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The sodium/proton exchanger NHA2 regulates blood pressure

through a WNK4-NCC dependent pathway in the kidney.
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CONCLUSION:

Our study reveals NHA2 as a novel
regulator of the WNK4-NCC pathway in
the distal convoluted tubule.
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ABSTRACT

NHAZ is a sodium/proton exchanger associated wittrial hypertension in humans, but
the role of NHAZ2 in kidney function and blood pressshomeostasis is currently
unknown. Here we show that NHAZ2 localizes almostesively to distal convoluted
tubules in the kidney. NHA2 knock-out mice displdyeduced blood pressure,
normocalcemic hypocalciuria and an attenuated respto the thiazide diuretic
hydrochlorothiazide. Phosphorylation of the thigzgknsitive sodium/chloride
cotransporter NCC and its upstream activating larite20/SPS1-related proline/alanine
rich kinase (SPAK), as well as the abundance di wit lysine kinase 4 (WNK4), were
significantly reduced in the kidneys of NHA2 knoalat mice.ln vitro experiments
recapitulated these findings and revealed incre##idd4 ubiquitylation and enhanced
proteasomal WNK4 degradation upon loss of NHA2. &tiect of NHA2 on WNK4
stability was dependent from the ubiquitylationhvedy protein Kelch-like 3 (KLHL3) .
More specifically, loss of NHA2 selectively attemec KLHL3 phosphorylation and
blunted protein kinase A- and protein kinase C-ratedi decrease of WNK4 degradation.
Phenotype analysis of NHA2/NCC double knock-outersapported the notion that
NHAZ2 affects blood pressure homeostasis by a kidpegific and NCC-dependent
mechanism. Thus, our data show that NHA2 as aafitiomponent of the WNK4-NCC
pathway and is a novel regulator of blood preskhoraeostasis in the kidney.

Keywords: Sodium/hydrogen exchanger, blood pressumene calcium, thiazide,

ubiquitylation, WNK4, KLHL3, NCC, NHA2



TRANSLATIONAL STATEENT

Arterial hypertension affects millions of patientsrldwide and is a significant cause of
excess morbidity and mortality. In most cases,uhéderlying mechanisms of increased
blood pressure remain obscure, broadly designaédssential hypertension”. A better

understanding of the molecular pathogenesis ofriart@ypertension may foster the

development of novel diagnostic, preventive andapeutic strategies. Our study reveals
that the sodium/hydrogen exchanger NHA2 localizedistal convoluted tubules in the

kidney and is critical for electrolyte and bloodegsure homeostasis in mice. Future
studies are needed to explore the role of NHA2idmdy function and blood pressure

homeostasis in humans.



INTRODUCTION

Na'/H" exchangers (NHESSLC9 gene family) exchange monovalent cations liké,N#&" or

K* with protons across lipid bilayers and are presenprokaryotes and eukaryotésIn
mammals, 12 NHE isoforms are known thus far, grdupe three subfamilies SLC9A,
SLC9B and SLCIC, respectivelyNHA1 and NHA2 (also known as SLC9B1 and SLC9B?2)
constitute the SLC9B family, but their function ra@ms poorly defined. Based on
chromosomal localization, transport characteriséesl inhibitor sensitivity, NHA2 was
proposed to be the long sought mediator of/IN4 counter-transport (SLC) SLC activity is

a highly heritable trait, associated with abnortiediin Nd homeostasis, diabetes mellitus
and arterial hypertension in humah% We previously demonstrated that NHA2 resides in
endosomes of-cells and is critical for insulin secretidft ** In support of this finding, a
single-nucleotide polymorphism in tiNbHA2 gene was recently discovered in a genome-wide
association study as a new locus associated wiih 2ydiabetes in humans In the rodent
kidney, NHA2 was previously detected in the distaphron, including the distal convoluted
tubules (DCT), but its quantitative expression grattalong the nephron remains unknan

4 In addition, the role of NHA2 in kidney function @lood pressure homeostasis has not
been studied and thus remains elusive.

