	the	C-terminus	of	the	receptor.	

Illustration	adapted	from	Fuller	et	al.42	

The	mineralocorticoid	receptor	(MR)	was	cloned	in	1987	by	Jeff	Arriza	in	the	

laboratory	of	Ron	Evans.43	Their	work	confirmed	that	the	MR,	like	other	nuclear	receptors,	

has	three	major	functional	domains:	the	N-terminal	domain,	the	DNA-binding	domain,	and	

the	C-terminal	ligand	binding	domain.	The	N-terminal	domain,	which	contains	602	amino	

acids,	is	the	largest	of	the	three	domains	and	is	the	least	well	conserved	across	steroid	

receptors.	As	with	other	steroid	receptors,	the	N-terminal	domain	of	the	MR	is	structurally	

disordered,	providing	flexibility	for	interactions	with	transcriptional	coregulators.44,45	The	

DNA-binding	domain	contains	66	amino	acids	and	is	highly	conserved	across	steroid	

receptors.	William	Hudson	and	colleagues	determined	the	structure	of	the	MR	DNA-binding	

domain	by	X-ray	crystallography.46	The	domain	includes	two	zinc	fingers,	each	containing	a	

zinc	ion	in	coordination	with	four	cysteine	residues,	which	interact	with	hormone	response	

elements	in	the	promoter	regions	of	MR	target	genes.	In	addition	to	determining	the	

specificity	of	DNA	binding,	the	DNA-binding	domain	also	plays	a	role	in	receptor	homo-	and	

hetero-dimerization.47	The	hinge	region,	containing	61	amino	acids,	links	the	DNA-binding	

domain	to	the	ligand	binding	domain.	Like	the	DNA-binding	domain,	the	C-terminal	ligand-

binding	domain	is	highly	conserved	across	steroid	receptors.	The	structure	of	the	ligand	



	 11	

binding	domain,	which	contains	251	amino	acids,	includes	eleven	α-helices	and	four	β-

strands	forming	three	antiparallel	layers.48–50	In	the	absence	of	ligand,	the	ligand	binding	

domain	interacts	with	chaperone	proteins,	whereas	in	the	presence	of	ligand,	the	ligand	

binding	domain	interacts	with	transcriptional	coregulators.	

As	a	consequence	of	the	structural	similarities	between	the	MR	and	the	

glucocorticoid	receptor,	both	aldosterone	and	cortisol	are	full	agonists	of	MR	activation.51	

Thus,	before	cloning	of	the	MR,	it	was	unclear	whether	there	were	two	distinct	receptors,	

an	“aldosterone-preferring”	MR	expressed	in	the	renal	epithelium,	and	a	“cortisol-

preferring”	MR	expressed	in	the	hippocampus.42	In	1983,	Zygmunt	Krozowski	and	John	

Funder	presented	evidence	that	the	renal	and	the	hippocampal	MR	had	the	same	intrinsic	

specificity	for	steroids	and	suggested	that	specificity	differences	observed	in	vivo	result	

from	“tissue-specific	sequestration	of	naturally	occurring	steroids	other	than	

[aldosterone].”52	Cloning	of	the	MR	several	years	later	provided	conclusive	evidence	that	

the	renal	and	the	hippocampal	MR	are	the	same	receptor.43	

It	was	subsequently	determined	that	tissue-specific	differences	in	specificity	of	the	

MR	for	aldosterone	result	from	the	action	of	the	enzyme	11β	hydroxysteroid	

dehydrogenase	type	2	(HSD2).53,54	In	humans,	11β	HSD2	converts	cortisol	to	its	inactive	

metabolite	cortisone;	in	rats	and	mice,	11β	HSD2	converts	corticosterone	to	11-

dehydrocorticosterone.55	In	tissues	where	the	MR	is	expressed	in	the	absence	of	11β	HSD2,	

such	as	in	the	brain,	cardiac	muscle,	and	skeletal	muscle,	the	MR	is	activated	by	cortisol	(or	

corticosterone).55	However,	in	tissues	where	the	MR	is	co-expressed	with	11β	HSD2	—	

including	epithelial	cells	in	the	kidney,	gastrointestinal	tract,	sweat	glands,	and	salivary	
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glands	as	well	as	in	smooth	muscle	and	vascular	endothelium	—	the	receptor	is	activated	

by	aldosterone.55,56		

The	renal	epithelial	sodium	channel	

	

Figure	5.	Structure	of	the	epithelial	sodium	channel.	

ENaC	consists	of	three	homologous	subunits:	αENaC,	βENaC,	and	γENaC.	Each	subunit	has	two	

transmembrane	domains,	an	extracellular	loop,	and	cytosolic	N-	and	C-termini.	Illustration	from	

Rossier	et	al.57	

The	epithelial	sodium	channel	ENaC	consists	of	three	homologous	subunits:	αENaC,	

βENaC,	and	γENaC.58–61	Each	subunit	consists	of	two	transmembrane	domains,	an	

extracellular	loop,	and	cytosolic	N-	and	C-termini.62–64	The	C-terminal	ends	of	βENaC	and	

γENaC	contain	conserved	proline-rich	PY	motifs.	ENaC	is	expressed	in	epithelia	throughout	

the	body,	including	in	the	kidney,	lung,	gastrointestinal	tract,	and	skin.65	In	the	kidney,	

ENaC	is	responsible	for	electrogenic	sodium	reabsorption	in	the	late	distal	convoluted	

tubule	(DCT2),	connecting	tubule	(CNT),	and	cortical	collecting	duct	(CCD).	Electrogenic	

sodium	reabsorption	through	ENaC	leads	to	increased	water	reabsorption	and	provides	the	

driving	force	for	the	secretion	of	potassium	through	the	renal	outer	medullary	potassium	

(ROMK)	channel.	Thus,	the	action	of	aldosterone	on	ENaC	in	the	kidney	is	an	essential	part	

of	the	homeostatic	mechanisms	that	maintain	sodium	balance,	euvolemia,	and	blood	

pressure.		
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In	the	kidney,	regulation	of	ENaC	differs	between	the	DCT2/CNT	and	CNT/CCD.	

Electrophysiological	measurements	are	commonly	made	with	and	without	the	ENaC	

blocker	amiloride	to	determine	the	portion	of	current	attributable	to	ENaC.	Nesterov	and	

colleagues	measured	amiloride-sensitive	whole-cell	current	(INa)	in	DCT2/CNT	and	

CNT/CCD	microdissected	from	wild-type	mice	maintained	on	standard	(0.32%	Na+)	diet.66	

Under	these	conditions,	INa	is	detectable	in	DCT2/CNT	but	not	CNT/CCD.	Other	groups	have	

similarly	found	ENaC	activity	in	the	CCD	is	undetectable	under	control	conditions	in	the	

rat.67–70	To	investigate	whether	the	sensitivity	of	INa	to	dietary	sodium	intake	differs	

between	the	DCT2/CNT	and	CNT/CCD,	Nesterov	and	colleagues	repeated	the	measurement	

of	INa	in	mice	fed	low	sodium	(0.013%	Na+)	or	high	sodium	(1.6%	Na+)	diet	for	two	weeks.66	

In	both	DCT2/CNT	and	CNT/CCD,	INa	was	suppressed	in	mice	fed	high	sodium	diet.	

However,	in	mice	fed	low	sodium	diet,	INa	was	elevated	only	in	CNT/CCD.	Similar	

experiments	in	aldosterone	synthase	knockout	(AS–/–)	mice	demonstrated	INa	is	lower	than	

in	wild-type	mice	in	the	CNT/CCD	but	similar	to	wild-type	mice	in	the	DCT2/CNT.66	

Together,	these	experiments	demonstrate	that	regulation	of	ENaC	is	aldosterone-

independent	in	the	DCT2/CNT	and	aldosterone-dependent	in	the	CNT/CCD.	Several	

mechanisms	for	regulation	of	ENaC	by	aldosterone	have	been	explored:	regulation	of	ENaC	

mRNA	and	protein	abundance,	regulation	of	ENaC	surface	expression,	and	regulation	of	

ENaC	processing.	

Aldosterone	regulates	expression	of	αENaC	in	the	kidney.	Administration	of	

aldosterone	or	low	sodium	diet	to	rats	selectively	increases	mRNA	abundance	of	αENaC;	

mRNA	abundance	of	βENaC	and	γENaC	is	unchanged.71–74	At	the	protein	level,	increased	

abundance	of	αENaC	in	rat	kidney	has	been	consistently	observed	following	administration	
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of	dexamethasone,	aldosterone,	or	low	sodium	diet.75,76	Unlike	administration	of	

aldosterone	or	low	sodium	diet,	administration	of	dexamethasone	is	not	accompanied	by	

increased	ENaC	activity,	providing	evidence	that	ENaC	protein	abundance	and	activity	are	

not	always	linked.77	Furthermore,	following	acute	administration	of	aldosterone,	ENaC	

activity	increases	before	changes	in	protein	abundance	of	αENaC.78	Thus,	while	αENaC	is	

transcriptionally	regulated	by	aldosterone,	Frindt	and	Palmer	conclude	“a	greater	

abundance	of	[αENaC]	is	neither	necessary	nor	sufficient	to	augment	channel	function.”78		

Aldosterone	regulates	ENaC	surface	expression.	Pácha	and	colleagues	estimated	

channel	density,	conductance,	and	open-probability	(PO)	using	patch-clamp	recordings	of	

split-open	CCDs.67	They	observed	increasing	channel	density	in	the	apical	membrane	of	

CCD	principal	cells	throughout	one	week	low	sodium	diet.	Increased	surface	expression	of	

ENaC	has	also	been	observed	in	high	aldosterone	states	(administration	of	aldosterone,	low	

sodium	diet,	or	high	potassium	diet)	using	immunohistochemistry,	immunoblotting,	and	in	

situ	biotinylation.75,79–83	In	the	canonical	model	of	aldosterone	signaling	to	ENaC,	the	

serum/glucocorticoid	regulated	kinase	SGK1	plays	a	central	role	in	the	regulation	of	ENaC	

surface	expression.84	In	this	model,	SGK1	phosphorylates	the	E3	ubiquitin	ligase	NEDD4-2.	

This	inhibits	NEDD4-2’s	action	toward	ENaC,	resulting	in	decreased	ubiquitylation	of	ENaC	

and	retention	of	ENaC	in	the	apical	plasma	membrane.	In	many	cell	culture	models,	the	

activity	of	ENaC	is	strongly	dependent	on	SGK1.	However,	evidence	from	transgenic	mouse	

models	(discussed	below)	suggests	SGK1	is	not	the	only	factor	mediating	the	action	of	

aldosterone	on	ENaC.	

Aldosterone	regulates	ENaC	processing.	The	ENaC	α	and	γ	subunits	undergo	

proteolytic	cleavage,	resulting	in	the	removal	of	inhibitory	domains	from	the	extracellular	
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loops	whereas	the	β	subunit	undergoes	glycosylation.	ENaC	processing	has	been	evaluated	

using	semiquantitative	immunoblotting	of	whole	kidney	from	rats	following	administration	

of	aldosterone,	low	sodium	diet,	or	high	potassium	diet.76	Increased	abundance	of	cleaved	

γENaC	is	observed	under	all	three	conditions.	The	abundance	of	cleaved	αENaC	increases	

following	administration	of	aldosterone	or	low	sodium	diet,	but	not	high	potassium	diet.	

The	abundance	of	glycosylated	βENaC	increases	in	rats	fed	low	sodium	or	high	potassium	

diet,	but	not	following	administration	of	aldosterone.	The	reasons	for	these	differences	in	

ENaC	processing	are	unclear.	

Trafficking	and	processing	of	ENaC	may	be	interrelated.	Frindt	and	colleagues	

examined	the	relationship	between	ENaC	trafficking	and	ENaC	processing	using	

semiquantitative	immunoblotting	of	protein	from	the	apical	plasma	membrane,	

endoplasmic	reticulum,	Golgi	apparatus,	and	urinary	extracellular	vesicles	(EV)	isolated	

from	rats	fed	low	sodium	(0.004%	Na+)	diet	for	6	to	8	days.83	In	the	apical	plasma	

membrane	and	urinary	EV,	the	abundance	of	cleaved	αENaC,	glycosylated	βENaC,	and	

cleaved	γENaC	increase	in	rats	fed	low	sodium	diet.	In	the	endoplasmic	reticulum,	the	

abundance	of	full-length	γENaC	decreases.	In	the	Golgi	apparatus,	where	both	full-length	

and	partially	cleaved	γENaC	are	found,	the	abundance	of	partially	cleaved	γENaC	increases.	

Together,	these	results	suggest	a	model	where	low	sodium	diet	promotes	forward	

trafficking	of	ENaC	through	the	endoplasmic	reticulum	and	Golgi	apparatus	to	the	apical	

plasma	membrane.	Given	that	cleaved	or	glycosylated	subunits	predominate	in	the	apical	

plasma	membrane	and	urinary	EV,	it	is	likely	that	cleavage	(of	αENaC	and	γENaC)	and	

glycosylation	(of	βENaC)	occur	during	forward	processing	of	ENaC	rather	than	at	the	

plasma	membrane.		
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An	additional	factor	to	consider	when	examining	the	regulation	of	ENaC	by	

aldosterone	is	the	temporal	relationship	of	changes	observed	in	ENaC	processing,	surface	

expression,	and	activity	as	well	as	in	urinary	sodium	excretion.	Frindt	and	colleagues	

measured	ENaC	processing	and	surface	expression	by	semiquantitative	immunoblotting	

and	ENaC	activity	by	INa	as	well	as	change	in	urinary	sodium	excretion	in	response	to	

amiloride	in	rats	fed	low	sodium	diet.85	Following	1	day	of	low	sodium	diet,	ENaC	surface	

expression	increases,	abundance	of	cleaved	αENaC,	glycosylated	βENaC,	and	cleaved	γENaC	

increases,	and	urinary	sodium	excretion	falls	to	very	low	levels.	At	this	time	point,	

amiloride	increases	urinary	sodium	excretion;	however,	INa	measured	in	CCD	principal	cells	

does	not	differ	from	baseline.	The	changes	in	ENaC	processing,	ENaC	surface	expression,	

and	urinary	sodium	excretion	in	response	to	amiloride	persist	at	5	to	7	days	of	low	sodium	

diet.	At	this	later	time	point,	there	is	also	a	significant	elevation	of	INa	in	the	CCD.	At	both	

early	(1	day)	and	late	(5	to	7	days)	time	points,	eplerenone	reverses	the	changes	in	ENaC	

processing.	However,	eplerenone	causes	natriuresis	only	at	the	early	time	point.	These	

observations	led	Frindt	and	colleagues	to	propose	that	aldosterone	acts	on	ENaC	through	

two	mechanisms:	a	fast	(1	day)	mechanism	involving	increased	forward	trafficking	and	

processing	of	ENaC	that	is	reversed	by	acute	administration	of	eplerenone	and	a	slow	(5	to	

7	day)	mechanism	that	is	not	reversed	by	acute	administration	of	eplerenone.		
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Genetic	perspectives	on	aldosterone	signaling	

Mendelian	disorders	of	hypertension	or	hypotension	

Most	Mendelian	disorders	of	hypertension	or	hypotension	are	caused	by	mutations	

affecting	components	of	the	renin-angiotensin-aldosterone	system.57,86	These	mutations	

affect	genes	expressed	in	the	adrenal	zona	glomerulosa,	where	aldosterone	is	synthesized,	

or	in	the	distal	nephron	and	collecting	duct	of	the	kidney,	where	aldosterone	stimulates	

sodium	reabsorption	and	potassium	secretion.	Several	of	these	disorders	are	described	

below.		

Glucocorticoid-remediable	aldosteronism	

Glucocorticoid-remediable	aldosteronism	(GRA)	was	first	identified	in	the	1960s	in	

two	patients	with	hypertension,	hypokalemia,	and	elevated	plasma	aldosterone	despite	

suppressed	plasma	renin.87	In	both	patients,	plasma	aldosterone	was	suppressed	by	

administration	of	glucocorticoids,	the	defining	characteristic	of	GRA.	Lifton	and	colleagues	

later	determined	that	GRA	is	caused	by	unequal	crossing	over	between	CYP11B2,	the	gene	

encoding	aldosterone	synthase,	and	CYP11B1,	the	gene	encoding	11β	hydroxylase.88,89	The	

hybrid	gene	expresses	aldosterone	synthase	in	the	adrenal	zona	fasciculata	under	the	

control	of	ACTH	rather	than	in	the	zona	glomerulosa	under	the	control	of	angiotensin	II.	

Syndrome	of	apparent	mineralocorticoid	excess	

Apparent	mineralocorticoid	excess	(AME)	is	an	autosomal	recessive	disorder	

causing	early-onset	hypertension,	hypokalemia,	and	metabolic	alkalosis	despite	
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suppressed	plasma	renin	and	aldosterone.	Hypertension	in	AME	patients	can	be	

successfully	treated	with	MR	antagonists;	thus,	it	was	initially	thought	that	hypertension	in	

these	patients	resulted	from	another	mineralocorticoid.	However,	no	evidence	for	the	

elevated	synthesis	of	other	mineralocorticoids	was	found.	Instead,	Ulick	and	colleagues	

observed	that	“The	decreased	rate	of	conversion	of	cortisol	to	cortisone	serves	as	a	

biochemical	marker	of	this	hypertensive	syndrome.”90	At	the	time,	the	significance	of	this	

finding	was	unclear.	However,	after	cloning	of	the	MR,	it	was	determined	that	the	MR	binds	

both	cortisol	and	aldosterone	with	high	affinity.51	Specificity	of	the	MR	for	aldosterone	is	

determined	by	the	enzyme	11β	HSD2,	which	metabolizes	cortisol	to	cortisone.	In	the	

absence	of	11β	HSD2	activity,	the	MR	is	activated	by	cortisol.	The	role	of	11β	HSD2	in	AME	

was	later	confirmed	by	identification	of	homozygous	loss-of-function	mutations	in	11β	

HSD2	in	AME	patients.91	

Hypertension	exacerbated	in	pregnancy	

To	identify	gain-of-function	mutations	in	the	MR,	Geller	and	colleagues	screened	75	

patients	with	early-onset	hypertension	for	mutations	in	NR3C2,	the	gene	encoding	the	

MR.92	They	identified	a	missense	mutation	in	a	15-year-old	boy	with	severe	hypertension,	

suppressed	plasma	renin,	and	low	serum	aldosterone.	The	mutation	results	in	the	

substitution	of	leucine	for	serine	at	codon	810	in	the	MR	ligand	binding	domain.	Screening	

of	the	boy’s	relatives	identified	11	additional	individuals	with	the	S810L	mutation,	all	of	

whom	had	developed	severe	hypertension	before	the	age	of	20.		

Activation	of	wild-type	and	S810L	mutant	MR	by	various	steroids	was	evaluated	in	

vitro.92	Both	receptors	are	activated	by	steroids	with	21-hydroxyl	groups,	such	as	
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aldosterone;	neither	receptor	is	activated	by	steroids	with	17-keto	groups,	such	as	

estradiol	and	testosterone.	However,	unlike	the	wild-type	MR,	the	S810L	mutant	MR	is	

activated	by	steroids	lacking	both	21-hydroxyl	and	17-keto	groups,	such	as	progesterone.	