DCT cells express the apical thiazide-sensitivé /NalI" cotransporter NCC (also known as
SLC12A3). NCC activity is regulated by an intricktease network with the serine-threonine
with-no-lysine kinase 4 (WNK4) at its cof@ Once activated, WNK4 phosphorylates the
Ste20/SPS1-related proline/alanine-rich kinase (SPAvhich in turn phosphorylates and
activates NCC. WNK4 abundance and activity aretlygbontrolled by posttranslational
modifications. An E3-RING ubiquitin ligase compldkat includes the two regulatory
proteins Cullin 3 (CUL3) and Kelch-like 3 (KLHL3biquitylates WNK4 and thereby
induces its proteasomal degradation. Protein kitag€KC) and protein kinase A (PKA),

activated by angiotensin Il and vasopressin, rasmdy, directly phosphorylate and activate
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WNK4 *©. In addition, PKC and PKA were also shown to pthosplate KLHL3, which leads
to disruption of the KLHL3-WNK4 interaction and tenprevents WNK4 ubiquitylatioh”

18'

The DCT is paramount for blood pressure homeostasisammals. Biallelic loss-of-function
mutations or deletions MICC result in Gitelman’s syndrome, characterized bydtgnsion,
hypokalemia, metabolic alkalosis and hypocalcidtid® In contrast, dominant mutations in
WNK1, WNK4, CUL3 or KLHL3 cause the mirror phenotype, pseudohypoaldostenotyige

II (PHA 11, also known as Gordon’s syndrome), cltaeaized by hypertension, hyperkalemia,
metabolic acidosis and hypercalciui&?® Clinical PHA Il features are corrected with
pharmacological blockade of NCC by thiazide diwstisupporting the notion that increased
NCC activity is the hallmark of PHA f".

The aim of the present study was to explore the oflNHA2 in the kidney. Our results
demonstrate that NHA2 has predominant DCT exprasaind that genetic disruption of
NHAZ2 in mice results in a Gitelman-like phenotype.vitro andin vivo studies, including
phenotypic assessment of NHA2 / NCC double KO miodjcate that NHA2 controls
WNK4 abundance and thereby NCC activity in a cetbaomous manner in the kidney.
Thus, our study reveals NHA2 as a novel regulatbrelectrolyte and blood pressure

homeostasis in the mammalian kidney.



RESULTS

The DCT isthe main site of NHA2 expression in the kidney

To examine NHA2 expression in the murine kidney,finst performed confocal imaging of
kidney cryosections. As shown in Fig. 1A, NHA2 exgsion exhibits a prominent tubular
expression pattern in wild-type (WT) mouse kidneyhjle no signal was detected with the
secondary antibody only control or in kidneys of AlHknock-out (NHA2 KO) mice stained
with the NHA2 antibody. To further delineate the tubular expression pattere conducted
confocal imaging studies in serial cryosectionsbpb for NHA2 and well-established
markers of the distal nephron in the motisé&lHA2 co-localized with parvalbumin (a marker
of DCT 1) but also with TRPV5, NCX1 and Calbindinzg (markers of DCT2 and CNT,
respectively) (Fig. 1B and Suppl. Fig. 1). Quanitiea real-time PCR analysis of
microdissected murine kidney tubules confirmeddkpression pattern observed by confocal
imaging (Fig. 1 C and Suppl. Fig. 2). NHA2 mRNA exgsion was primarily confined to
DCT with significantly lower expression in connegfitubules (CNT) and cortical collecting
ducts (CCD). In the latter, NHA2 was observed ithqarincipal and intercalated cells (Suppl.
Fig. 1). Of note, however, no expression of NHAZwéserved in segments proximal to the

DCT.

NHA2 KO mice display normocalcemic hypocalciuria, hyperaldoster onism and reduced
blood pressure

In a next step, we measured blood (Table 1) anthryi(Table 2) parameters in 3 months old
WT and NHA2 KOmice. Twenty-four-hour urines were collected in abetlic cages after an
adaptation phase of 2 days. NHA2 KO mice exhibitedsignificant differences in serum
electrolytes, renal function parameters, parathlyrmrmone (PTH) and 1,25-OH Vitamin D.
Urinary Cd" excretion was significantly reduced in NHA2 KO midut all other parameters

were similar in WT and NHA2 KOmice. In addition, we observed increased urinary
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aldosterone in NHA2 KQmice, whereas excretion of glucocorticoids (codtecone) and
catecholamines (adrenaline and noradrenaline) weakered.