Additionally,	the	MR	antagonist	spironolactone	is	a	potent	agonist	of	the	S810L	mutant	MR.	

Given	that	progesterone	levels	rise	100-fold	during	pregnancy;	it	would	be	expected	

that	S810L	mutation	carriers	would	experience	severe	hypertension	during	pregnancy.93	

One	of	the	S810L	mutation	carriers	identified	by	Geller	and	colleagues	had	experienced	two	

pregnancies;	another	had	experienced	three	pregnancies.	All	five	pregnancies	were	

complicated	by	exacerbation	of	hypertension.92	

Pseudohypoaldosteronism	type	1	

Mineralocorticoid	signaling	is	particularly	important	during	the	neonatal	period	

because	sodium	intake	is	low,	metabolic	demand	for	sodium	is	high,	and	the	kidney	tubules	

have	not	fully	matured.94–96	Pseudohypoaldosteronism	type	1	(PHA1)	is	a	rare	genetic	

disorder	first	described	in	the	1950s.97	There	are	two	forms	of	PHA1,	a	renal	form	and	a	

generalized	form.	The	renal	form	of	PHA1	results	from	autosomal	dominant	loss	of	function	

mutations	in	NR3C2.98–100	Infants	with	renal	PHA1	present	with	failure	to	thrive,	vomiting,	

and	dehydration	accompanied	by	hyponatremia,	hyperkalemia,	and	elevated	plasma	renin	

and	aldosterone.101	PHA1	requires	sodium	supplementation	during	infancy	and	early	

childhood.	However,	the	condition	improves	with	age	and	older	children	and	adults	are	

typically	asymptomatic	despite	lifelong	increased	salt	appetite	as	well	as	elevated	plasma	

renin	and	aldosterone.102	The	generalized	form	of	PHA1	results	from	autosomal	recessive	

loss	of	function	mutations	in	SCNN1A,	SCNN1B,	or	SCNN1G,	the	genes	encoding	αENaC,	
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βENaC,	and	γENaC.103,104	Infants	with	generalized	PHA1	present	with	severe	salt-wasting	

accompanied	by	marked	hyponatremia	and	hyperkalemia.	Patients	with	generalized	PHA1	

experience	recurrent	life-threatening	episodes	of	sodium	wasting	and	require	lifelong	

supplementation	with	high	doses	of	sodium.105,106	

Liddle	syndrome	

Liddle	syndrome	is	characterized	by	early-onset	hypertension,	suppressed	plasma	

renin,	low	plasma	aldosterone,	and	hypokalemic	metabolic	alkalosis.	The	syndrome	results	

from	autosomal	dominant	germline	mutations	of	SCNN1A,	SCNN1B,	or	SCNN1G,	the	genes	

encoding	αENaC,	βENaC,	and	γENaC.107–109	Thirty-one	different	Liddle	syndrome	mutations	

have	been	identified	in	72	families.110	The	majority	of	these	mutations	are	missense,	

nonsense,	or	frameshift	mutations	that	disrupt	the	conserved	proline-rich	PY	motif	in	the	

C-terminal	ends	of	βENaC	or	γENaC.	However,	mutations	in	the	extracellular	domains	of	

αENaC	and	γENaC	have	also	been	identified.109,111		

The	functional	impact	of	mutations	disrupting	the	C-terminal	PY	motif	in	βENaC	or	

γENaC	was	evaluated	by	co-expressing	mutant	β	or	γ	subunits	with	their	wild-type	

counterparts	in	Xenopus	oocytes.112,113	INa	was	measured	in	oocytes	expressing	either	

αβmutantγ	or	αβγmutant	subunits	compared	with	oocytes	expressing	wild-type	αβγ	subunits.	

Elevated	INa	can	result	from	increased	localization	of	ENaC	at	the	plasma	membrane,	

increased	single-channel	conductance,	or	increased	ENaC	open	probability	(PO).	Single-

channel	conductance	and	PO	of	the	mutant	channels	are	similar	to	the	wild-type	channels,	

leading	to	the	conclusion	that	Liddle	syndrome	mutations	disrupting	the	PY	motif	in	βENaC	

or	γENaC	increase	localization	of	ENaC	at	the	plasma	membrane.		
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The	functional	impact	of	mutations	in	the	extracellular	domains	of	αENaC	and	

γENaC	were	similarly	evaluated	using	the	Xenopus	oocyte	system.	Expression	of	mutant	

αC479Rβγ	or	αβγN530S	ENaC	in	Xenopus	oocytes	results	in	a	two-fold	increase	in	INa	compared	

with	wild-type	αβγ	ENaC.109,111	Neither	mutation	affects	localization	of	ENaC	at	the	plasma	

membrane.	However,	αC479Rβγ	ENaC	has	decreased	sensitivity	to	trypsin,	a	protease	that	

increases	ENaC	PO,	suggesting	that	the	mutant	channel	has	a	higher	baseline	PO.109	Although	

the	sensitivity	of	αβγN530S	ENaC	to	trypsin	was	not	measured;	a	higher	baseline	PO	was	

inferred	because	membrane	localization	and	single-channel	conductance	of	the	mutant	

channel	are	similar	to	wild-type	ENaC.111	

Transgenic	mouse	models	

Loss-of-function	models	for	aldosterone	synthase	

Constitutive	and	complete	gene	inactivation	of	Cyp11b2,	which	encodes	aldosterone	

synthase,	revealed	aldosterone-dependent	and	aldosterone-independent	regulation	of	

ENaC.66	Compared	with	wild-type	mice,	aldosterone	synthase	knockout	(AS–/–)	mice	fed	a	

standard	diet	have	decreased	blood	pressure,	increased	plasma	potassium,	and	decreased	

plasma	chloride.114,115	However,	plasma	sodium	does	not	differ	between	AS–/–	and	wild-

type	mice.114,115	When	AS–/–	mice	are	switched	to	low	sodium	diet,	hypotension	and	

hyperkalemia	worsen	and	the	mice	develop	hyponatremia.116	On	both	standard	and	low	

sodium	diets,	AS–/–	mice	express	normal	levels	of	mRNA	for	all	three	ENaC	subunits.115,116	

On	a	standard	diet,	AS–/–	mice	express	normal	levels	of	βENaC	and	γENaC	protein;	however,	

expression	of	the	full-length	αENaC	protein	is	decreased.117	In	AS–/–	mice,	INa	measured	in	

the	DCT2/CNT	does	not	differ	from	wild-type	mice;	however,	INa	measured	in	the	CNT/CCD	
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is	decreased	compared	with	wild-type	mice.66	This	suggests	that	regulation	of	ENaC	activity	

is	aldosterone-independent	in	the	DCT2/CNT	and	aldosterone-dependent	in	the	CNT/CCD.		

Loss-of-function	models	for	the	MR	

Constitutive	and	complete	gene	inactivation	of	Nr3c2,	which	encodes	the	

mineralocorticoid	receptor,	revealed	the	critical	importance	of	mineralocorticoid	signaling	

for	sodium	and	potassium	balance	as	well	as	survival	during	the	neonatal	period.	

Mineralocorticoid	receptor	knockout	(MR–/–)	mice	develop	symptoms	of	

pseudohypoaldosteronism	before	dying	of	dehydration	resulting	from	renal	sodium	

wasting	before	two	weeks	of	age.118	At	eight	days	of	age,	MR–/–	mice	have	hyperkalemia	and	

hyponatremia	despite	440-fold	elevation	in	plasma	renin	and	65-fold	elevation	in	plasma	

aldosterone.118	However,	MR–/–	mice	can	survive	the	neonatal	period	if	rescued	with	a	NaCl	

supplementation	protocol.119	Rescued	MR–/–	mice	have	decreased	body	weight	and	

hyperkalemia,	but	no	hyponatremia	at	one	month	of	age.119	Plasma	renin	is	elevated	16-

fold	and	plasma	aldosterone	is	elevated	10-fold.119	ENaC	activity,	measured	by	change	in	

fractional	excretion	of	sodium	(FENa)	in	response	to	the	ENaC	blocker	amiloride,	is	

undetectable	in	rescued	MR–/–	mice.119	However,	amiloride	does	produce	a	small	change	in	

short-circuit	current	measured	in	collecting	ducts	isolated	from	these	mice,	suggesting	that	

ENaC	activity	is	present	in	rescued	MR–/–	mice,	although	at	a	very	low	level.119	

Constitutive	gene	inactivation	of	Nr3c2	in	renal	principal	cells	yielded	insights	into	

the	importance	of	non-principal	cell	MR	for	regulation	of	sodium	and	potassium	balance.	In	

marked	contrast	with	MR–/–	mice,	mice	with	deletion	of	the	MR	from	principal	cells	have	

normal	plasma	sodium	and	potassium	as	well	as	normal	survival,	growth,	and	body	weight.	
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When	these	mice	are	challenged	with	low	sodium	diet,	plasma	potassium	increases,	

although	plasma	sodium	remains	normal.	On	low	sodium	diet,	mice	with	deletion	of	the	MR	

from	principal	cells	have	a	similar	change	in	FENa	in	response	to	amiloride	as	control	mice,	

suggesting	preserved	ENaC	activity	in	the	DCT2	and	early	CNT.	The	mild	phenotype	of	mice	

with	deletion	of	the	MR	from	principal	cells	compared	with	MR–/–	mice	indicates	that	MR	

expressed	in	other	cell	types,	either	in	the	DCT2	and	early	CNT	and/or	in	the	intercalated	

cells	of	the	collecting	duct,	are	sufficient	for	regulation	of	sodium	and	potassium	balance	in	

mice	on	standard	diet.	

Inducible	gene	inactivation	of	Nr3c2	in	renal	epithelial	cells	using	the	

Pax8-rtTA/TRE-LC1	system	provided	evidence	for	the	essential	role	of	the	renal	MR	in	the	

regulation	of	sodium	and	potassium	balance.	MRfl/fl/Pax8-rtTA/LC1	mice	express	the	MR	in	

the	epithelium	along	the	nephron	and	collecting	duct	until	the	administration	of	

doxycycline,	which	induces	Cre-mediated	recombination	of	Nr3c2,	resulting	in	deletion	of	

the	MR	from	the	renal	epithelium.	Like	rescued	MR–/–	mice,	kidney-specific	

mineralocorticoid	receptor	knockout	(KS-MR–/–)	mice	develop	symptoms	of	

pseudohypoaldosteronism.120,121	Compared	with	control	littermates,	KS-MR–/–	mice	have	

decreased	plasma	sodium,	elevated	plasma	potassium,	and	elevated	plasma	aldosterone.	

When	KS-MR–/–	mice	are	fed	a	high	sodium,	low	potassium	rescue	diet,	plasma	sodium	and	

potassium	are	normalized;	however,	plasma	aldosterone	remains	elevated.121	On	either	a	

low	sodium	or	a	high	potassium	diet,	the	pseudohypoaldosteronism	phenotype	of	KS-MR–/–	

mice	is	exacerbated	and	becomes	fatal.120,121	Additionally,	changes	in	protein	abundance	of	

ENaC	subunits	are	observed.	Compared	with	control	littermates,	KS-MR–/–	mice	on	low	

sodium	or	high	potassium	diet	have	decreased	full-length	αENaC	and	γENaC	as	well	as	
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increased	βENaC.120	Additionally,	the	ratios	of	cleaved:full-length	αENaC	and	γENaC	are	

decreased.120	This	suggests	impaired	processing	of	ENaC	contributes	to	the	

pseudohypoaldosteronism	phenotype	of	KS-MR–/–	mice.	

Loss-of-function	models	for	ENaC	

Constitutive	and	complete	gene	inactivation	for	αENaC,	βENaC,	and	γENaC	(encoded	

by	Scnn1a,	Scnn1b,	and	Scnn1g,	respectively)	revealed	the	essential	role	of	ENaC	subunits	

in	the	transition	from	fetal	to	neonatal	life.	A	Mendelian	ratio	of	genotypes	is	observed	in	

the	offspring	of	heterozygous	crosses,	suggesting	that	ENaC	subunits	are	not	essential	for	

embryonic	and	fetal	development.	However,	mice	with	constitutive	and	complete	gene	

inactivation	for	αENaC	(αENaC–/–	mice)	die	within	40	hours	of	birth	from	respiratory	

failure	whereas	mice	with	constitutive	and	complete	gene	inactivation	for	βENaC	(βENaC–/–	

mice)	or	γENaC	(γENaC–/–	mice)	die	within	48	hours	of	birth	from	hyperkalemia.	These	

phenotypes	demonstrate	that	ENaC	subunits	become	essential	for	normal	organ	function	

and	survival	during	the	neonatal	period.	

Constitutive	and	complete	gene	inactivation	for	αENaC	demonstrated	the	critical	

role	for	ENaC-mediated	lung	fluid	clearance	in	the	neonatal	period.122	Like	αENaC+/+	and	

αENaC+/–	mice,	αENaC–/–	mice	establish	regular	ventilation	and	turn	pink	within	minutes	

after	birth.	However,	by	30	minutes	after	birth,	when	αENaC+/+	and	αENaC+/–	mice	have	

established	normal	breathing,	αENaC–/–	mice	develop	impaired	breathing	and	chest	wall	

retractions.	Within	40	hours	after	birth,	αENaC–/–	mice	die	of	respiratory	distress	resulting	

from	failure	to	clear	lung	fluid.	Amiloride-sensitive	potential	difference	was	measured	

across	airway	epithelium	in	cultured	tracheal	cysts	to	determine	ENaC	activity.	Unlike	
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airway	epithelium	from	αENaC+/+	and	αENaC+/–	mice,	no	amiloride-sensitive	potential	

difference	was	detected	across	airway	epithelium	from	αENaC–/–	mice,	indicating	βENaC	

and	γENaC	are	unable	to	compensate	for	the	loss	of	αENaC	in	the	airway	epithelium.		

Mice	with	constitutive	and	complete	gene	inactivation	for	βENaC	or	γENaC	exhibit	

renal	dysfunction	and	die	within	48	hours	of	birth.123,124	Both	βENaC–/–	and	γENaC–/–	mouse	

pups	have	renal	sodium	wasting	and	potassium	retention	resulting	in	decreased	plasma	

sodium,	markedly	elevated	plasma	potassium,	and	elevated	plasma	aldosterone.	However,	

despite	reduced	lung	fluid	clearance,	βENaC–/–	and	γENaC–/–	mouse	pups	do	not	develop	

respiratory	distress.	This	indicates	that	both	αβENaC	and	αγENaC	provide	adequate	ENaC	

activity	in	the	lung	epithelium	for	the	transition	from	the	fluid-filled	fetal	lung	to	the	air-

filled	neonatal	lung.	

Constitutive	gene	inactivation	of	Scnn1a	in	collecting	duct	cells	yielded	insights	into	

the	importance	of	ENaC	activity	in	the	aldosterone-sensitive	distal	nephron	(DCT2/CNT)	

for	regulation	of	sodium	and	potassium	balance.125	In	mice	with	selective	deletion	of	αENaC	

in	the	cortical	collecting	duct	(CCD),	βENaC	and	γENaC	exhibit	defective	trafficking	to	the	

apical	membrane	in	CCD	principal	cells.	Whole-cell	voltage	clamp	of	principal	cells	in	CCDs	

isolated	from	animals	with	elevated	plasma	aldosterone	(resulting	from	low	sodium	diet	or	

administration	of	aldosterone)	showed	no	detectable	ENaC	activity.	Nevertheless,	mice	

with	selective	deletion	of	αENaC	in	the	CCD	can	maintain	sodium	and	potassium	balance,	

even	when	challenged	with	low	sodium	diet	or	potassium	loading.	These	data	indicate	that	

ENaC	activity	in	the	DCT2/CNT	is	sufficient	for	regulation	of	sodium	and	potassium	

balance.		
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Loss-of-function	models	for	aldosterone-induced	proteins	

Aldosterone-induced	proteins	have	historically	been	identified	by	measuring	gene	

expression	changes	in	response	to	aldosterone	in	in	vitro	cell	culture	models.126–130	

Subsequent	in	vitro	studies	have	determined	some	aspects	of	interactions	between	these	

proteins	and	ENaC;	however,	in	vivo	studies	are	essential	to	determine	the	physiological	

role	of	these	proteins.	Constitutive	and	complete	gene	inactivation	has	been	used	to	

evaluate	the	physiological	role	of	several	aldosterone-induced	proteins	in	vivo,	including	

USP2,	GILZ,	and	SGK1.	

USP2	was	identified	as	an	aldosterone-induced	protein	in	CNT/CCD	segments	

microdissected	from	mouse	kidney	following	administration	of	aldosterone.131	In	vitro,	

USP2	deubiquitylates	ENaC,	thereby	maintaining	the	channel	in	the	apical	plasma	

membrane.131	To	determine	the	role	of	USP2	in	the	regulation	of	renal	sodium	transport	in	

vivo,	Pouly	and	colleagues	developed	a	Usp2	knockout	(USP2–/–)	mouse.132	On	a	standard	or	

low	sodium	diet,	plasma	sodium	and	potassium,	plasma	aldosterone,	and	blood	pressure	do	

not	differ	between	USP2–/–	and	control	mice.	Thus,	the	authors	concluded,	“USP2	does	not	

play	a	primary	role	in	the	control	of	Na+	balance	or	blood	pressure.”	

The	glucocorticoid-induced	leucine	zipper	protein	(GILZ)	was	identified	as	an	

aldosterone-induced	protein	in	mouse	kidney	epithelial	cells	(mpkCCDc14)	and	was	later	

found	to	be	upregulated	by	either	aldosterone	or	dexamethasone	in	the	kidneys	of	

adrenalectomized	rats.126,133	To	determine	the	function	of	GILZ	in	vivo,	Suarez	and	

colleagues	developed	a	GILZ	knockout	(GILZ–/–)	mouse.134	At	baseline,	GILZ–/–	mice	have	

elevated	plasma	potassium,	which	could	reflect	defective	aldosterone	signaling	to	ENaC.	

However,	after	ten	days	on	a	low	sodium	diet,	GILZ–/–	mice	have	no	change	in	body	weight,	
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elevated	plasma	sodium,	and	decreased	plasma	potassium,	which	contrasts	with	the	weight	

loss,	decreased	plasma	sodium,	and	elevated	plasma	potassium	observed	in	KS-MR–/–	mice	

on	a	low	sodium	diet.	Thus,	while	GILZ	may	play	a	role	in	renal	sodium	and	potassium	

handling,	it	is	not	essential	for	aldosterone	signaling	to	ENaC.	

The	serum/glucocorticoid	regulated	kinase	1	(SGK1)	was	first	identified	as	a	

glucocorticoid-regulated	gene	in	a	rat	mammary	tumor	cell	line	(Con8.hd6)	and	was	later	

found	to	be	upregulated	by	aldosterone	in	a	frog	kidney	cell	line	(A6)	and	in	rabbit	cortical	

collecting	duct	cells.127,128,135	Constitutive	and	complete	gene	inactivation	of	Sgk1	has	

revealed	SGK1	regulates	ENaC	processing	and	trafficking;	however,	whether	SGK1	also	

regulates	ENaC	activity	is	unclear.	On	a	standard	diet,	serum/glucocorticoid	regulated	

kinase	1	knockout	(SGK1–/–	)	mice	have	similar	blood	pressure,	plasma	sodium,	and	INa	as	

wild-type	mice.136–138	When	plasma	aldosterone	is	elevated,	due	to	a	low	sodium	or	high	

potassium	diet	or	administration	of	aldosterone,	changes	in	protein	abundance	of	ENaC	

subunits	are	observed.	Changes	in	full-length	and	cleaved	αENaC	and	βENaC	are	variable;	

however,	both	full-length	and	cleaved	γENaC	are	decreased	in	SGK1–/–	mice	compared	with	

wild-type	mice.137,138	In	SGK1–/–	mice	with	elevated	plasma	aldosterone,	INa	in	collecting	

duct	principal	cells	is	either	unchanged	or	slightly	higher	in	SGK1–/–	mice	compared	with	

wild-type	mice.137,138		

Experimental	approach	and	expected	results	

Aldosterone-induced	proteins	mediate	the	action	of	aldosterone	on	ENaC.	A	number	

of	studies	have	sought	to	identify	these	proteins	using	gene	expression	profiling	of	in	vitro	
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model	systems.126–130	Two	of	the	aldosterone-induced	proteins	identified	by	these	studies	

are	Sgk1	and	Tsc22d3.	Co-expression	of	Sgk1	or	Tsc22d3	with	Scnn1a,	Scnn1b,	and	Scnn1g	

increases	ENaC	activity	in	Xenopus	oocytes.79,127,128,139,140	However,	genetic	deletion	of	Sgk1	

or	Tsc22d3	in	vivo	does	not	recapitulate	the	renal	salt	wasting,	hyperkalemia,	and	

hypotension	observed	in	KS-MR–/–	mice.120,121	This	indicates	key	components	of	

aldosterone	signaling	pathways	in	vivo	remain	to	be	identified.	

It	is	well-established	that	the	action	of	aldosterone	on	ENaC	requires	de	novo	

protein	synthesis.	However,	several	factors	have	complicated	identification	of	the	

aldosterone-induced	proteins	required	for	regulation	of	ENaC.	First,	cell	culture	model	

systems	frequently	lack	expression	of	the	endogenous	MR	and	findings	in	vitro	do	not	

always	predict	what	will	be	observed	in	vivo.42	Second,	the	principal	cells	of	the	distal	

tubule	comprise	a	small	percentage	of	kidney	cells.141	Thus,	with	the	exception	of	genes	

expressed	only	in	principal	cells,	changes	in	gene	expression	observed	in	whole-kidney	

transcriptome	data	cannot	be	attributed	specifically	to	principal	cells.142	This	necessitates	

the	use	of	cell	sorting	or	microdissection	techniques	to	isolate	the	principal	cells	from	the	

kidney	for	transcriptional	profiling.	Third,	the	administration	of	aldosterone	in	vivo	has	a	

number	of	metabolic	effects,	including	hypokalemic	metabolic	alkalosis,	which	can	have	

their	own	effects	on	transporters	in	the	kidney.120	

This	dissertation	describes	two	studies,	using	different	experimental	approaches,	to	

address	these	challenges	and	identify	novel	aldosterone-induced	proteins.	In	Chapter	2,	

salt-sensitive	transcripts	were	identified	in	distal	tubule	cells	isolated	from	mouse	kidney.	

In	this	study,	endogenous	aldosterone	was	manipulated	by	changing	dietary	sodium.	

Magnetic-	and	fluorescence-activated	cell	sorting	were	used	to	isolate	cells	expressing	the	
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cell	adhesion	molecule	L1-CAM,	which	is	expressed	in	the	connecting	tubule	and	collecting	

duct	of	mouse	kidney,	for	RNA-seq.	In	chapter	3,	mineralocorticoid	target	genes	were	

identified	in	cortical	collecting	ducts	microdissected	from	the	kidneys	of	two	groups	of	

mice.	The	first	group	was	KS-MR–/–	mice	fed	a	high	sodium,	low	potassium	rescue	diet,	

which	normalizes	plasma	sodium	and	potassium.	The	second	group	was	control	(MRfl/fl)	

mice	fed	a	low	sodium	diet.	Plasma	aldosterone	was	elevated	in	both	groups	of	mice;	

however,	in	the	KS-MR–/–	mice,	the	absence	of	the	MR	from	the	kidney	epithelium	

prevented	the	upregulation	of	aldosterone-induced	transcripts.	Both	approaches	avoided	

the	metabolic	effects	of	aldosterone	administration	and	allowed	identification	of	

transcriptional	changes	in	a	subset	of	kidney	cells	that	were	enriched	for	principal	cells.	

These	studies	were	expected	to	lead	to	the	identification	of	numerous	aldosterone-

induced	transcripts.	Based	on	previous	studies	of	the	aldosterone-induced	transcriptome	

as	well	as	current	understanding	of	the	regulation	of	ENaC	activity,	several	categories	of	

transcripts	would	be	of	particular	interest,	including	transcripts	known	to	encode	

transcription	coregulators,	transcription	factors,	kinases,	and	proteases	was	well	as	

transcripts	encoding	proteins	involved	in	the	regulation	of	intracellular	protein	trafficking.	

Identification	of	aldosterone-induced	transcripts	with	these	functions	has	the	potential	to	

advance	our	understanding	of	aldosterone	signaling	pathways	at	the	molecular	level.	

Transcription	coregulators	and	transcription	factors:	GILZ,	which	was	identified	as	

an	aldosterone-induced	protein	in	mouse	kidney	epithelial	cells	(mpkCCDc14),	forms	

homodimers	or	heterodimers	with	known	transcription	factors,	influencing	gene	

transcription.143	Although	experiments	in	GILZ–/–	mice	demonstrated	GILZ	is	not	essential	
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for	aldosterone	signaling	to	ENaC,	it	is	possible	that	other	transcription	coregulators	or	

transcription	factors	may	play	a	role.134	

Kinases:	SGK1	was	identified	as	an	aldosterone-induced	protein	in	vitro	and	was	

subsequently	found	to	regulate	ENaC	through	phosphorylation	of	several	key	

substrates.84,127,128,135	These	substrates	include	(1)	ENaC	itself,	which	results	in	increased	

channel	open	probability,	(2)	the	E3	ubiquitin-protein	ligase	Nedd4-2,	which	results	in	

decreased	ubiquitylation	and	internalization	of	ENaC,	and	(3)	AF9,	which	reduces	

inhibition	of	αENaC	transcription.84	Other	aldosterone-induced	kinases	may	regulate	ENaC	

through	these	or	other	mechanisms.	

Proteases:	αENaC	and	γENaC	undergo	proteolytic	cleavage	of	their	extracellular	

domains.	Increased	abundance	of	the	cleaved	forms	of	these	subunits	corresponds	with	

high	aldosterone	states.	Additionally,	the	ratios	of	cleaved:full-length	αENaC	and	γENaC	are	

reduced	in	KS-MR–/–	mice,	indicating	proteolytic	cleavage	of	ENaC	is	directly	regulated	by	

aldosterone.120	A	number	of	proteases	have	been	implicated	in	proteolytic	cleavage	of	

ENaC	in	vitro.144	It	would	be	valuable	to	determine	whether	these	proteases	are	induced	by	

aldosterone	in	vivo	as	this	would	suggest	a	physiological	role	for	these	proteases.	

Proteins	involved	in	the	regulation	of	intracellular	protein	trafficking:	Intracellular	

ENaC	trafficking	is	regulated	by	aldosterone.	Although	our	understanding	of	the	role	of	

aldosterone	in	ENaC	trafficking	is	incomplete,	aldosterone	has	been	identified	as	a	factor	

regulating	forward	trafficking	of	ENaC	to	the	apical	membrane	as	well	as	retrieval	of	ENaC	

from	the	apical	membrane.75,79–81	Thus,	identification	of	aldosterone-induced	proteins	

involved	in	the	regulation	of	intracellular	protein	trafficking	may	suggest	molecular	

mechanisms	underlying	the	regulation	of	ENaC	trafficking	by	aldosterone.	



	 31	

Chapter	2	–	The	salt-sensitive	transcriptome	of	

isolated	mouse	distal	tubule	cells	

Abstract	

In	the	kidney	distal	tubule,	the	steroid	hormone	aldosterone	regulates	sodium	

reabsorption	through	the	epithelial	sodium	channel	ENaC.	Most	studies	seeking	to	identify	

ENaC-regulating	aldosterone-induced	proteins	have	used	transcriptional	profiling	of	

cultured	cells.	To	identify	salt-sensitive	transcripts	using	an	in	vivo	model,	low	sodium	or	

high	sodium	diet	were	used	to	stimulate	or	suppress	endogenous	aldosterone	in	

combination	with	magnetic-	and	fluorescence-activated	cell	sorting	to	isolate	distal	tubule	

cells	from	mouse	kidney	for	transcriptional	profiling.	Of	the	differentially	expressed	

transcripts,	162	were	more	abundant	in	distal	tubule	cells	isolated	from	mice	fed	low	

sodium	diet,	and	161	were	more	abundant	in	distal	tubule	cells	isolated	from	mice	fed	high	

sodium	diet.	Enrichment	analysis	of	Gene	Ontology	biological	process	terms	identified	

multiple	pathways	that	were	statistically	over-represented	among	the	differentially	

expressed	transcripts	that	were	more	abundant	in	the	distal	tubule	cells	isolated	from	mice	

fed	low	sodium	diet,	including	ion	transmembrane	transport,	regulation	of	growth,	and	

negative	regulation	of	apoptosis.	Analysis	of	Gene	Ontology	molecular	function	terms	

identified	differentially	expressed	transcription	factors,	transmembrane	transporters,	

kinases,	and	G-protein	coupled	receptors.	Finally,	comparison	with	a	recently	published	
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study	of	gene	expression	changes	in	distal	tubule	cells	in	response	to	administration	of	

aldosterone	identified	18	differentially	expressed	genes	in	common	between	the	two	

experiments.	When	the	expression	of	these	genes	was	measured	in	cortical	collecting	ducts	

microdissected	from	mice	fed	low	sodium	or	high	sodium	diet,	eight	were	differentially	

expressed.	These	genes	are	likely	to	be	regulated	directly	by	aldosterone	and	may	provide	

insight	into	aldosterone	signaling	to	ENaC	in	the	collecting	duct.	

Introduction	

Aldosterone	is	a	steroid	hormone	secreted	by	the	adrenal	zona	glomerulosa	in	

response	to	angiotensin	II	or	hyperkalemia.145–147	In	the	kidney,	aldosterone	acts	on	the	

distal	tubule	—	consisting	of	the	late	distal	convoluted	tubule	(DCT2),	connecting	tubule	

(CNT),	and	collecting	duct	(CD)	—	to	enhance	sodium	reabsorption	through	the	epithelial	

sodium	channel	ENaC.	Aldosterone-induced	proteins,	which	are	transcriptionally	regulated	

following	aldosterone	binding	to	the	mineralocorticoid	receptor	(MR),	mediate	the	action	

of	aldosterone	on	ENaC.	Although	many	aldosterone-induced	proteins	have	been	identified,	

genetic	deletion	of	these	proteins	does	not	produce	the	renal	salt	wasting,	hyperkalemia,	

and	hypotension	observed	following	genetic	deletion	of	the	MR.120,121	This	indicates	that	

physiologically	relevant	aldosterone-induced	proteins	remain	to	be	identified.138	

Poulsen	and	colleagues	identified	aldosterone-induced	genes	in	kidney	cells	sorted	

from	mice	treated	with	aldosterone.148	Cells	expressing	enhanced	green	fluorescent	protein	

under	the	control	of	the	TRPV5	promoter,	a	calcium	channel	expressed	predominantly	in	

the	CNT,	were	isolated	by	fluorescence-activated	cell	sorting	(FACS)	and	used	for	RNA-
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seq.149	They	identified	290	aldosterone-induced	genes,	including	Sgk1	and	Tsc22d3	(which	

encodes	GILZ),	as	well	as	257	aldosterone-repressed	genes.	In	an	advance	over	previous	

studies	that	used	in	vitro	cell	culture	models,	they	used	cells	rapidly	isolated	from	the	

kidney	for	transcriptional	profiling.	However,	administration	of	aldosterone	has	diverse	

metabolic	effects,	including	hypokalemic	metabolic	alkalosis.	Andrew	Terker	and	David	

Ellison	demonstrated	that	these	metabolic	changes	have	their	own	effects	on	transporters	

in	the	kidney	that	are	not	the	direct	result	of	mineralocorticoid	receptor	activation.120	

To	minimize	the	metabolic	changes	associated	with	the	administration	of	

aldosterone,	low	sodium	or	high	sodium	diets	were	used	to	stimulate	or	suppress	

endogenous	aldosterone,	respectively.	CNT/CD	cells,	isolated	from	mouse	kidneys	using	a	

combination	of	magnetic-activated	cell	sorting	(MACS)	and	FACS,	were	then	used	for	RNA-

seq.	Using	this	approach,	323	differentially	expressed	transcripts	were	identified.	Of	the	

differentially	expressed	transcripts,	162	were	more	abundant	in	the	CNT/CD	cells	isolated	

from	mice	fed	low	sodium	diet.	These	transcripts	were	compared	with	the	aldosterone-

induced	genes	identified	by	Poulsen	and	colleagues,	leading	to	the	identification	of	18	

differentially	expressed	genes	in	common	between	the	two	experiments.	In	CCDs	

microdissected	from	mice	fed	a	low	sodium	or	high	sodium	diet,	eight	of	the	18	genes	were	

found	to	be	differentially	expressed.	
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Materials	and	methods	

Ethical	statement	

All	studies	were	approved	by	the	Oregon	Health	&	Science	University	Animal	Care	

and	Usage	Committee	(Protocol	#IP00000286)	and	followed	the	guidelines	of	the	National	

Institutes	of	Health	Guide	for	the	Care	and	Use	of	Laboratory	Animals.		

Experimental	animals	

Male	mice	(species:	Mus	musculus,	strain:	C57BL/6J)	were	used	for	all	experiments.	

For	the	measurement	of	physiological	parameters	and	isolation	of	CNT/CD	cells,	the	mice	

were	18	weeks	old	with	a	mean	weight	of	28.3	grams	(range:	24.5	–	32.2	grams).	Eight	mice	

(four	mice	per	group)	were	used	for	measurement	of	physiological	parameters;	six	mice	

(three	mice	per	group)	were	used	for	isolation	of	CNT/CD	cells	for	RNA-seq.	For	

microdissection	of	CCDs,	the	mice	were	15	to	16	weeks	old	with	a	mean	weight	of	24.0	

grams	(range:	18.5	–	27.7	grams).	

Housing	and	husbandry	

Mice	were	housed	in	a	specific	pathogen-free	facility	at	Oregon	Health	&	Science	

University	and	maintained	on	a	12-hour:12-hour	light:dark	cycle	with	free	access	to	food	

and	water.	For	immunohistochemistry,	mice	were	fed	a	laboratory	rodent	diet	(0.39%	Na+,	

PicoLab	5L0D).	For	the	measurement	of	physiological	parameters	and	isolation	of	CNT/CD	

cells,	mice	were	fed	either	high	sodium	(2.4%	Na+,	TD	90230	Envigo)	or	low	sodium	(0.01	–	

0.02%	Na+,	TD.90228	Envigo)	diet	for	five	days.	For	microdissection	of	CCDs,	mice	were	fed	
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the	high	sodium	diet	for	seven	days.	Mice	were	then	switched	to	the	low	sodium	diet	or	

continued	on	the	high	sodium	diet	for	five	additional	days.	Throughout	each	experiment,	

animal	health	was	monitored	by	daily	assessment	of	appearance	and	body	weight.		

Measurement	of	physiological	parameters	

Electrolytes,	urea	nitrogen,	total	carbon	dioxide,	hematocrit,	hemoglobin,	and	anion	

gap	were	measured	in	heparinized	whole	blood	obtained	by	cardiac	puncture,	using	an	

i-STAT	Handheld	Blood	Analyzer	with	a	CHEM8+	cartridge	(Abbott	Point	of	Care).	Plasma	

aldosterone	was	measured	by	ELISA	assay	(IBL-America).		

Immunohistochemistry	

Mice	were	anesthetized	by	intraperitoneal	injection	of	ketamine	cocktail	(ketamine	

50	mg∙kg-1,	xylazine	5	mg∙kg-1,	acepromazine	0.5	mg∙kg-1).	The	kidneys	were	fixed	by	

retrograde	perfusion	through	the	abdominal	aorta	with	50	mL	3%	paraformaldehyde/PBS	

followed	by	10	mL	300	mOsm	sucrose/PBS.	After	the	kidneys	were	removed,	they	were	

stored	overnight	at	4°C	in	800	mOsm	sucrose/PBS,	cut	transversely	into	2-	to	3-mm	thick	

slices,	and	embedded	in	Tissue-Tek	OCT	compound	(VWR).	For	immunohistochemistry,	

5-µm	thick	sections	were	cut	and	mounted	on	Superfrost	Plus	glass	slides	(ThermoFisher	

Scientific).		

For	antibody	labeling,	sections	were	rehydrated	for	3	x	5	minutes	in	PBS,	washed	for	

30	minutes	in	0.5%	Triton	X-100/PBS,	then	rinsed	for	3	x	5	minutes	in	PBS.	Following	a	30	

minute	incubation	in	5%	milk/PBS	to	reduce	non-specific	staining,	sections	were	incubated	

overnight	at	4°C	with	the	primary	antibodies	diluted	in	5%	milk/PBS:	monoclonal	L1-CAM	
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rat	antibody	(MAB5674,	R&D	Systems)	diluted	1:500,	polyclonal	NCC	rabbit	antibody	

(Ellison	laboratory150)	diluted	1:1000,	and	polyclonal	AQP2	goat	antibody	(Santa	Cruz	

Biotechnology)	diluted	1:500.	Sections	were	washed	3	x	5	minutes	in	PBS,	then	incubated	

with	the	secondary	antibodies	anti-goat	Alexa	Fluor	488,	anti-rat	Alexa	Fluor	594,	and	anti-

rabbit	Alexa	Fluor	647	for	45	minutes	at	room	temperature.	Following	incubation	with	the	

secondary	antibodies,	sections	were	again	washed	3	x	5	minutes	in	PBS.	Sections	were	then	

mounted	with	ProLong	Diamond	Antifade	Mountant	(ThermoFisher	Scientific)	and	imaged	

using	a	Nikon	A1R	laser-scanning	confocal	microscope.	