Thus, NHA2 KO mice display normocalcemic hypocalc@uand hyperaldosteronism,
hallmarks of DCT dysfunction, as seen in Gitelmasygmdrome or upon treatment with
thiazides. To further delineate the phenotype, wextnperformed blood pressure
measurements by telemeffy Blood pressure was recorded for 3 consecutive dager low
(<0.03%), normal (0.2 %) and high N#&8 %) diets in steady state condition after an
equilibration phase of 1 week each with the respediet. As shown in Fig. 2 and Suppl.
Fig. 3A, blood pressure was significantly lowerNiHA2 KO mice with all diets, but the
difference between the two groups of mice becameesrpoonounced with increasing Na

content of the diet.

Reduced WNK 4 abundance and NCC phosphorylation in kidneys of NHA2 KO mice
Phenotype analysis of NHA2 KO mice suggests DCTiuhgtion upon loss of NHA2. To
further substantiate these findings, we assesspssion of NCC and of upstream kinases
SPAK and WNK in kidneys of WT and NHA2 KO mice. 8kown in Figs. 3A and B, loss of
NHAZ2 was associated with a reduction of phosphteddNCC and SPAK as well as reduced
abundance of WNK4, whereas expression of KLHL3 &idlL.3 was unchanged. Total
abundance of SPAK was unaltered, but we obsengmtigease of full length and an increase
of the inhibitory kidney-specific SPAK isoform (KSPAK) in NHA2 KO kidneys’. WNK4
transcript was similar in Wand NHA2 KO mice, suggesting a posttranslationathmaism

as cause for the observed reduction of WNK4 proggjression upon loss of NHA2 (Suppl.
Fig. 4). Transcript levels of typical DCT markeldQC, parvalbumin, TRPM6, TRPV5,
NCX1) were unaltered in NHA2 KO kidneys, but NHA2Kmice exhibited higher renin

expression compared to WT mice (Suppl. Fig. 4).



Previous studies demonstrated that NCC phosphmmylat threonine residues 53 and 58 in
mice (equivalent to threonine 55 and 60 in humarCING associated with increased NCC
transport activity>>% To study NCC activityn vivo, we examined the sensitivity of WT and
NHA2 KO mice to 50 mg/kg ip. hydrochlorothiazide @HZ). As shown in Fig. 3C and D,

the natriuretic and hypocalciuric effect of HCTZ smgreatly attenuated in NHA2 KO mice,

compatible with reduced NCC activity.

In a next series of experiments, we investigatephtade changes in NHA2 KO kidneys. In

tubular segments proximal to the DCT - which altkidNHA2 (Fig. 1) - we observed

evidence of increased activation of Neansporters in kidneys of NHA2 KO mice, including
increased phosphorylation of the NA K* / 2 CI cotransporter NKCC2 and reduced
phosphorylation of NHE3 at position S552 (SupphsFi5A-D)323% No adaptive changes

were observed in segments distal to the DCT, esmesof a-ENaC (both cleaved and

uncleaved)p-ENaC, Pendrin and AE1 were not different betwdwentivo groups of mice.

Knock-out of NCC abolishesthe effect of NHA2 deletion

To substantiate the claim that the kidney phenotipgerved in NHA2 KO mice is due to
reduced NCC activity, we next studied NCC and NCEAR double KO mice™ * Blood
pressure measured by telemetry was lower in NCC MGE€C/NHA2 double KO mice
compared to WT or NHA2 KO mice (Suppl. Figs. 3, But there was no difference in
blood pressure between NCC and NCC/NHAZ2 double Ki€en(Fig. 4A and Suppl. Fig.
3B). Similarly, calciuria was significantly reducead NCC KO mice compared to WT or
NHA2 KO mice, but the additional deletion of NHA®Ichot further reduce calciuria (Fig.
4B). Thus, together with the fact that NCC is esolely expressed in the kidné&{, these
experiments support the notion that NHA2 affecteobl pressure homeostasis via an

intrarenal, NCC-dependent mechanism.