Determination	of	L1-CAM	expression	along	the	kidney	tubule		

Expression	of	L1-CAM,	also	known	as	neural	cell	adhesion	molecule	L1,	was	

previously	shown	to	be	restricted	to	the	collecting	duct	within	the	human	kidney.151	

Immunofluorescence	staining	was	used	to	evaluate	the	expression	of	L1-CAM	along	the	

tubule	in	mouse	kidney.	Connecting	tubules	were	identified	by	cytoplasmic	staining	for	

calbindin-D28K	(CALB1),	a	calcium-binding	protein	expressed	predominantly	in	the	

connecting	tubule.	Collecting	ducts	were	identified	by	apical	staining	for	aquaporin	2	

(AQP2),	a	water	channel	expressed	in	collecting	duct	principal	cells.	Basolateral	staining	for	

L1-CAM	was	observed	in	both	connecting	tubules	and	collecting	ducts,	demonstrating	

L1-CAM	has	kidney	tubule	segment-specific	expression	in	the	distal	tubule	of	mouse	kidney	

(Fig.	6A	–	B).	
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Isolation	of	distal	tubule	cells	

Although	cell-type	specific	markers	for	43	cell	types	can	be	detected	in	whole-

kidney	RNA-seq	data,	transcriptional	changes	observed	using	whole-kidney	RNA-seq	

cannot	be	attributed	to	a	particular	cell	type.142	Proximal	tubule	cells	represent	the	

dominant	cell	type	in	the	kidney	and	contribute	the	majority	of	whole-kidney	mRNA.142	By	

comparison,	CNT/CD	cells	represent	a	small	percentage	of	the	total	kidney	cell	

population.141	Thus,	to	detect	transcriptional	changes	specifically	in	CNT/CD	cells,	we	

developed	a	protocol	to	isolate	CNT/CD	cells	from	mouse	kidney	using	mechanical	and	

enzymatic	separation	of	kidney	tissue	followed	by	MACS	and	FACS	(Fig.	6C).	

Kidneys	were	cut	into	small	pieces	with	a	scalpel,	then	incubated	with	collagenase	

type	II	(1.0	mg∙ml-1;	Gibco)	and	DNAase	type	I	(Thermo	Scientific)	in	Hank’s	balanced	salt	

solution	with	Ca2+	and	Mg2+	(37°C	for	30	minutes).	After	repetitive	pipetting	with	a	

serological	pipette,	the	suspension	was	filtered	through	a	70-µm	nylon	mesh	cell	strainer.	

The	cells	were	centrifuged	at	300	x	g	for	10	minutes	and	resuspended	in	flow	cytometry	

buffer	(1.86	mg∙ml-1	EDTA	and	5.0	mg∙ml-1	BSA	in	1X	PBS).	The	cells	were	incubated	with	

anti-L1-CAM	(CD171)	microbeads	(130-101-548;	Miltenyi	Biotec)	for	15	minutes	at	4°C,	

then	centrifuged	at	300	x	g	for	10	minutes	and	resuspended	in	flow	cytometry	buffer.	The	

cells	were	then	incubated	with	PE-conjugated	label	check	reagent	(130-098-866;	Miltenyi	

Biotec),	APC-conjugated	anti-CD31	antibody	(130-102-571;	Miltenyi	Biotec),	APC-

conjugated	anti-CD45	antibody	(130-102-544;	Miltenyi	Biotec),	and	propidium	iodide	

(130-093-233;	Miltenyi	Biotec)	for	10	minutes	at	4°C.	The	PE-conjugated	label	check	

reagent,	which	binds	the	anti-L1-CAM	microbeads,	allowed	selection	of	L1-CAM+	cells	by	
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FACS	in	addition	to	MACS.	The	APC-conjugated	anti-CD31	and	anti-CD45	antibodies	

allowed	the	exclusion	of	endothelial	and	immune	cells,	which	can	express	L1-CAM,	by	

FACS.152,153	Propidium	iodide,	a	fluorescent	intercalating	agent,	allowed	the	exclusion	of	

non-viable	cells	by	FACS.	Following	cell	labeling,	the	cells	were	centrifuged	at	300	x	g	for	10	

minutes	and	resuspended	in	flow	cytometry	buffer.	

Following	selection	of	L1-CAM+	cells	from	the	cell	suspension	using	the	Posseld	

positive	selection	program	on	an	AutoMACS	Pro	Separator	(Miltenyi),	CNT/CD	cells	

(L1-CAM+CD31-CD45-	cells;	PE	channel)	were	separated	from	cellular	debris	(Fig.	6D),	

non-single	cells	(Fig.	6E),	and	L1-CAM+	endothelial	and	immune	cells	(Fig.	6G)	on	a	Becton	

Dickinson	Influx	cell	sorter.	Viable	cells	were	selected	by	excluding	cells	stained	with	the	

live/dead	discriminator	propidium	iodide	(Fig.	6F).	To	confirm	that	L1-CAM+CD31-CD45-	

cells	isolated	by	this	method	were	enriched	for	CNT/CD	cells,	quantitative	polymerase	

chain	reaction	(qPCR)	was	used	to	compare	expression	of	Slc34a1	(a	proximal	tubule	

marker)	and	Aqp2	in	unsorted	versus	sorted	kidney	cells.	Compared	with	unsorted	kidney	

cells,	sorted	kidney	cells	had	six-fold	higher	expression	of	Aqp2	and	151-fold	lower	

expression	of	Slc34a1,	confirming	that	the	sorted	cells	were	enriched	for	CNT/CD	cells.	
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Figure	6.	The	cell	adhesion	protein	L1-CAM	was	used	to	isolate	CNT/CD	cells	from	mouse	kidney.	

A)	Localization	of	L1-CAM	(red),	AQP2	(green),	and	NCC	(magenta)	in	mouse	kidney	cortex.	

*	indicates	L1-CAM	and	AQP2	positive	tubules.	Arrowhead	indicates	NCC	positive	tubules.	B)	

Localization	of	L1-CAM	(red),	NCC	(green),	and	CALB1	(magenta)	in	mouse	kidney	cortex.	#	indicates	

L1-CAM	and	CALB1	positive	tubules.	Arrowhead	indicates	NCC	positive	tubules.	C)	Procedure	for	

isolating	L1-CAM+	kidney	cells.	D-G)	Example	analysis	of	L1-CAM+	kidney	cells.	The	antibodies	for	

this	experiment	were	CD31-APC/CD45-APC/label	check	reagent-PE;	the	live/dead	discriminator	was	

propidium	iodide.	Acquisition	and	analysis	were	performed	on	a	Becton	Dickinson	Influx	Cell	Sorter.	

Gating	was	as	follows:	D)	Forward	scatter/side	scatter	to	exclude	cellular	debris,	E)	Trigger	pulse	

width/forward	scatter	to	exclude	non-single	cells,	F)	Live	gate	(PI	negative,	to	select	viable	cells),	and	

G)	APC/PE	to	exclude	L1-CAM+CD31+	and	L1-CAM+CD45+	cells.	
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RNA	extraction,	library	construction,	and	RNA	sequencing	

Total	RNA	was	extracted	from	the	CNT/CD	cells	using	an	RNeasy	Plus	Universal	

Mini	Kit	(73404;	Qiagen),	according	to	the	manufacturer’s	protocol.	The	RNA	quality	was	

assessed	using	an	Agilent	2100	Bioanalyzer.	Library	preparation	and	RNA	sequencing	were	

performed	using	Illumina’s	standard	TruSeq	RNA	protocol	with	polyA	selection.	PolyA+	

RNA	was	isolated	using	oligo-DT	magnetic	beads	and	chemically	fragmented	to	200	–	300	

base	pairs.	The	fragmented	polyA+	RNA	was	converted	to	double-stranded	cDNA	using	

random	hexamer	priming.	The	double-stranded	cDNA	was	treated	to	blunt	the	ends	and	a	

single	“A”	base	was	added	to	the	blunt	ends.	Proprietary	Illumina	adaptors	were	ligated	to	

the	cDNA	fragments.	Libraries	were	amplified	using	PCR	and	cleaned	using	AMPure	XP	

beads	(Agencourt).	Library	quality	was	assessed	using	an	Agilent	2100	Bioanalyzer.	After	

quantification	of	individual	libraries	using	real-time	PCR,	equimolar	library	pools	were	

prepared.	The	final	concentration	of	the	multiplexed	pools	was	verified	by	real-time	PCR.	

Libraries	were	sequenced	with	a	100-cycle	single	read	protocol	on	the	Illumina	HiSeq	2500	

platform.	

Data	processing	and	differential	expression	analysis	

Base	call	files	were	converted	to	fastq	files	using	Bcl2Fastq	(Illumina)	and	the	data	

were	assessed	for	quality	using	fastQC.	The	reads	were	aligned	to	the	mouse	genome	

(mm10	assembly)	using	Subread;	the	aligned	reads	were	mapped	to	transcripts	using	

featureCounts.154,155	Transcripts	with	fewer	than	5	reads	across	all	samples	were	excluded	

from	the	differential	expression	analysis.	Differentially	expressed	transcripts	were	

identified	using	the	edgeR	package.156	A	negative	binomial	model	for	count	data	was	
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applied	using	two	estimates	of	dispersion:	common	dispersion,	which	uses	a	single	

estimate	of	dispersion	for	all	transcripts	and	detects	transcripts	with	more	outlier	values,	

and	tagwise	dispersion,	which	estimates	dispersion	for	each	transcript	and	detects	

transcripts	with	more	consistent	results.	P	values	were	adjusted	for	multiple	comparisons	

using	the	Benjamini	Hochberg	false	discovery	rate	(FDR)	procedure.157	The	raw	and	

analyzed	files	were	uploaded	to	Gene	Expression	Omnibus	under	the	accession	

GSE122995.	

Gene	Ontology	enrichment	analysis	

Gene	Ontology	(GO)	enrichment	analysis	was	performed	using	BiNGO.158	

Differentially	expressed	transcripts	with	greater	abundance	in	low	sodium	diet	versus	high	

sodium	diet	were	used	as	the	test	set;	the	whole	annotation	was	used	as	the	reference	set.	

Over-representation	of	GO	Biological	Process	terms	in	the	differentially	expressed	

transcripts	was	determined	using	the	hypergeometric	test;	P	values	were	adjusted	for	

multiple	comparisons	using	the	Benjamini	Hochberg	FDR	procedure.157		

Microdissection	of	cortical	collecting	ducts	

CCDs	were	dissected	from	mouse	kidney	using	the	technique	developed	by	the	

Knepper	laboratory.159	The	microdissected	CCDs	were	immediately	transferred	to	ice-cold	

QIAzol	lysis	reagent	(79306;	Qiagen)	and	then	stored	at	-80°C	until	RNA	extraction.	
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RNA	extraction	and	quantitative	PCR	

Total	RNA	was	isolated	from	the	microdissected	CCDs	using	an	RNeasy	Plus	

Universal	Mini	Kit	(73404;	Qiagen),	according	to	the	manufacturer’s	protocol.	The	RNA	was	

then	reverse-transcribed	into	cDNA	using	a	High-Capacity	RNA-to-cDNA	Kit	(4387406;	

ThermoFisher	Scientific).	qPCR	was	performed	using	TaqMan	reagents	(ThermoFisher	

Scientific);	18S	rRNA	was	used	as	the	reference	gene.	Gene	expression	data	were	calculated	

using	the	ΔCt	method.	

Statistical	analyses	

Statistical	analyses	of	transcriptome	data	are	described	under	“data	processing	and	

differential	expression	analysis”	and	“Gene	Ontology	enrichment	analysis.”	All	other	

statistical	tests	were	performed	as	indicated	in	the	figure	legends	using	Prism	7	for	Mac	OS	

X	(GraphPad	Software,	Inc.).	

Results	

Physiological	effects	of	dietary	sodium	intake	

C57BL/6J	mice	were	fed	either	a	low	sodium	or	high	sodium	diet	for	five	days,	

causing	a	significant	difference	in	plasma	aldosterone	without	causing	other	metabolic	

changes	(Fig.	7A).	Specifically,	blood	electrolytes,	total	carbon	dioxide,	blood	urea	nitrogen,	

hematocrit,	hemoglobin,	and	anion	gap	were	similar	between	the	two	groups	(Fig.	7B	–	J).	

Urinary	electrolytes	were	not	measured.	Terker	and	colleagues	published	data	showing	
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changes	in	urinary	electrolytes	in	response	to	changes	in	dietary	electrolyte	intake.120	

These	data	indicate	that	at	five	days,	differences	in	urinary	electrolytes	reflect	differences	

in	dietary	electrolyte	intake	rather	than	differences	in	renal	function.	

	

Figure	7.	Physiological	parameters	of	C57BL/6J	mice	fed	low	sodium	versus	high	sodium	diet.		

C57BL/6J	mice	fed	low	sodium	(0.01	–	0.02%	Na+)	diet	had	markedly	elevated	plasma	aldosterone	

compared	with	mice	fed	high	sodium	(2.4%	Na+)	diet.	However,	other	physiological	parameters	were	

similar	between	the	two	groups.	Aldosterone	was	measured	in	plasma;	other	parameters	were	

measured	in	whole	blood.	A)	Aldosterone,	B)	Sodium,	C)	Potassium,	D)	Chloride,	E)	Total	carbon	

dioxide,	F)	Ionized	calcium,	G)	Glucose,	H)	Hematocrit,	I)	Hemoglobin,	and	J)	Anion	gap.	Data	in	A	–	J	

displayed	as	mean	±	SEM;	comparisons	by	unpaired	t	test	with	two-tailed	P	value.	***P<0.0001.		

RNA-seq	profiling	of	distal	tubule	cells	

CNT/CD	cells,	isolated	as	above	from	mouse	kidneys,	were	used	to	prepare	cDNA	

libraries	for	single-end	sequencing.	The	cDNA	libraries	were	sequenced	to	a	mean	depth	of	

113	million	reads	(range:	106	million	–	126	million)	per	sample	with	a	mean	alignment	of	

76.3%	(range:	72.2%	–	79.1%).	The	aligned	reads	mapped	to	59,121	transcripts.	

Transcripts	with	fewer	than	five	reads	across	all	samples	or	with	log2CPM	≤	1	were	

excluded	from	the	differential	expression	analysis.	Of	the	remaining	7,273	transcripts,	323	

were	differentially	expressed	(FDR	<	0.05)	between	the	low	sodium	and	high	sodium	diet	

A B C D E

F G H I J
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groups.	Of	the	differentially	expressed	transcripts,	162	were	more	abundant	in	the	CNT/CD	

cells	isolated	from	mice	fed	low	sodium	diet	and	161	were	more	abundant	in	the	CNT/CD	

cells	isolated	from	mice	fed	high	sodium	diet.		

Bioinformatic	analysis	of	the	distal	tubule	cell	transcriptome	

Gene	Ontology	(GO)	enrichment	analysis	was	used	to	identify	biological	processes	

associated	with	differentially	expressed	transcripts	that	were	more	abundant	in	the	

CNT/CD	cells	isolated	from	mice	fed	low	sodium	diet.	Biological	Process	terms	that	were	

statistically	over-represented	among	these	transcripts	were	identified	using	the	

bioinformatics	application	BiNGO.158	Ion	transmembrane	transport	(GO:00334220),	

regulation	of	growth	(GO:0040008),	and	negative	regulation	of	apoptosis	(GO:0043066)	

were	among	the	over-represented	Biological	Process	terms.	Of	the	genes	associated	with	

each	of	these	terms,	those	that	were	differentially	expressed	are	illustrated	using	the	

heatmaps	shown	in	Fig.	8.	The	heatmaps	show	higher	expression	of	these	genes	in	the	

CNT/CD	cells	isolated	from	mice	fed	low	sodium	diet.	

GO	Molecular	Function	terms	were	used	to	identify	differentially	expressed	

transcripts	associated	with	DNA-binding	transcription	factor	activity	(GO:0003700),	

transmembrane	transporter	activity	(GO:0022857),	kinase	activity	(GO:0016301),	and	

G-protein	coupled	receptor	activity	(GO:0004930).	
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Figure	8.	Heatmaps	illustrating	differential	expression	of	transcripts	associated	with	statistically	

over-represented	Gene	Ontology	(GO)	classifications.	

A)	GO:0034220	ion	transmembrane	transport,	B)	GO:0040008	regulation	of	growth,	C)	GO:0043066	

negative	regulation	of	apoptosis.	
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DNA-binding	transcription	factors	interact	selectively	with	promoters	and	

enhancers	to	alter	gene	transcription.	Transcription	factors	determine	the	transcriptional	

response	to	physiological	stimuli,	including	changes	in	plasma	aldosterone.	Tsc22d3	(which	

encodes	GILZ)	is	itself	a	transcription	factor	and	was	identified	as	an	aldosterone-induced	

transcript	in	mpkCCDc14	cells.126,160	The	GO	molecular	function	term	DNA-binding	

transcription	factor	activity	(GO:0003700)	was	used	to	identify	additional	transcription	

factors	that	were	differentially	expressed	in	the	CNT/CD	cells	(Table	1).	In	addition	to	

Tsc22d3,	FoxI1	and	Dmrt2	were	among	the	differentially	expressed	transcription	factors	

that	were	more	abundant	in	the	CNT/CD	cells	isolated	from	mice	fed	low	sodium	diet.	FoxI1	

and	Dmrt2	were	previously	identified	as	intercalated	cell-specific	transcription	factors	

within	the	collecting	duct.149,161	Bcl6	and	Egr1,	which	were	differentially	expressed	in	the	

kidneys	of	male	rats	with	developmentally	programmed	hypertension,	were	among	the	

differentially	expressed	transcription	factors	that	were	more	abundant	in	the	CNT/CD	cells	

isolated	from	mice	fed	high	sodium	diet.162	
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Table	1.	Differentially	expressed	transcripts	associated	with	DNA-binding	transcription	factor	

activity	(GO:0003700).	

Transmembrane	transporters	are	involved	in	the	transport	of	solutes	across	the	

plasma	membrane.	In	the	collecting	duct,	aldosterone	regulates	transmembrane	transport	

to	determine	the	final	concentrations	of	urinary	sodium	and	potassium.	The	GO	molecular	

function	term	transmembrane	transporter	activity	(GO:0022857)	was	used	to	identify	

transmembrane	transporters	that	were	differentially	expressed	in	the	CNT/CD	cells	(Table	

2).	Several	of	the	differentially	expressed	transmembrane	transporters	that	were	more	

abundant	in	the	CNT/CD	cells	isolated	from	mice	fed	a	low	sodium	diet,	including	two	

subunits	of	the	proton	ATPase	(Atp6v0d2	and	Atp6v1g3),	aquaporin	6	(Aqp6),	anion	

exchange	protein	1	(Slc4a1),	and	pendrin	(Slc26a4),	were	previously	found	to	be	expressed	

Gene symbol Gene name logFC logCPM P value FDR 
FoxI1 Forkhead box I1 -1.39 8.06 4.09E-06 3.82E-04 
Dmrt2 Doublesex and mab-3 related transcription 

factor 2 
-1.33 4.06 1.28E-05 8.85E-04 

Ankrd1 Ankyrin repeat domain 1 -1.34 3.28 1.30E-05 8.93E-04 
Tsc22d3 TSC22 domain family member 3 -1.41 1.23 1.74E-05 1.14E-03 
Zfp750 Zinc finger protein 750 -1.02 3.02 9.42E-04 2.34E-02 
Cited2 Cbp/p300 interacting transactivator with 

Glu/Asp rich carboxy-terminal domain 2 
1.03 2.45 9.72E-04 2.39E-02 

Foxm1 Forkhead box M1 1.04 2.17 9.03E-04 2.27E-02 
Deaf1 Deaf1 1.07 2.36 5.80E-04 1.63E-02 
Tfap4 Transcription factor AP-4 1.09 3.40 3.51E-04 1.12E-02 
Scx Scleraxis bHLH transcription factor 1.09 4.46 3.08E-04 1.01E-02 
Bcl6 B cell CLL/lymphoma 6 1.14 4.11 1.74E-04 6.56E-03 
Klf2 Krppel like factor 2 1.28 1.23 1.00E-04 4.44E-03 
Jun Jun proto-oncogene 1.46 7.77 1.36E-06 1.69E-04 
Id3 Inhibitor of DNA binding 3 1.63 7.02 8.01E-08 1.61E-05 
Junb JunB proto-oncogene 1.63 6.68 7.56E-08 1.55E-05 
Nr4a1 Nuclear receptor subfamily 4 group A member 1 1.94 5.34 2.89E-10 1.46E-07 
Ier2 Immediate early response 2 2.03 7.34 4.21E-11 2.67E-08 
Egr1 Early growth response 1 2.16 7.98 2.62E-12 2.34E-09 
Fos Fos proto-oncogene, AP-1 transcription factor 

subunit 
2.49 8.14 1.46E-15 2.87E-12 

Fosb FosB proto-oncogene, AP-1 transcription factor 
subunit 

2.91 5.50 7.68E-20 3.78E-16 
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predominantly	in	intercalated	cells	by	single-cell	RNA	profiling	of	collecting	duct	cells	

isolated	from	mouse	kidney.161	In	contrast,	several	of	the	differentially	expressed	

transmembrane	transporters	that	were	more	abundant	in	the	CNT/CD	cells	isolated	from	

mice	fed	a	high	sodium	diet,	including	aquaporins	2	and	3	(Aqp2	and	Aqp3)	and	the	renal	

outer	medullary	potassium	channel	ROMK	(Kcnj1),	were	previously	found	to	be	expressed	

predominantly	in	principal	cells	in	the	same	study.161	

	

Table	2.	Differentially	expressed	transcripts	associated	with	transmembrane	transporter	activity	

(GO:0022857).	

	 	

Gene symbol Gene name logFC logCPM P value FDR 
S100a6 S100 calcium binding protein A6 -1.71 5.48 2.05E-08 4.92E-06 
Slc4a1 Solute carrier family 4 member 1 -1.70 8.02 2.12E-08 5.03E-06 
Aqp6 Aquaporin 6  -1.57 4.45 2.79E-07 4.17E-05 
Atp6v1g3 ATPase H+ transporting V1 subunit G3 -1.44 8.66 1.83E-06 2.06E-04 
Slc1a4 Solute carrier family 1 member 4 -1.57 1.01 3.05E-06 3.12E-04 
Slc12a1 Solute carrier family 12 member 1 -1.40 4.85 3.84E-06 3.65E-04 
Atp6v0d2 ATPase H+ transporting V0 subunit D2 -1.35 7.31 7.56E-06 6.08E-04 
Lrrc8b Leucine rich repeat containing 8 VRAC subunit 

B 
-1.36 1.00 4.28E-05 2.29E-03 

Ank Ankyrin 1 -1.20 3.34 8.51E-05 3.89E-03 
Aqp6 Aquaporin 6  -1.12 7.62 1.90E-04 7.01E-03 
Kcnk5 Potassium two pore domain channel subfamily 

K member 5 
-1.12 3.95 2.11E-04 7.69E-03 

Slc26a4 Solute carrier family 26 member 4 -1.07 9.21 3.61E-04 1.14E-02 
Slc27a2 Solute carrier family 27 member 2 -1.02 4.97 6.76E-04 1.83E-02 
Atp6v0a4 ATPase H+ transporting V0 subunit A4 -1.02 3.66 7.54E-04 1.99E-02 
Fxyd2 FXYD domain containing ion transport regulator 

2 
-1.02 3.02 9.42E-04 2.34E-02 

Aqp3 Aquaporin 3 1.28 10.54 2.03E-05 1.28E-03 
Aqp2 Aquaporin 2 1.29 12.27 1.70E-05 1.13E-03 
Nipal1 NIPA like domain containing 1 1.40 2.14 9.11E-06 7.01E-04 
Kcns1 Potassium voltage-gated channel modifier 

subfamily S member 1 
1.47 2.97 2.30E-06 2.48E-04 

Trpv5 Transient receptor potential cation channel 
subfamily V member 5 

1.45 5.54 1.78E-06 2.02E-04 

Kcnj1 Potassium voltage-gated channel subfamily J 
member 1 

2.82 1.08 3.81E-15 6.83E-12 

Atp12a ATPase H+/K+ transporting non-gastric alpha2 
subunit 

3.87 2.34 2.68E-27 5.28E-23 
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Kinases	catalyze	the	transfer	of	phosphate	groups	to	substrate	molecules	and	have	

been	shown	to	play	a	role	in	genomic	as	well	as	rapid	non-genomic	actions	of	aldosterone.	

The	GO	molecular	function	term	kinase	activity	(GO:0016301)	was	used	to	identify	kinases	

that	were	differentially	expressed	in	the	CNT/CD	cells	(Table	3).	Sgk1,	or	

serum/glucocorticoid	regulated	kinase	1,	has	been	consistently	identified	in	gene	

expression	profiles	of	cell	culture	models	and	mouse	kidney	following	aldosterone	

treatment.79,127–129,133,139,163	In	the	present	study,	Sgk1	was	among	the	differentially	

expressed	kinases	that	were	more	abundant	in	the	CNT/CD	cells	isolated	from	mice	fed	low	

sodium	diet.	Two	other	differentially	expressed	kinases	that	were	more	abundant	in	the	

CNT/CD	cells	isolated	from	mice	fed	low	sodium	diet,	Map3k6	and	Mapk11,	are	members	of	

the	mitogen-activated	protein	(MAP)	kinase	family.	Among	the	kinases	that	were	more	

abundant	in	the	CNT/CD	cells	isolated	from	mice	fed	high	sodium	diet	was	Grk4,	which	

regulates	renal	dopamine	receptors	and	has	been	associated	with	the	development	of	

hypertension.164	

	

Table	3.	Differentially	expressed	transcripts	associated	with	kinase	activity	(GO:0016301).	

Gene symbol Gene name logFC logCPM P value FDR 
Sgk1 Serum/glucocorticoid regulated kinase 1 -3.42 1.84 1.74E-22 1.72E-18 
Map3k6 Mitogen-activated protein kinase kinase kinase 

6 
-2.27 1.05 6.19E-11 3.81E-08 

Mapk11 Mitogen-activated protein kinase 11 -1.50 2.54 1.65E-06 1.90E-04 
Mmd2 Monocyte to macrophage differentiation 

associated 2 
-1.04 3.90 5.85E-04 1.63E-02 

Trib2 Tribbles pseudokinase 2 -1.03 3.44 7.54E-04 1.99E-02 
Insrr Insulin receptor related receptor -0.97 8.03 1.12E-03 2.63E-02 
Efnb2 Ephrin B2 0.93 4.48 1.91E-03 3.85E-02 
Ccnd1 Cyclin D1 0.93 8.05 1.81E-03 3.74E-02 
Grk4 G protein-coupled receptor kinase 4 1.04 1.12 1.45E-03 3.18E-02 
Ulk4 Unc-51 like kinase 4 1.13 1.88 3.41E-04 1.10E-02 
Tk1 Thymidine kinase 1 1.37 1.35 2.86E-05 1.68E-03 
Ccna2 Cyclin A2 1.66 1.16 6.48E-07 8.74E-05 
Cdk1 Cyclin dependent kinase 1 1.71 2.05 9.67E-08 1.84E-05 
Pbk PDZ binding kinase 2.09 1.94 1.80E-10 9.86E-08 
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The	GO	molecular	function	term	G-protein	coupled	receptor	activity	(GO:0004930)	

was	used	to	identify	G-protein	coupled	receptors	(GPCRs)	that	were	differentially	

expressed	in	the	CNT/CD	cells	(Table	4).	Oxoglutarate	receptor	1	(Oxgr1)	was	among	the	

differentially	expressed	GPCRs	that	were	more	abundant	in	the	CNT/CD	cells	isolated	from	

mice	fed	low	sodium	diet.	This	α-ketoglutarate-activated	GPCR	plays	a	role	in	the	activation	

of	the	Na+-independent	Cl-/HCO3-	exchanger	pendrin.165	Pendrin,	in	turn,	modulates	ENaC	

abundance	and	activity	by	altering	urinary	concentrations	of	HCO3-	and	ATP.165,166	

	

Table	4.	Differentially	expressed	transcripts	associated	with	G-protein	coupled	receptor	activity	

(GO:0004930).	

Comparison	of	aldosterone-induced	and	salt-sensitive	genes	

Both	the	present	study	and	the	recently	published	study	by	Poulsen	and	colleagues	

used	FACS	to	isolate	cells	from	the	kidney	distal	tubule	for	gene	expression	profiling.148	The	

cell	selection	approach,	immunolabeling	of	L1-CAM	versus	expression	of	eGFP	under	the	

TRPV5	promoter,	and	the	means	of	manipulating	plasma	aldosterone,	changing	dietary	

sodium	versus	administration	of	aldosterone	by	osmotic	minipump,	differed	between	the	

Gene symbol Gene name logFC logCPM P value FDR 
Tshr Thyroid stimulating hormone receptor -1.95 2.80 7.09E-10 3.17E-07 
Bdkrb2 Bradykinin receptor B2 -1.82 2.64 8.50E-09 2.39E-06 
Avpr1a Arginine vasopressin receptor 1A  -1.34 6.29 8.92E-06 6.94E-04 
Sfrp1 Secreted frizzled related protein 1 -1.33 9.82 1.03E-05 7.69E-04 
Oxgr1 Oxoglutarate receptor 1 -1.32 7.02 1.10E-05 8.02E-04 
F2r Coagulation factor II thrombin receptor -1.38 2.29 1.13E-05 8.12E-04 
Adora2b Adenosine A2b receptor -1.31 2.73 2.39E-05 1.48E-03 
Gprc5a G protein-coupled receptor class C group 5 

member A 
-0.98 5.88 1.05E-03 2.52E-02 

Fzd7 Frizzled class receptor 7 1.04 6.83 4.95E-04 1.44E-02 
Gprc5b G protein-coupled receptor class C group 5 

member B 
1.11 6.24 2.27E-04 8.10E-03 

Hpgd 15-hydroxyprostaglandin dehydrogenase 1.22 2.73 8.46E-05 3.88E-03 
Fzd1 Frizzled class receptor 1 1.49 5.50 8.65E-07 1.13E-04 
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two	studies.	However,	the	resulting	plasma	aldosterone	concentrations	were	similar	(548	±	

58	pg/mL	in	the	present	study	versus	506	±	61	pg/mL	in	the	study	by	Poulsen	et	al.).	We	

compared	the	differentially	expressed	transcripts	that	were	more	abundant	in	the	CNT/CD	

cells	isolated	from	mice	fed	low	sodium	diet	with	the	aldosterone-induced	genes	identified	

by	Poulsen	et	al.,	identifying	18	genes	in	common	(Fig.	9A).	A	heatmap	illustrating	

differential	expression	of	these	genes	between	the	low	sodium	versus	high	sodium	diet	

groups	is	shown	in	Fig.	9B.	

Expression	of	aldosterone-induced	and	salt-sensitive	genes	in	

microdissected	cortical	collecting	ducts	

We	identified	18	differentially	expressed	genes	that	were	more	abundant	in	the	

CNT/CD	cells	isolated	from	mice	fed	low	sodium	diet	and	that	were	induced	by	aldosterone	

in	the	study	by	Poulsen	and	colleagues.148	Differential	expression	of	these	genes	was	

evaluated	in	an	independent	experiment	using	C57BL/6J	mice	fed	either	low	sodium	or	

high	sodium	diet	to	manipulate	endogenous	aldosterone.	CCDs	were	microdissected	from	

the	kidneys,	allowing	additional	confirmation	that	gene	expression	changes	observed	in	the	

sorted	cells	can	be	attributed	to	the	CCD.	RNA	was	purified	from	the	microdissected	CCDs	

and	gene	expression	was	assessed	by	qPCR.	Gene	expression	was	higher	in	the	low	sodium	

diet	group	compared	with	the	high	sodium	diet	group	for	eight	of	the	18	genes:	Ank,	Cited4,	

Crip1,	Hmx2,	Insrr,	Sgk1,	Slc26a4,	and	Spink8	(Fig.	10A	–	Q).	
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Figure	9.	Identification	of	the	differentially	expressed	genes	in	common	between	the	administration	

of	aldosterone	and	low	sodium	diet.	

A)	The	differentially	expressed	genes	that	were	more	abundant	in	the	CNT/CD	cells	isolated	from	

mice	fed	a	low	sodium	diet	were	compared	with	the	aldosterone-induced	genes	identified	by	Poulsen	

et	al.	B)	Heatmap	illustrating	differential	expression	in	the	CNT/CD	cells	isolated	from	mice	fed	low	

sodium	(0.01	–	0.02%	Na+)	versus	high	sodium	(2.4%	Na+)	diet	of	the	18	differentially	expressed	

genes	in	common	between	the	administration	of	aldosterone	and	low	sodium	diet.	
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Figure	10.	Expression	of	the	18	differentially	expressed	genes	identified	in	Figure	9	was	measured	in	

an	independent	experiment	using	C57BL/6J	mice	fed	a	low	sodium	(0.01	–	0.02%	Na+)	or	a	high	

sodium	(2.4%	Na+)	diet.	RNA	was	purified	from	microdissected	cortical	collecting	ducts	and	

expression	of	the	following	genes	was	measured	by	qPCR:	A)	Ank,	B)	Atp6v0d2,	C)	Atp6v1g3,	D)	Cdr2,	

E)	Cited4,	F)	Crip1,	G)	Cry1,	H)	FoxI1,	I)	Fxyd2,	J)	Hepacam2,	K)	Hmx2,	L)	Insrr,	M)	Lcn2,	N)	Sgk1,	O)	

Slc26a4,	P)	Spink8,	Q)	Tsc22d3,	R)	Wscd2.	

Discussion	

Aldosterone	modulates	the	activity	of	the	epithelial	sodium	channel	ENaC	by	

regulating	a	set	of	target	genes	encoding	aldosterone-induced	proteins.	Identifying	the	key	

aldosterone-induced	proteins	that	are	essential	for	mediating	aldosterone	activation	of	

ENaC	has	proved	challenging.	Most	studies	seeking	to	identify	aldosterone-induced	
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transcripts	have	used	gene	expression	profiling	of	in	vitro	model	systems.126–130	These	

studies	identified	Sgk1	and	Tsc22d3	(which	encodes	GILZ)	as	aldosterone-induced	genes.	In	

Xenopus	oocytes,	co-expression	of	Sgk1	with	Scnn1a,	Scnn1b,	and	Scnn1g	was	found	to	

increase	localization	of	ENaC	at	the	plasma	membrane	and	increase	channel-mediated	

sodium	current	many	fold.79,127,128,139,140	Evidence	from	Sgk1	knockout	mice	indicates	that	

SGK1	does	play	a	role	in	processing	and	trafficking	of	ENaC;	however,	ENaC	activity	does	

not	differ	between	Sgk1	knockout	and	wild-type	mice,	indicating	that	other	factors	are	also	

involved	in	the	regulation	of	ENaC.137,138,167	Co-expression	of	Tsc22d3	with	Scnn1a,	Scnn1b,	

and	Scnn1g	in	Xenopus	oocytes	increases	ENaC	activity.	However,	Tsc22d3	knockout	mice	

develop	hypernatremia	and	hypokalemia	when	fed	low	sodium	diet,	which	contrasts	with	

the	hyponatremia	and	hyperkalemia	observed	in	kidney-specific	mineralocorticoid	

receptor	knockout	(KS-MR–/–)	mice	under	the	same	conditions.134,160	As	genetic	deletion	of	

aldosterone	signaling	molecules	that	have	been	identified	to	date	does	not	recapitulate	the	

phenotype	of	mice	lacking	MR	in	the	kidney,	key	components	of	aldosterone	signaling	

pathways	in	vivo	remain	to	be	identified.120,121	

Poulsen	and	colleagues	recently	identified	transcripts	in	kidney	cells	sorted	from	

mice	treated	with	aldosterone.148	Cells	expressing	enhanced	green	fluorescent	protein	

under	the	control	of	the	TRPV5	promoter	were	isolated	by	FACS	and	used	for	RNA-seq.	

This	approach	identified	290	aldosterone-induced	genes	and	257	aldosterone-repressed	

genes;	among	the	aldosterone-induced	genes	were	those	encoding	SGK1	and	GILZ.	As	the	

administration	of	aldosterone	has	diverse	metabolic	effects,	including	hypokalemic	

metabolic	alkalosis,	and	several	consequences	of	aldosterone	administration	were	recently	

shown	to	be	secondary	to	its	metabolic	effects,	dietary	sodium	was	manipulated	to	alter	
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plasma	aldosterone	while	minimizing	metabolic	changes.	Additionally,	rapid	isolation	of	

kidney	CNT/CD	cells	was	used	to	avoid	the	limitations	of	cell	culture	models.	Using	this	

approach,	323	differentially	expressed	transcripts	were	identified.	

Gene	Ontology	Biological	Process	terms	that	were	statistically	over-represented	

among	the	differentially	expressed	transcripts	that	were	more	abundant	in	the	CNT/CD	

cells	isolated	from	mice	fed	low	sodium	diet	were	identified	to	assess	the	processes	that	

underlie	the	adaptation	of	the	CNT/CD	to	low	sodium	diet.	Transcripts	associated	with	the	

term	“ion	transmembrane	transport”	were	statistically	over-represented	among	the	

differentially	expressed	transcripts.	This	is	consistent	with	evidence	from	KS-MR–/–	mice	

that	the	role	of	the	MR	in	mediating	aldosterone	effects	on	ion	homeostasis	results	

primarily	from	its	action	in	the	renal	epithelium.120,121	Transcripts	associated	with	the	

terms	“regulation	of	growth”	and	“negative	regulation	of	apoptosis”	were	also	statistically	

over-represented	among	the	differentially	expressed	transcripts	that	were	more	abundant	

in	the	CNT/CD	cells	isolated	from	mice	fed	low	sodium	diet.	Remodeling	of	the	collecting	

duct	is	associated	with	cell	growth	and	proliferation	and	has	been	described	in	a	variety	of	

physiological	and	pathophysiological	states.168–171	Over-representation	of	transcripts	

associated	with	regulation	of	growth	and	negative	regulation	of	apoptosis	raises	the	

possibility	that	remodeling	plays	a	role	in	the	adaptation	of	the	collecting	duct	to	low	

sodium	diet.		