NHAZ2 regulates WNK-NCC axisin a cell autonomous manner

We previously demonstrated that NHA2 plays an ingorrole in secretagogue-mediated
insulin secretion in pancreatig—cells ' X Three months old NHA2 KO mice fed a
regular chow, as employed in the current study,ehsinilar blood glucose and insulin
levels in fasting and fed state compared to WT nifté® Supraphysiological glucose
challenges are necessary to unmask the insulirets@crdeficitin vivo. Nevertheless, the
observation of DCT dysfunction in global NHA2 KO ¢ri may be secondary to systemic
changes upon loss of NHA2. To explore this furthveg, first assessed phosphorylation of
insulin receptor and AKT in kidneys of WT and NHAK® mice. As shown in Suppl. Figs.
5E, F, no differences were observed between the gnamups of mice. Similarly,
phosphorylation of serum- and glucocorticoid-indiiei kinase 1 (SGK1), a kinase
expressed in kidney tubules and phosphorylatednbylin and other growth factors, was
unaltered in kidneys of NHA2 KO mice.

In a next step, we studied the impact of NHA2 depfeon a cellular levein vitro, using
mpkDCT, cells, a well-characterized murine DCT cell lifeatt expresses NCC (Suppl.
Fig. 7) ?® 3% SiRNA-mediated knock-down of NHA2 in mpkDGTeells caused a
significant reduction in endogenous WNK4 expresqibigs. 5A, B) that was associated
with an attenuation of low C} or angiotensin Il (ATIl)-induced NCC phosphortytan,
whereas total abundance of NCC remained unchariggd. 6C-F). Together, these results

indicate that NHA2 affects the WNK-NCC axis dirgcith a cell-autonomous way.

L oss of NHA2 enhances KL HL 3-dependent ubiquitylation of WNK4
Given the known posttranslational regulation of WANKwe next assessed WNK4

ubiquitylation in HEK293 cells. Knock-down of endagpus NHA2 in WNK4 transfected
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HEK?293 cells caused a significant reduction of WNdbundance, as observed in
mpkDCT, cells (Figs. 6A, B, Suppl. Fig. 7). Reduced WNKasuadance was paralleled by
an increase in WNK4 ubiquitylation (Figs. 6A, B)datreatment with the proteasomal
inhibitor Mg132 rescued WNK4 expression (Figs. @@, To ascertain that increased
WNK4 ubiquitylation was mediated by the E3 ligasé H{3 and not by a KLHL3-
independent pathway, we performed additional expenis with point mutants in the
acidic box domain of WNK4 (E562K and Q565E) thatrdpt WNK4-KLHL3 interaction
and are associated with a PHA Il phenotype in hufarf?> As shown in Figs. 6E, F,
expression levels of acidic box WNK4 mutants wereftected by NHA2 depletion,
indicating that NHA2 affects WNK4 abundance in aHl3-dependent manner.

PKA and PKC, activated by vasopressin and AT pestively, increase WNK4 levels by
promoting KLHL3 phosphorylation and thereby disingt WNK4-KLHL3 interaction®”
8 In cells with NHA2 depletion, we observed impaireKC-mediated KLHL3
phosphorylation induced by PKC activator 12-O-téé@anoylphorbol-13-acetate (TPA),
whereas total abundance of KLHL3 was unchangeds(Fig, B). The PKC inhibitor BIM
was used as negative control alone or in combinatibh TPA. Knock-down of NHA2 did
not affect levels of active, phosphorylated PKARKC isoforms responsible for KLHL3
phosphorylation nor the abundance of the phospeatakineurin, recently shown to be
involved in KLHL3 dephosphorylation (Suppl. Fig. 8§ '* *3 In a next series of
experiments, we directly stimulated PKA by forsko(FK) and PKC by TPA. Both TPA
(Figs. 7C, D) and FK (Figs. 7E, F) increased WNK«pression in cells treated with
control siRNA but not in cells with NHA2 depletioActivation of PKA and PKC by FK
and TPA, respectively, assessed by quantifying P& PKC phosphosubstrates with
phosphospecific antibodies, were not affected ukoock-down of NHA2 (Figs. 7G-J).
Together, these results indicate an impairment dfHK3 phosphorylation as the

underlying mechanisms of reduced WNK4 stability mipass of NHAZ2.
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NHAZ2 localizes to endosomes but does not co-localize or directly interact with WNK4 or
KLHL3