Although	our	original	aim	was	to	isolate	principal	cells,	the	transcriptome	data	

demonstrated	that	the	L1-CAM+CD31-CD45-	kidney	cell	population	included	both	principal	

and	intercalated	cells.	Using	publicly	available	data	from	the	single-cell	gene	expression	

profile	of	the	collecting	duct	published	by	Chen	and	colleagues,	we	were	able	to	
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differentiate	intercalated	and	principal	cell-specific	transcripts	in	our	CNT/CD	cell	

transcriptome	data.161	The	differentially	expressed	transcripts	that	were	more	abundant	in	

the	CNT/CD	cells	isolated	from	mice	fed	low	sodium	diet	included	many	intercalated	cell-

specific	transcripts.	These	include	the	transcription	factor	FoxI1	as	well	as	the	

transmembrane	transporters	Atp6v0d2,	Atp6v1g3,	Aqp6,	Slc4a1,	and	Slc26a4.	In	addition,	

the	α-ketoglutarate-activated	GPCR	Oxgr1,	which	plays	a	role	in	activation	of	the	Na+-

independent	Cl-/HCO3-	exchanger	pendrin,	was	more	abundant	in	the	CNT/CD	cells	isolated	

from	mice	fed	a	low	sodium	diet.165	Thus,	the	adaptation	of	the	CNT/CD	to	low	sodium	diet	

involves	transcriptional	changes	in	intercalated	cells	as	well	as	principal	cells.	

Several	differentially	expressed	transcripts	that	were	more	abundant	in	the	CNT/CD	

cells	isolated	from	mice	fed	a	high	sodium	diet	have	been	previously	associated	with	the	

development	of	hypertension.	Two	of	these	transcripts,	Bcl6	and	Egr1,	were	identified	by	

gene	expression	profiling	of	kidneys	from	male	rats	with	developmentally	programmed	

hypertension.162	Bcl6	was	also	differentially	expressed	in	the	kidneys	of	spontaneously	

hypertensive	rats.172	A	third	differentially	expressed	transcript	that	was	more	abundant	in	

the	CNT/CD	cells	isolated	from	mice	fed	a	high	sodium	diet,	Grk4,	encodes	a	kinase	that	

regulates	renal	dopamine	receptors	and	has	been	associated	with	the	development	of	

hypertension.164	Given	that	several	of	the	differentially	expressed	transcripts	that	were	

more	abundant	in	the	CNT/CD	cells	isolated	from	mice	fed	a	high	sodium	diet	have	been	

associated	with	the	development	of	hypertension,	it	is	possible	that	one	mechanism	linking	

high	sodium	diet	and	hypertension	is	transcriptional	changes	in	the	distal	tubule.	

The	aldosterone-induced	transcripts	identified	using	gene	expression	profiling	of	in	

vitro	model	systems	have	not	fully	explained	the	action	of	aldosterone	on	ENaC	in	vivo,	
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suggesting	that	key	components	of	aldosterone	signaling	pathways	in	vivo	differ	from	what	

has	been	observed	in	cell	culture.	In	order	to	identify	aldosterone-induced	transcripts	in	

vivo,	both	the	present	study	and	the	recently	published	study	by	Poulsen	et	al.	used	FACS	to	

isolate	cells	from	the	kidney	distal	tubule	for	gene	expression	profiling.148	Plasma	

potassium,	which	may	also	affect	gene	expression	in	the	distal	tubule,	differed	between	the	

two	experimental	conditions;	however,	the	elevation	in	plasma	aldosterone	was	similar.	

Additionally,	while	both	cell	sorting	protocols	isolated	CNT	and	CD	cells,	differences	in	the	

cell-selection	strategies	(L1-CAM	versus	TRPV5)	may	have	resulted	in	isolation	of	slightly	

different	cell	populations.	This	may	have	limited	the	number	of	differentially	expressed	

genes	in	common	between	the	two	experiments.	However,	the	genes	that	are	differentially	

expressed	in	both	conditions	are	likely	to	be	regulated	directly	by	aldosterone.	While	the	

differential	expression	of	some	genes	identified	using	this	approach	was	not	validated	by	

qPCR,	the	differential	expression	of	many	genes	was	confirmed.	Thus,	comparing	

physiologically	relevant	transcriptome	data	obtained	using	different	models	to	interrogate	

aldosterone	signaling	may	identify	novel	genes	and	pathways	for	further	study.	In	future	

studies	evaluating	aldosterone	signaling	to	ENaC	in	the	kidney	distal	tubule,	it	will	be	

valuable	to	use	the	KS-MR–/–	mouse	to	distinguish	between	aldosterone-induced	

transcripts	that	are	regulated	by	metabolic	changes	in	the	setting	of	high	aldosterone	

versus	aldosterone-induced	transcripts	that	are	directly	regulated	by	aldosterone	through	

the	mineralocorticoid	receptor.	
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Chapter	3	–	Identification	of	mineralocorticoid	

target	genes	in	the	cortical	collecting	duct	

Abstract	

The	steroid	hormone	aldosterone	modulates	sodium	reabsorption	in	the	cortical	

collecting	duct	through	binding	of	the	mineralocorticoid	receptor	and	transcriptional	

regulation	of	proteins	that	influence	the	activity	of	the	epithelial	sodium	channel	ENaC.	

Previous	studies	seeking	to	identify	ENaC-regulating,	aldosterone-induced	proteins	have	

used	transcriptional	profiling	of	cultured	cells	or	distal	tubule	cells	isolated	from	wild-type	

mice.	While	these	studies	have	identified	many	aldosterone-induced	proteins,	it	is	not	

possible	to	determine	from	these	studies	whether	these	proteins	are	transcriptionally	

regulated	following	aldosterone	binding	to	the	mineralocorticoid	receptor	or	by	changes	in	

plasma	potassium	and	angiotensin	II	that	occur	in	high	aldosterone	states.	To	identify	

transcripts	regulated	by	aldosterone	binding	to	the	mineralocorticoid	receptor	in	an	in	vivo	

model,	we	used	cortical	collecting	ducts	microdissected	from	kidney-specific	

mineralocorticoid	receptor	knockout	mice	fed	a	high	sodium,	low	potassium	diet,	and	

control	mice	fed	a	low	sodium	diet,	for	transcriptional	profiling.	Of	the	differentially	

expressed	transcripts,	17	were	more	abundant	in	the	cortical	collecting	ducts	

microdissected	from	control	mice	fed	a	low	sodium	diet,	and	41	were	more	abundant	in	the	

cortical	collecting	ducts	microdissected	from	kidney-specific	mineralocorticoid	receptor	
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knockout	mice	a	fed	high	sodium,	low	potassium	diet.	Comparison	with	two	recent	studies	

of	gene	expression	changes	in	isolated	distal	tubule	cells	in	response	to	low	sodium	diet	or	

administration	of	aldosterone	identified	one	gene,	Cited4,	in	common	between	the	three	

experiments.	Expression	of	18	aldosterone-induced	and	salt-sensitive	genes	was	measured	

in	cortical	collecting	ducts	microdissected	from	kidney-specific	mineralocorticoid	receptor	

knockout	mice	fed	a	high	sodium,	low	potassium	diet	and	control	mice	fed	a	low	sodium	

diet.	Of	the	18	genes,	14	were	differentially	expressed,	indicating	that	these	genes	are	likely	

to	be	regulated	directly	by	aldosterone	binding	to	the	mineralocorticoid	receptor.	Future	

studies	of	these	genes	may	provide	insight	into	aldosterone	signaling	to	ENaC	in	the	

cortical	collecting	duct.	

Introduction	

The	steroid	hormone	aldosterone	is	secreted	by	the	adrenal	zona	glomerulosa	in	

response	to	angiotensin	II	or	hyperkalemia.145–147	In	the	kidney,	aldosterone	acts	on	the	

cortical	collecting	duct	(CCD)	to	enhance	sodium	reabsorption	through	the	epithelial	

sodium	channel	ENaC.	Edelman	and	colleagues	performed	a	series	of	experiments	

examining	the	effect	of	aldosterone	on	the	toad	bladder	epithelium,	concluding	that	the	

action	of	aldosterone	to	stimulate	transepithelial	sodium	transport	requires	de	novo	

protein	synthesis.10	In	the	CCD,	aldosterone-induced	proteins,	which	are	transcriptionally	

regulated	following	aldosterone	binding	to	the	mineralocorticoid	receptor	(MR),	mediate	

the	action	of	aldosterone	on	ENaC.	Many	aldosterone-induced	proteins	have	been	

identified.	However,	genetic	deletion	of	these	proteins	does	not	produce	the	renal	salt	
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wasting,	hyperkalemia,	and	hypotension	observed	following	genetic	deletion	of	the	

MR.120,121	This	indicates	that	physiologically	relevant	aldosterone-induced	proteins	remain	

to	be	identified.138	

Two	recent	studies	examined	gene	expression	in	kidney	distal	tubule	cells	isolated	

from	mice	following	the	administration	of	aldosterone	or	low	sodium	diet.	In	the	first	

study,	aldosterone-induced	genes	were	identified	in	kidney	distal	tubule	cells	sorted	from	

mice	treated	with	aldosterone.148	Cells	expressing	enhanced	green	fluorescent	protein	

under	the	control	of	the	TRPV5	promoter	were	isolated	by	fluorescence-activated	cell	

sorting	(FACS)	and	used	for	RNA-seq,	leading	to	the	identification	of	290	aldosterone-

induced	genes,	including	Sgk1	and	Tsc22d3	(which	encodes	GILZ).	In	the	second	study,	salt-

sensitive	transcripts	were	identified	in	kidney	distal	tubule	cells	sorted	from	mice	fed	a	low	

sodium	or	high	sodium	diet.	Cells	expressing	L1-CAM	were	isolated	by	magnetic-activated	

cell	sorting	(MACS)	and	FACS	and	used	for	RNA-seq,	leading	to	the	identification	of	323	

salt-sensitive	transcripts.	Of	these	transcripts,	162	were	more	abundant	in	distal	tubule	

cells	isolated	from	mice	fed	a	low	sodium	diet,	and	161	were	more	abundant	in	distal	

tubule	cells	isolated	from	mice	fed	a	high	sodium	diet.	In	an	advance	over	previous	studies	

that	used	in	vitro	cell	culture	models,	these	studies	used	cells	rapidly	isolated	from	the	

kidney	for	transcriptional	profiling.	However,	transcriptional	profiling	of	distal	tubule	cells	

isolated	from	wild-type	mice	does	not	distinguish	between	transcriptional	changes	that	

occur	following	aldosterone	binding	to	the	MR	and	those	that	occur	in	response	to	other	

metabolic	changes,	such	as	alterations	in	plasma	potassium	or	angiotensin	II,	that	also	

affect	transporters	in	the	kidney.	
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To	identify	transcriptional	changes	that	occur	as	a	direct	result	of	aldosterone	

binding	to	the	MR,	kidney-specific	mineralocorticoid	receptor	knockout	(KS-MR–/–)	mice	

fed	a	high	sodium,	low	potassium	diet	were	compared	with	control	(MRfl/fl)	mice	fed	a	low	

sodium	diet.	Plasma	aldosterone	was	elevated	in	both	groups	of	mice;	however,	in	the	

KS-MR–/–	mice	the	absence	of	the	MR	in	the	renal	epithelium	prevents	transcription	of	MR-

regulated	genes	in	response	to	aldosterone.	CCDs	were	microdissected	from	the	mouse	

kidneys	and	used	for	RNA-seq.	Using	this	approach,	58	differentially	expressed	transcripts	

were	identified.	Of	these	transcripts,	17	were	more	abundant	in	CCDs	microdissected	from	

MRfl/fl	mice	fed	a	low	sodium	diet,	and	41	were	more	abundant	in	CCDs	microdissected	

from	KS-MR–/–	mice	fed	a	high	sodium,	low	potassium	diet.	Comparison	with	the	two	recent	

studies	of	aldosterone-induced	and	salt-sensitive	genes	in	isolated	distal	tubule	cells	

identified	one	gene,	Cited4,	in	common	between	the	three	experiments.	

Eighteen	aldosterone-induced	and	salt-sensitive	genes	were	identified	by	

comparison	of	the	two	studies	that	used	transcriptional	profiling	of	isolated	distal	tubule	

cells	from	wild-type	mice	following	administration	of	aldosterone	or	low	sodium	diet.	

Expression	of	these	genes	was	measured	in	CCDs	from	KS-MR–/–	mice	fed	a	high	sodium,	

low	potassium	diet	and	MRfl/fl	mice	fed	a	low	sodium	diet.	Of	the	18	genes,	14	were	found	to	

be	differentially	expressed,	indicating	that	these	genes	are	likely	regulated	directly	by	

aldosterone.	
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Materials	and	Methods	

Ethical	statement	

All	studies	were	approved	by	the	Oregon	Health	&	Science	University	Animal	Care	

and	Usage	Committee	(Protocol	#IP00000286)	and	followed	the	guidelines	of	the	National	

Institutes	of	Health	Guide	for	the	Care	and	Use	of	Laboratory	Animals.		

Experimental	animals	

KS-MR–/–	and	MRfl/fl	mice	(species:	Mus	musculus,	strain:	C57BL/6J)	were	used	for	all	

experiments.	These	mice	were	previously	generated	by	the	Ellison	laboratory.120	Mice	with	

loxP	sites	surrounding	the	third	exon	of	Nr3c2,	the	gene	encoding	the	mineralocorticoid	

receptor,	were	bred	to	mice	carrying	the	Pax8-rtTA	and	TRE-LC1	transgenes.	The	offspring	

were	then	interbred	to	generate	MRfl/fl/Pax8-rtTA/LC1	mice.	In	this	model,	tissue	

specificity	is	provided	by	the	Pax8-rtTA	transgene	which	expresses	the	reverse	

tetracycline-dependent	transactivator	in	the	renal	epithelium	under	the	control	of	the	Pax8	

promoter.	To	induce	Cre-mediated	recombination	of	Nr3c2,	which	leads	to	kidney-specific	

deletion	of	the	MR,	MRfl/fl/Pax8-rtTA/LC1	mice	were	treated	with	2	mg∙ml-1	doxycycline	in	

5%	sucrose	drinking	water	for	two	weeks,	beginning	between	7	and	11	weeks	of	age.	

Control	mice	were	genetically	identical	but	received	5%	sucrose	drinking	water	for	the	two	

weeks.	Separate	cohorts	of	mice	were	used	for	measurement	of	physiological	parameters,	

microdissection	of	CCDs	for	RNA-seq,	and	microdissection	of	CCDs	for	qPCR.	

Characteristics	of	the	mouse	cohorts	used	for	these	experiments	are	included	in	Table	5.	
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Genotype Sex Age, weeks 
Mean (range) 

Weight, grams 
Mean (range) 

Measurement of physiological parameters 
MRfl/fl Male 14.1 25.5 (24.2 – 26.6) 
MRfl/fl Female 20.5 23.0 (22.0 – 22.4) 
KS-MR–/– Male 12.9 23.8 
KS-MR–/– Female 20.6 21.6 (19.6 – 23.0) 
Microdissection of cortical collecting ducts for RNA-seq 
MRfl/fl Male 15.2 (11.6 – 18.4) 25.8 (24.5 – 27.8) 
KS-MR–/– Male 10.5 (9.6 – 11.1) 23.8 (21.0 – 26.3) 
Microdissection of cortical collecting ducts for qPCR 
MRfl/fl Male 15.4 (13.4 – 16.9) 25.2 (23.5 – 27.8) 
KS-MR–/– Male 12.8 (11.6 – 15.9) 28.2 (24.9 – 30.7) 

	

Table	5.	Characteristics	of	the	mouse	cohorts	used	for	the	measurement	of	physiological	parameters	

and	microdissection	of	cortical	collecting	ducts.		

Housing	and	husbandry	

Mice	were	housed	in	a	specific	pathogen-free	facility	at	Oregon	Health	&	Science	

University	and	maintained	on	a	12-hour:12-hour	light:dark	cycle	with	free	access	to	food	

and	water.	All	mice	were	fed	a	laboratory	rodent	diet	(0.39%	Na+,	1.21%	K+,	PicoLab	5L0D)	

from	weaning	until	the	end	of	the	doxycycline	or	sucrose	treatment.	After	completion	of	the	

doxycycline	treatment,	KS-MR–/–	mice	were	fed	high	sodium,	low	potassium	diet	(3.5%	Na+,	

<	0.1%	K+,	Envigo)	supplemented	with	0.2%	K+	in	drinking	water	as	described	by	the	

laboratory	of	Edith	Hummler.121	The	control	MRfl/fl	mice	were	maintained	on	the	PicoLab	

5L0D	laboratory	rodent	diet	until	the	start	of	each	experiment,	at	which	time	they	were	

switched	to	low	sodium	diet	(0.01	–	0.02%	Na+,	0.72%	K+,	TD.90228	Envigo)	for	five	days.	

Measurement	of	physiological	parameters	

Electrolytes,	urea	nitrogen,	total	carbon	dioxide,	hematocrit,	hemoglobin,	and	anion	

gap	were	measured	in	heparinized	whole	blood	obtained	by	cardiac	puncture,	using	an	
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i-STAT	Handheld	Blood	Analyzer	with	a	CHEM8+	cartridge	(Abbott	Point	of	Care).	Plasma	

aldosterone	was	measured	by	ELISA	assay	(IBL-America).	

RNA	extraction,	library	construction,	and	RNA	sequencing	

Complementary	DNA	(cDNA)	libraries	were	prepared	using	the	SMART-Seq	v4	Ultra	

Low	Input	RNA	Kit	(Takara	Bio	USA,	Inc.).	Microdissected	CCDs	were	used	in	the	first	

strand	reaction.	The	first	strand	reactions	were	primed	using	the	3’	SMART-Seq	CDS	

Primer	II	A	and	catalyzed	by	SMARTScribe	reverse	transcriptase,	a	modified	moloney	

murine	leukemia	virus	reverse	transcriptase	(MMLV-RT).	A	3’	“C”	extension	of	three	to	four	

bases	was	added	by	the	MMLV-RT’s	ability	to	extend	the	cDNA	when	the	enzyme	

encounters	the	5’	cap	structure	of	the	mRNA.173	Hybridization	of	the	“G”-tailed	templated	

switching	oligonucleotide	(TSO)	to	the	“C”	tails	resulted	in	the	extension	of	the	first	strands	

to	include	a	3’	tag	and	the	extension	of	the	TSO	for	second	strand	synthesis.	The	tagged	

double-stranded	cDNAs	were	amplified	by	PCR,	characterized	using	an	Agilent	2100	

Bioanalyzer,	and	then	fragmented	using	a	Covaris	S220	focused-ultrasonicator.	The	

fragmented	cDNAs	were	used	to	make	sequencing	libraries	using	the	TruSeq	DNA	Nano	kit	

(Illumina).	The	ends	of	the	fragmented	cDNA	were	repaired,	followed	by	adenylation	of	the	

3’	ends.	Adapters	were	ligated	to	the	adenylated	fragments.	Libraries	were	amplified	using	

PCR	and	cleaned	using	AMPure	XP	beads	(Beckman-Coulter).	Library	quality	was	assessed	

using	a	TapeStation	2200	(Agilent).	Library	concentrations	were	determined	by	real-time	

PCR	on	a	StepOne	Plus	Real	Time	PCR	Workstation	(Kapa	Biosystems	and	Applied	

Biosystems).	Libraries	were	sequenced	on	the	Illumina	HiSeq	2500	platform	using	a	100-

cycle	single	read	protocol.		
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Data	processing	and	differential	expression	analysis	

Base	call	files	were	converted	to	fastq	files	using	Bcl2Fastq	(Illumina),	and	the	data	

were	assessed	for	quality	using	fastQC.	The	reads	were	aligned	to	the	mouse	genome	

(mm10	assembly)	using	Subread;	the	aligned	reads	were	mapped	to	transcripts	using	

featureCounts.154,155	Transcripts	with	fewer	than	5	reads	across	all	samples	were	excluded	

from	the	differential	expression	analysis.	Differentially	expressed	transcripts	were	

identified	using	the	edgeR	package.156	A	negative	binomial	model	for	count	data	was	

applied	using	two	estimates	of	dispersion:	common	dispersion,	which	uses	a	single	

estimate	of	dispersion	for	all	transcripts	and	detects	transcripts	with	more	outlier	values,	

and	tagwise	dispersion,	which	estimates	dispersion	for	each	transcript	and	detects	

transcripts	with	more	consistent	results.	P	values	were	adjusted	for	multiple	comparisons	

using	the	Benjamini	Hochberg	false	discovery	rate	(FDR)	procedure.157		

Microdissection	of	cortical	collecting	ducts	

CCDs	were	dissected	from	mouse	kidney	using	the	microdissection	technique	

developed	by	the	Knepper	laboratory.159	The	microdissected	CCDs	were	immediately	

frozen	at	-80°C	until	RNA	extraction.	

RNA	extraction	and	quantitative	PCR	

Total	RNA	was	isolated	from	the	microdissected	CCDs	using	an	RNeasy	Plus	

Universal	Mini	Kit	(73404;	Qiagen),	according	to	the	manufacturer’s	protocol.	The	RNA	was	

then	reverse-transcribed	into	cDNA	using	a	High-Capacity	RNA-to-cDNA	Kit	(4387406;	

ThermoFisher	Scientific).	Targeted	pre-amplification	and	qPCR	were	performed	using	
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TaqMan	reagents	(ThermoFisher	Scientific);	18S	rRNA	was	used	as	the	reference	gene.	

Gene	expression	data	were	calculated	using	the	ΔCt	method.	

Statistical	analyses	

Statistical	analyses	of	transcriptome	data	are	described	under	“data	processing	and	

differential	expression	analysis.”	All	other	statistical	tests	were	performed	as	indicated	in	

the	figure	legends	using	Prism	8	for	Mac	OS	X	(GraphPad	Software,	Inc.).	

Results	

Physiological	parameters	

The	physiological	parameters	of	the	KS-MR–/–	mice	maintained	on	a	high	sodium,	

low	potassium	diet	are	similar	to	those	of	the	MRfl/fl	mice	fed	a	low	sodium	diet	for	5	days.	

Specifically,	plasma	aldosterone,	blood	electrolytes,	total	carbon	dioxide,	blood	urea	

nitrogen,	hematocrit,	and	hemoglobin	were	similar	between	the	two	groups	(Fig.	11A	–	I).	

The	difference	in	anion	gap	between	the	two	groups	was	statistically	significant;	however,	

the	magnitude	of	the	difference	is	unlikely	to	be	biologically	meaningful	(Fig.	11J).	
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Figure	11.	Physiological	parameters	of	MRfl/fl	mice	fed	a	low	sodium	diet	versus	KS-MR–/–	mice	fed	a	

high	sodium,	low	potassium	diet.	

Aldosterone	was	measured	in	plasma;	other	parameters	were	measured	in	whole	blood.	A)	

Aldosterone,	B)	Sodium,	C)	Potassium,	D)	Chloride,	E)	Total	carbon	dioxide,	F)	Ionized	calcium,	G)	

Glucose,	H)	Hematocrit,	I)	Hemoglobin,	and	J)	Anion	gap.	Data	in	A	–	J	displayed	as	mean	±	SEM;	

comparisons	by	unpaired	t	test	with	two-tailed	P	value.	*P<0.05.		

RNA-seq	profiling	of	the	cortical	collecting	duct	

CCDs,	microdissected	as	above	from	mouse	kidneys,	were	used	to	prepare	cDNA	

libraries	for	single-end	sequencing.	The	cDNA	libraries	were	sequenced	to	a	mean	depth	of	

65	million	reads	(range:	60	million	–	68	million)	per	sample	with	a	mean	alignment	of	

73.5%	(range:	69.4%	–	76.3%).	The	aligned	reads	mapped	to	37,693	transcripts.	

Transcripts	with	fewer	than	5	reads	across	all	samples	or	with	log2CPM	≤	1	were	excluded	

from	the	differential	expression	analysis.	Of	the	remaining	12,116	transcripts,	58	were	

differentially	expressed	(FDR	<	0.05)	between	the	two	groups.	Of	the	differentially	

expressed	transcripts,	17	were	more	abundant	in	the	CCDs	microdissected	from	MRfl/fl	mice	

fed	a	low	sodium	diet	and	41	were	more	abundant	in	the	CCDs	microdissected	from	

KS-MR–/–	mice	fed	a	high	sodium,	low	potassium	diet.		
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Comparison	of	aldosterone-induced	and	salt-sensitive	genes	

Two	recent	studies	used	FACS	to	isolate	cells	from	the	kidney	distal	tubule	for	gene	

expression	profiling.148	These	studies	manipulated	plasma	aldosterone	in	wild-type	mice	

by	administration	of	aldosterone	or	low	sodium	diet.	In	an	advance	over	previous	studies	

that	used	in	vitro	cell	culture	models,	they	used	distal	tubule	cells	rapidly	isolated	from	the	

kidney	for	transcriptional	profiling.	However,	it	is	not	possible	to	determine	from	studies	in	

wild-type	mice	whether	differential	expression	results	from	direct	transcriptional	

regulation	by	aldosterone	binding	the	MR	or	from	changes	in	plasma	potassium	or	

angiotensin	II.	The	differentially	expressed	genes	from	the	two	previous	studies	were	

compared	with	the	differentially	expressed	genes	identified	in	the	microdissected	CCDs,	

identifying	one	gene,	Cited4,	in	common	among	the	three	studies.		

Expression	of	aldosterone-induced	and	salt-sensitive	genes	in	

kidney-specific	mineralocorticoid	receptor	knockout	mice	

Eighteen	aldosterone-induced	and	salt-sensitive	genes	were	identified	by	

comparison	of	two	RNA-seq	studies	of	isolated	distal	tubule	cells.	Expression	of	these	genes	

was	evaluated	in	MRfl/fl	mice	fed	a	low	sodium	diet	for	five	days	and	KS-MR–/–	mice	

maintained	on	a	high	sodium,	low	potassium	diet.	RNA	was	purified	from	the	

microdissected	CCDs	and	gene	expression	was	assessed	by	qPCR.	Gene	expression	was	

higher	in	the	MRfl/fl	group	compared	with	the	KS-MR–/–	group	for	14	of	the	18	genes:	Ank,	

Atp6v0d2,	Atp6v1g3,	Cited4,	Crip1,	FoxI1,	Hepacam2,	Hmx2,	Insrr,	Lcn2,	Sgk1,	Slc26a4,	

Spink8,	and	Wscd2	(Fig.	12A	–	Q).	
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Figure	12.	Expression	of	aldosterone-induced	and	salt-sensitive	genes	in	microdissected	CCDs.	

Expression	of	18	salt-sensitive	and	aldosterone-induced	genes	was	measured	in	KS-MR–/–	mice	fed	a	

high	sodium,	low	potassium	diet	versus	MRfl/fl	mice	fed	a	low	sodium	diet.	RNA	was	purified	from	

microdissected	CCDs	and	expression	of	the	following	genes	was	measured	by	qPCR:	A)	Ank,	B)	

Atp6v0d2,	C)	Atp6v1g3,	D)	Cdr2,	E)	Cited4,	F)	Crip1,	G)	Cry1,	H)	FoxI1,	I)	Fxyd2,	J)	Hepacam2,	K)	

Hmx2,	L)	Insrr,	M)	Lcn2,	N)	Sgk1,	O)	Slc26a4,	P)	Spink8,	Q)	Tsc22d3,	R)	Wscd2.	

Discussion	

The	action	of	aldosterone	on	the	epithelial	sodium	channel	ENaC	is	mediated	by	a	

set	of	aldosterone-induced	proteins.	These	proteins	are	transcriptionally	regulated	

following	aldosterone	binding	to	the	MR.	Identification	of	physiologically	relevant	

aldosterone-induced	proteins	that	are	essential	for	aldosterone	signaling	to	ENaC	has	
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proved	challenging.	Most	studies	seeking	to	identify	aldosterone-induced	transcripts	have	

used	gene	expression	profiling	of	in	vitro	model	systems.126–130	These	studies	identified	

Sgk1	and	Tsc22d3	(which	encodes	GILZ).	Co-expression	of	Sgk1	with	the	genes	encoding	

the	ENaC	subunits	(Scnn1a,	Scnn1b,	and	Scnn1g)	increases	localization	of	ENaC	at	the	

plasma	membrane	and	channel-mediated	sodium	current.79,127,128,139,140	Although	SGK1	

does	regulate	processing	and	trafficking	of	ENaC	in	vivo,	ENaC	activity	does	not	differ	

between	Sgk1	knockout	and	wild-type	mice,	indicating	that	other	factors	are	also	involved	

in	the	regulation	of	ENaC	activity.137,138,167	Co-expression	of	Tsc22d3	with	Scnn1a,	Scnn1b,	

and	Scnn1g	increases	ENaC	activity	in	Xenopus	oocytes.	However,	the	phenotype	of	Tsc22d3	

knockout	(GILZ–/–)	mice	differs	from	that	of	KS-MR–/–	mice.	On	a	low	sodium	diet,	GILZ–/–	

mice	develop	hypernatremia	and	hypokalemia,	whereas	KS-MR–/–	mice	develop	

hyponatremia	and	hyperkalemia	under	the	same	conditions.134,160	Genetic	deletion	of	

known	aldosterone-induced	proteins	does	not	recapitulate	the	phenotype	of	mice	lacking	

the	renal	MR,	indicating	that	key	components	of	aldosterone	signaling	pathways	in	vivo	

remain	to	be	identified.120,121	

Two	studies	have	identified	aldosterone-induced	and	salt-sensitive	genes	in	distal	

tubule	cells	isolated	from	mouse	kidney.	In	the	first	study,	cells	expressing	enhanced	green	

fluorescent	protein	under	the	control	of	the	TRPV5	promoter	were	isolated	by	FACS	from	

mice	treated	with	aldosterone.148	The	TRPV5+	cells	were	used	for	RNA-seq,	leading	to	the	

identification	of	290	aldosterone-induced	genes,	including	Sgk1	and	Tsc22d3	(which	

encodes	GILZ).	In	the	second	study,	cells	expressing	the	cell	adhesion	molecule	L1-CAM	

were	isolated	by	a	combination	of	MACS	and	FACS	from	mice	fed	a	low	sodium	or	high	

sodium	diet.	The	L1-CAM+	cells	were	used	for	RNA-seq,	leading	to	the	identification	of	323	
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salt-sensitive	transcripts.	Of	these	transcripts,	162	were	more	abundant	in	the	distal	tubule	

cells	isolated	from	mice	fed	a	low	sodium	diet,	and	161	were	more	abundant	in	the	distal	

tubule	cells	isolated	from	mice	fed	a	high	sodium	diet.	By	using	distal	tubule	cells	rapidly	

isolated	from	the	kidney	for	transcriptional	profiling,	these	studies	avoided	the	limitations	

of	in	vitro	cell	culture	models.	However,	it	is	not	possible	to	distinguish	between	

transcriptional	changes	that	occur	following	aldosterone	binding	to	the	MR	and	those	that	

occur	in	response	to	other	metabolic	changes,	such	as	changes	in	plasma	potassium	or	

angiotensin	II,	in	distal	tubule	cells	isolated	from	wild-type	mice.	

CCDs	microdissected	from	KS-MR–/–	mice	fed	a	high	sodium,	low	potassium	diet	and	

MRfl/fl	mice	fed	a	low	sodium	diet	were	used	for	RNA-seq	and	qPCR.	Plasma	aldosterone	is	

elevated	in	both	groups	of	mice;	however,	in	the	KS-MR–/–	mice	the	absence	of	the	MR	from	

the	renal	epithelium	prevents	the	upregulation	of	MR-regulated	genes.	Thus,	differential	

expression	between	the	two	groups	can	be	attributed	to	aldosterone	signaling	through	the	

MR.	Of	the	differentially	expressed	transcripts	identified	by	RNA-seq	of	microdissected	

CCDs,	17	were	more	abundant	in	the	CCDs	microdissected	from	the	MRfl/fl	mice	fed	a	low	

sodium	diet,	and	41	were	more	abundant	in	the	CCDs	microdissected	from	the	KS-MR–/–	

mice	fed	a	high	sodium,	low	potassium	diet.	The	17	transcripts	that	were	more	abundant	in	

the	CCDs	microdissected	from	the	MRfl/fl	mice	fed	a	low	sodium	diet	were	compared	with	

the	18	previously	identified	aldosterone-induced	and	salt-sensitive	genes,	leading	to	the	

identification	of	one	gene,	Cited4,	that	was	differentially	expressed	all	three	studies.	Cited4	

is	a	transcriptional	coactivator	that	regulates	gene	transcription.	A	recent	study	of	Cited4	

knockout	mice	demonstrated	CITED4	is	a	target	of	the	anti-diabetic	drug	rosiglitazone	in	
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mouse	adipocyte	progenitor	cells.174	However,	the	role	of	CITED4	in	renal	physiology	has	

not	been	explored.	

Given	the	low	number	of	differentially	expressed	transcripts	identified	by	RNA-seq	

of	the	microdissected	CCDs,	expression	of	all	18	previously	identified	aldosterone-induced	

and	salt-sensitive	genes	was	measured	by	qPCR	in	microdissected	CCDs	from	an	

independent	cohort	of	KS-MR–/–	mice	fed	a	high	sodium,	low	potassium	diet	and	MRfl/fl	mice	

fed	a	low	sodium	diet.	When	measured	by	qPCR,	14	of	the	18	genes	were	differentially	

expressed:	Ank,	Atp6v0d2,	Atp6v1g3,	Cited4,	Crip1,	FoxI1,	Hepacam2,	Hmx2,	Insrr,	Lcn2,	

Sgk1,	Slc26a4,	Spink8,	and	Wscd2.		

A	number	of	these	genes	are	known	to	have	intercalated	cell-specific	expression:	

Atp6v0d2,	Atp6v1g3,	FoxI1,	Hmx2,	Insrr,	and	Slc26a4.	This	does	not	exclude	a	role	for	these	

genes	in	the	regulation	of	ENaC;	Slc26a4	encodes	pendrin,	which	modulates	ENaC	

abundance	and	activity	by	altering	urinary	concentrations	of	HCO3-	and	ATP.165,166	

However,	given	their	intercalated	cell-specific	expression,	these	genes	would	not	be	

involved	in	mediating	the	action	of	aldosterone	on	ENaC	within	principal	cells.	Sgk1	has	

been	extensively	studied	and	is	involved	in	the	regulation	of	ENaC	processing	and	

trafficking;	however,	evidence	from	SGK1	knockout	mice	indicates	it	is	not	the	only	factor	

responsible	for	mediating	the	action	of	aldosterone	on	ENaC.	The	physiological	role	of	the	

remaining	genes	—	Ank,	Cited4,	Crip1,	Hepacam2,	Lcn2,	Spink8,	and	Wscd2	—	in	the	kidney	

remains	to	be	identified.	

By	comparing	physiologically	relevant	transcriptome	data	obtained	using	different	

models	to	interrogate	aldosterone	signaling,	novel	aldosterone-induced	genes	were	

identified	for	further	study.	Ultimately,	development	of	transgenic	mouse	models	will	be	
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required	to	determine	the	physiological	role	of	these	genes	in	the	kidney,	including	

whether	they	are	essential	for	aldosterone	signaling	to	ENaC.		
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Chapter	4	–	Discussion	

Aldosterone	is	a	steroid	hormone	secreted	by	the	adrenal	zona	glomerulosa	in	

response	to	angiotensin	II	or	hyperkalemia.145–147	In	the	kidney,	aldosterone	acts	on	the	

distal	tubule	to	enhance	sodium	reabsorption	through	the	epithelial	sodium	channel	ENaC.	

Sodium	reabsorption	provides	the	driving	force	for	potassium	secretion	and	water	

reabsorption;	thus,	the	action	of	aldosterone	on	the	distal	tubule	is	an	essential	part	of	the	

homeostatic	mechanisms	that	maintain	sodium,	potassium,	and	fluid	balance.	

Aldosterone	signaling	to	ENaC	is	mediated	by	aldosterone-induced	proteins,	which	

are	transcriptionally	regulated	following	aldosterone	binding	to	the	mineralocorticoid	

receptor	(MR).	Most	studies	seeking	to	identify	these	proteins	have	used	gene	expression	

profiling	of	in	vitro	model	systems.126–130	These	studies	identified	Sgk1	and	Tsc22d3	as	

aldosterone-induced	genes.	Co-expression	of	Sgk1	with	Scnn1a,	Scnn1b,	and	Scnn1g	

increases	ENaC	localization	at	the	plasma	membrane	and	channel-mediated	sodium	

current	in	vitro.79,127,128,139,140	Although	SGK1	regulates	ENaC	processing	and	trafficking	in	

vivo;	ENaC	activity	does	not	differ	between	Sgk1	knockout	and	wild-type	mice.137,138,167	This	

indicates	SGK1	is	not	the	only	factor	involved	in	the	regulation	of	ENaC	activity.	As	with	

Sgk1,	co-expression	of	Tsc22d3	with	Scnn1a,	Scnn1b,	and	Scnn1g	increases	ENaC	activity	in	

Xenopus	oocytes.	However,	on	a	low	sodium	diet,	Tsc22d3	knockout	mice	develop	

hypernatremia	and	hypokalemia.	In	contrast,	kidney-specific	mineralocorticoid	receptor	

knockout	(KS-MR–/–)	mice	develop	hyponatremia	and	hyperkalemia	under	the	same	

conditions.134,160	Genetic	deletion	of	known	aldosterone-induced	proteins	does	not	
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recapitulate	the	phenotype	of	KS-MR–/–	mice.120,121	Therefore,	key	components	of	

aldosterone	signaling	pathways	in	vivo	remain	to	be	identified.	

Since	the	discovery	by	Edelman	and	colleagues	in	the	mid-twentieth	century	that	

the	action	of	aldosterone	to	stimulate	transepithelial	sodium	transport	requires	de	novo	

protein	synthesis,	physiologists	have	sought	to	identify	aldosterone-induced	proteins	in	

order	to	understand	the	molecular	mechanisms	of	aldosterone	action.	However,	attempts	

to	identify	the	key	and	essential	proteins	that	mediate	the	action	of	aldosterone	on	ENaC	in	

the	distal	tubule	have	been	limited	by	a	number	of	factors.	Most	studies	seeking	to	identify	

aldosterone-induced	proteins	have	used	in	vitro	cell	culture	model	systems;	however,	these	

systems	frequently	lack	expression	of	the	endogenous	MR.42	Identification	of	aldosterone-

induced	proteins	in	vivo	is	complicated	by	metabolic	changes,	including	hypokalemic	

metabolic	alkalosis,	that	occur	with	the	administration	of	aldosterone.	Additionally,	

principal	cells	are	a	small	percentage	of	the	cells	within	the	kidney.141	Thus,	detecting	

transcriptional	changes	within	principal	cells	requires	the	use	of	cell	sorting	or	

microdissection	techniques.	In	this	dissertation,	I	present	two	studies	designed	to	

overcome	the	limitations	of	previous	screens	in	order	to	identify	novel	aldosterone-

induced	proteins	in	the	principal	cells	of	the	renal	collecting	duct.	

In	each	study,	a	different	method	was	used	to	isolate	cell	populations	enriched	for	

renal	principal	cells	from	mouse	kidney.	Both	methods	allowed	cells	rapidly	isolated	from	

mouse	kidney	to	be	used	for	transcriptional	analysis,	avoiding	the	limitations	of	cell	culture	

models.	In	the	first	study,	described	in	Chapter	2,	I	isolated	distal	tubule	cells	expressing	

the	cell	adhesion	molecule	L1-CAM	from	mouse	kidney,	using	a	combination	of	magnetic-	

and	fluorescence-activated	cell	sorting.	In	the	second	study,	described	in	chapter	3,	I	
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microdissected	cortical	collecting	ducts	(CCDs)	from	mouse	kidney.	While	the	L1-CAM+	

cells	and	the	microdissected	CCDs	were	enriched	for	principal	cells	relative	to	whole	

kidney,	neither	approach	permitted	isolation	of	a	pure	principal	cell	population.	However,	I	

identified	principal	and	intercalated	cell-specific	transcripts	by	comparing	the	

transcriptome	data	with	a	single-cell	RNA	profile	of	the	renal	collecting	duct.161	

In	both	studies,	I	compared	gene	expression	between	mice	with	upregulation	of	

aldosterone-induced	transcripts	and	mice	with	downregulation	of	aldosterone-induced	

transcripts	in	order	to	identify	genes	that	are	transcriptionally	regulated	by	aldosterone.	

Upregulation	of	aldosterone-induced	transcripts	was	accomplished	by	feeding	wild-type	

(either	C67BL/6J	or	MRfl/fl)	mice	a	low	sodium	diet	to	stimulate	aldosterone	synthesis.	This	

approach	avoids	the	hypokalemic	metabolic	alkalosis	that	occurs	with	the	administration	

of	aldosterone.	However,	in	addition	to	stimulating	aldosterone	synthesis,	a	low	sodium	

diet	increases	angiotensin	II	and	sympathetic	nervous	system	output.	Like	hypokalemic	

metabolic	alkalosis,	these	systemic	effects	may	influence	gene	expression	in	the	kidney.		

In	each	study,	a	different	approach	was	used	to	decrease	the	expression	of	

aldosterone-induced	transcripts.	In	the	first	study,	wild-type	mice	were	fed	a	high	sodium	

diet,	resulting	in	suppression	of	the	renin-angiotensin	system	and	decreased	aldosterone	

synthesis.	In	the	second	study,	KS-MR–/–	mice	were	fed	a	high	sodium,	low	potassium	

rescue	diet	to	normalize	plasma	sodium	and	potassium.	Plasma	aldosterone	was	elevated	

in	the	KS-MR–/–	mice;	however,	due	to	the	absence	of	the	MR	from	the	renal	epithelium,	the	

expression	of	aldosterone-induced	genes	remained	low.	

Differentially-expressed	transcripts	were	successfully	identified	in	both	studies.	In	

the	first	study,	RNA	profiling	of	L1-CAM+	kidney	epithelial	cells	led	to	the	identification	of	
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323	salt-sensitive	transcripts.	Of	these	transcripts,	162	were	more	abundant	in	distal	

tubule	cells	isolated	from	mice	fed	a	low	sodium	diet,	and	161	were	more	abundant	in	

distal	tubule	cells	isolated	from	mice	fed	a	high	sodium	diet.	In	the	second	study,	RNA	

profiling	of	microdissected	CCDs	let	to	the	identification	of	58	differentially	expressed	

transcripts.	Of	these	transcripts,	17	were	more	abundant	in	the	CCDs	microdissected	from	

MRfl/fl	mice	fed	a	low	sodium	diet,	and	41	were	more	abundant	in	the	CCDs	microdissected	

from	KS-MR–/–	mice	fed	a	high	sodium,	low	potassium	diet.	

One	of	the	challenges	arising	from	RNA-seq	studies	is	the	identification	of	large	

numbers	of	differentially-expressed	transcripts.	Given	limited	time	and	resources	for	

follow-up	investigations,	it	is	necessary	to	determine	which	of	the	differentially-expressed	

transcripts	are	most	likely	to	be	relevant	to	the	biological	question	at	hand.	One	strategy	

that	is	commonly	used	is	to	focus	follow-up	investigations	on	the	differentially-expressed	

transcripts	with	the	greatest	fold	difference	in	expression	between	the	two	experimental	

groups.	However,	there	is	no	consensus	on	whether	the	fold	difference	in	expression	

corresponds	with	biological	significance	and,	if	so,	what	magnitude	of	the	fold	difference	in	

expression	should	be	considered	biologically	significant.	Thus,	rather	than	using	the	

magnitude	of	the	fold	difference	in	expression,	I	choose	to	compare	physiologically	relevant	

transcriptome	data	obtained	using	different	models	to	select	differentially-expressed	genes	

for	further	study.	This	approach	is	based	on	the	assumption	that	genes	that	are	

differentially-expressed	in	multiple	models	are	more	likely	to	play	a	physiologically	

relevant	role	in	aldosterone	signaling.	

I	used	several	comparisons	to	identify	differentially	expressed	genes	for	further	

study.	I	first	compared	the	salt-sensitive	transcripts	that	were	more	abundant	in	distal	
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tubule	cells	isolated	from	mice	fed	a	low	sodium	diet	with	the	aldosterone-induced	

transcripts	identified	by	Poulsen	and	colleagues	in	distal	tubule	cells	isolated	from	mice	

following	administration	of	aldosterone.	Although	the	experimental	approaches	differed,	

the	end	result	in	both	studies	was	identification	of	transcriptional	changes	in	distal	tubule	

cells	isolated	from	mice	with	elevated	plasma	aldosterone.	This	comparison	allowed	me	to	

identify	18	differentially-expressed	genes	in	common	between	the	two	studies.	Using	qPCR,	

I	measured	expression	of	these	18	genes	in	an	independent	cohort	of	mice	fed	a	low	or	high	

sodium	diet.	When	measured	by	qPCR,	eight	of	the	18	genes	were	differentially	expressed:	

Ank,	Cited4,	Crip1,	Hmx2,	Insrr,	Sgk1,	Slc26a4,	and	Spink8.	

I	next	sought	to	compare	the	transcriptome	data	from	the	microdissected	CCDs	with	

the	transcriptome	data	from	the	distal	tubule	cells	to	identify	differentially-expressed	

genes	likely	to	be	regulated	directly	by	aldosterone	signaling	through	the	MR.	However,	

exploratory	data	analysis	of	the	transcriptome	data	from	the	microdissected	CCDs	

demonstrated	there	was	no	clear	distinction	in	gene	expression	between	the	MRfl/fl	mice	

fed	a	low	sodium	diet	and	the	KS-MR–/–	mice	fed	a	high	sodium,	low	potassium	diet.	

Consequently,	few	differentially-expressed	genes	were	identified.	It	was	unclear	whether	

this	resulted	from	batch	effects	or	other	technical	variation.	

Given	the	low	number	of	differentially	expressed	transcripts	identified	by	RNA-seq	

of	the	microdissected	CCDs,	I	conducted	a	focused	study	of	gene	expression	differences	in	

an	independent	cohort	of	MRfl/fl	mice	fed	a	low	sodium	diet	and	KS-MR–/–	mice	fed	a	high	

sodium,	low	potassium	diet.	Using	qPCR	of	microdissected	CCDs,	I	measured	expression	of	

the	18	differentially	expressed	genes	in	common	between	the	two	RNA	profiling	studies	of	

isolated	distal	tubule	cells.	When	measured	by	qPCR,	14	of	the	18	genes	were	differentially	
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expressed:	Ank,	Atp6v0d2,	Atp6v1g3,	Cited4,	Crip1,	FoxI1,	Hepacam2,	Hmx2,	Insrr,	Lcn2,	

Sgk1,	Slc26a4,	Spink8,	and	Wscd2.	

In	order	to	prioritize	differentially-expressed	genes	for	follow-up	investigations,	I	

then	compared	the	18	differentially-expressed	genes	in	common	between	the	two	RNA	

profiling	studies	of	isolated	distal	tubule	cells	with	both	of	the	qPCR	studies.	Eight	

candidate	genes	—	Ank,	Cited4,	Crip1,	Hmx2,	Insrr,	Sgk1,	Slc26a4,	and	Spink8	—	were	

differentially	expressed	across	the	RNA-seq	and	qPCR	data	described	in	this	dissertation	as	

well	as	the	RNA-seq	data	described	by	Poulsen	and	colleagues	(Table	6).		

 RNA-seq  qPCR 
 Aldosterone vs 

vehicle148  
Low vs high 

NaCl diet 
 Low vs high 

NaCl diet 
MRfl/fl on low NaCl diet vs  

KS-MR–/– on high Na+, low K+ diet 
Ank X X  X X 
Atp6v0d2 X X   X 
Atp6v1g3 X X   X 
Cited4 X X  X X 
Crip1 X X  X X 
Cry1 X X    
FoxI1 X X   X 
Fxyd2 X X    
Hepacam2 X X   X 
Hmx2 X X  X X 
Insrr X X  X X 
Lcn2 X X   X 
Sgk1 X X  X X 
Slc26a4 X X  X X 
Spink8 X X  X X 
Tsc22d3 X X    
Wscd2 X X   X 

	

Table	6.	Differential	expression	of	18	genes	across	four	independent	experiments.		

X	indicates	a	gene	was	differentially	expressed	in	a	given	experiment.	Genes	that	were	differentially	

expressed	across	all	four	experiments	are	highlighted	in	gray.		

Given	that	Sgk1,	which	encodes	the	serum/glucocorticoid	regulated	kinase,	has	been	

consistently	identified	in	studies	of	aldosterone-induced	genes,	it	was	reassuring	that	Sgk1	

was	differentially	expressed	in	distal	tubule	cells	isolated	from	wild-type	mice	fed	a	low	

sodium	diet	versus	wild-type	mice	fed	a	high	sodium	diet.	Additionally,	Sgk1	was	
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differentially	expressed	between	MRfl/fl	mice	fed	a	low	sodium	diet	and	KS-MR–/–	mice	fed	a	

high	sodium,	low	potassium	diet.	Sgk1	serves	as	a	positive	control	and	provides	evidence	

that	the	experimental	approaches	used	in	these	studies	successfully	identified	aldosterone-

induced	genes.	

Cited4,	which	encodes	the	Cbp/P300-interacting	transactivator	4,	has	not	previously	

been	identified	as	an	aldosterone-induced	gene	in	the	kidney	and	is	a	promising	candidate	

gene	for	involvement	in	aldosterone	signaling.	In	skeletal	muscle,	Cited4	expression	is	

decreased	in	mice	following	two	weeks	of	eplerenone,	providing	additional	evidence	for	

the	regulation	of		Cited4	expression	by	mineralocorticoid	signaling.175	Cited4	knockout	

(CITED4–/–)	mice	were	recently	generated.	Genetic	deletion	of	Cited4	limited	the	effect	of	

the	peroxisome	proliferator-activated	receptor	γ	(PPARγ)	agonist	rosiglitazone	on	

improving	insulin	sensitivity	in	diet-induced	obesity	in	female	mice.174	In	addition	to	

improving	insulin	sensitivity,	rosiglitazone	can	cause	fluid	retention,	an	effect	which	is	

decreased	in	mice	with	conditional	genetic	deletion	of	αENaC	from	the	connecting	tubule	

and	collecting	duct.176	In	mouse	cortical	collecting	duct	cells,	the	effect	of	rosiglitazone	on	

ENaC	activity	has	been	attributed	to	increased	expression	of	SGK1.177	However,	it	is	

possible	CITED4	may	also	play	a	role.	

Two	other	candidate	genes,	Spink8	and	Crip1,	are	expressed	in	principal	cells.161	

Spink8	encodes	a	putative	serine	peptidase	inhibitor.	Crip1	encodes	the	cysteine-rich	

intestinal	protein	1,	which	may	function	in	intracellular	zinc	transport.	Increased	CRIP1	

expression	in	monocytes	is	associated	with	hypertension,	cardiac	hypertrophy,	and	risk	of	

incident	stroke.178	However,	whether	increased	CRIP1	expression	in	principal	cells	is	also	

associated	with	cardiovascular	disease	has	not	been	established.	Regulation	of	Spink8	and	
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Crip1	expression	by	aldosterone	has	not	been	previously	described	and	the	role	of	these	

genes	in	renal	physiology	remains	to	be	determined.	

Ank	is	a	novel	aldosterone-induced	gene.	Its	cell-type	specific	expression	and	its	role	

in	renal	physiology	have	not	been	established.	However,	the	related	protein	ankyrin	G	

promotes	insertion	of	ENaC	from	constitutive	recycling	pathways	into	the	apical	membrane	

in	mouse	cortical	collecting	duct	cells.179	It	is	possible	that	ankyrin	similarly	regulates	ENaC	

trafficking,	although	this	remains	to	be	determined.	

Three	of	the	candidate	genes	–	Hmx2,	Insrr,	and	Slc26a4	–	are	expressed	in	

intercalated	cells.161	Mineralocorticoids	increase	expression	of	Slc26a4,	which	encodes	the	

Na+-independent,	Cl-/HCO3-	exchanger	pendrin.180	Pendrin	modulates	ENaC	abundance	and	

activity	by	altering	urinary	concentrations	of	HCO3-	and	ATP.165,166	H6	family	homobox	2,	

encoded	by	Hmx2,	and	the	insulin	receptor	related	receptor,	encoded	by	Insrr,	are	novel	

aldosterone-induced	genes.	Although	their	expression	is	restricted	to	intercalated	cells,	

these	genes,	like	Slc26a4,	may	influence	ENaC	activity.		

Prior	to	the	RNA-seq	and	qPCR	studies	described	in	this	dissertation,	I	identified	

transcription	coregulators	and	transcription	factors,	kinases,	proteases,	and	proteins	

involved	in	the	regulation	of	intracellular	protein	trafficking	as	categories	of	aldosterone-

induced	proteins	that	would	be	of	particular	interest	for	further	study	based	on	current	

understanding	of	the	regulation	of	ENaC	activity.	The	eight	candidate	genes	identified	

through	comparison	of	the	RNA-seq	and	qPCR	data	sets	encode	one	transcription	

coregulator	(Cited4),	one	transcription	factor	(Hmx2),	two	kinases	(Sgk1	and	Insrr),	and	

one	protein	involved	in	the	regulation	of	intracellular	protein	trafficking	(Ank).	None	of	the	

eight	candidate	genes	encode	proteases.	It	is	important	to	note	that	the	comparison	of	the	
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RNA-seq	and	qPCR	data	sets	is	intended	to	prioritize	genes	for	follow-up	investigations,	but	

should	not	be	used	to	preclude	additional	analysis	of	the	RNA-seq	data.	In	particular,	it	may	

be	valuable	to	identify	other	differentially-expressed	genes	that	encode	transcription	

coregulators	and	transcription	factors,	kinases,	proteases,	and	proteins	involved	in	the	

regulation	of	intracellular	protein	trafficking	in	the	RNA-seq	data	and	validate	differential	

expression	of	these	genes	using	qPCR.	

Although	not	all	findings	in	vitro	are	replicated	in	vivo,	examining	the	effect	of	co-

expression	of	the	candidate	genes	with	ENaC	on	ENaC	trafficking	and	activity	in	the	Fisher	

rat	thyroid	epithelial	cell	model	system	could	provide	important	information	on	the	

interaction	between	the	candidate	genes	and	ENaC.	This	system	has	been	previously	used	

examine	regulation	of	ENaC.181,182	Observations	in	vitro	should	not	be	considered	

conclusive;	however,	they	may	inform	prioritization	of	the	candidate	genes	for	follow-up	

studies	in	vivo.	

CITED4–/–	mice	were	recently	generated	by	Taconic	Biosciences	(Cologne,	Germany)	

and	Helmholtz	Zentrum	(München,	Germany).174	The	CITED4–/–	mice	were	used	to	study	

the	action	of	rosiglitazone	in	adipocyte	progenitor	cells;	however,	their	renal	phenotype	

has	not	been	determined.174	This	represents	an	important	opportunity	to	investigate	the	

physiological	role	of	one	of	the	candidate	aldosterone-induced	genes	in	vivo.	Plasma	and	

urinary	electrolytes	as	well	as	blood	pressure	should	be	measured	in	the	CITED4–/–	mice	on	

both	a	standard	and	on	a	low	sodium	diet.	If	renal	salt-wasting	and	hypotension	are	

observed	in	the	CITED4–/–	mice,	then	additional	studies	examining	ENaC	trafficking	and	

electrophysiology	would	be	warranted.	In	addition,	because	CITED4	is	a	transcriptional	
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coactivator,	RNA-seq	of	microdissected	tubules	could	be	used	to	identify	CITED4	target	

genes.	

Evidence	from	multiple	independent	experiments	indicates	that	Ank,	Cited4,	Crip1,	

Hmx2,	Insrr,	Sgk1,	Slc26a4,	and	Spink8	are	upregulated	following	aldosterone	binding	to	the	

mineralocorticoid	receptor.	Expression	of	Sgk1	and	Slc26a4	in	the	kidney	was	previously	

determined	to	be	regulated	by	aldosterone.	However,	the	other	six	genes	have	not	

previously	been	identified	as	aldosterone-induced	genes	in	the	kidney.	CITED4–/–	mice	

have	already	been	generated	and	determining	blood	pressure	as	well	as	sodium	and	

potassium	metabolism	in	these	mice	is	of	particular	interest.	Ultimately,	the	generation	of	

kidney-specific	knockout	mice	for	the	novel	aldosterone-induced	genes	identified	in	this	

dissertation	will	allow	investigation	of	their	role	in	renal	physiology	and	has	the	potential	

to	advance	our	understanding	of	ENaC	regulation	by	aldosterone.		
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