We previously observed colocalization of NHA2 wittarkers of the endocytic pathway in
pancreaticB-cells and osteoclasts’ 4 To assess the subcellular localization of NHA2 in
DCT cells, we performed sucrose gradient subcellinkectionation studies with mpkDGT
cells (Suppl. Fig. 9). Equilibrium density centgftion of mpkDCT homogenates in linear
sucrose gradients indicated that endogenous NHARZ psesent in the same fractions as the
transferrin receptor (TfR), a marker of recyclingdesomes, but was absent in plasma
membrane fractions (markers: NHE1 and NCC). Howewerobserved partial colocalization
of NHA2 with WNK4, CUL3 and KLHL3. We next quanti endosomal and cytosolic pH
in mpkDCT, and HEK293 cells treated with control or NHA2 siRMNr in HEK293 cells
with NHA2 overexpression (Suppl. Fig. 10). Resultgained indicate that NHA2 does not
influence endosomal or cytoplasmic pH in these loedls. Given the known association of
intracellular calcium with calcineurin activity amgénce KLHL3 phosphorylatioff, we then
determined intracellular calcium levels, store-aped calcium entry and membrane potential
HEK293 cells treated with control or NHA2 siRNA (&. Figs. 11, 12). These results
revealed no differences between cells with and authiNHA2 depletion. Thus, the exact
molecular mechanism of how loss of NHA2 augment$iK8-dependent WNK4 degradation
remains enigmatic at the moment.

In summary, our data demonstrate that NHA2 is esq@@ in DCT cells of the kidney and
loss of NHA2 causes a Gitelman-like phenotype ineanComplementamn vitro andin vivo
studies reveal the sodium/hydrogen exchanger NHA& eritical component of the WNK4-

NCC pathway and hence as an important novel regubditblood pressure homeostasis.
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DISCUSSION

Our results demonstrate that NHA2 is critical fbe tmaintenance of WNK4 levels and
thus ultimately NCC activity in the DCT cell. Losd NHA2 causes decreased KLHL3
phosphorylation and therey increased proteasomaK¥Vhegradation. Enhanced WNK4
degradation is resistant to direct, receptor-indelpat PKA or PKC activation, indicating
that the defect is at the post-receptor levelna.due to reduced activation of angiotensin
or vasopressin receptors. Although we did not hkwmey-specific NHA2 KO mice
available for studyjn vitro experiments with mpkDGTand HEK293 cells suggest that
NHA2 regulates WNK4 abundance by a cell autonommiber than via an indirect,
systemic way. This notion is corroborated by theesbation that insulin receptor and
AKT phosphorylation levels were equal in kidneysvdT and NHA2 KO mice. Phenotype
analysis of NCC/NHA2 double KO mice furthermore icate that NHA2 effects on
electrolyte and blood pressure homeostasis are N@&-hence kidney-dependent.

Blood pressure differences between WT and NHA2 Ki@enbecome more pronounced
with increased sodium intake. This is an unexpeftiteting and different from what would
be expected in mice with a reduction or loss of N&®ressior>. We do not have a
definitive explanation for our observations, butesplate that the sodium-dependent
regulation of NHA2 expression in the kidney mayyptarole. As recently shown, dietary
sodium intake is a strong regulator of NHA2 expi@ssn the kidney'”. Compared to
standard chow, a high sodium diet caused a ~54plegulation of NHA2 transcript and
protein in the kidney. Hence, it is to be expedteat NHA2-mediated effects in the kidney
(and as such the phenotypic difference between WA MHA2 KO mice) become more
pronounced with increasing dietary sodium intakedi#tional studies are needed to test
this hypothesis.

Our mRNA expression data in microdissected tubrggsaled low levels of NHA2 mRNA

in CNT and CCD, respectively. Although we faileddioserve significant alterations in key
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transport systems in CNT and CCD in NHA2 KO kidneysmRNA or protein level, it is
possible that NHA2 also influences tubular transporthese two segments. Our results
obtained with NHA2 KO, NCC KO and NCC/NHA2 doubleOKmice, however, clearly
indicate that NCC is the key mediator of NHA2 eftem the kidney.

We detected increased NKCC2 and decreased NHE3ppbogdation, compatible with
both increased NKCC2 and NHE3 activity, in kidneysNHA2 KO mice. Given the lack
of NHA2 expression in segments proximal to the D@ interpret these findings as
secondary due to extracellular volume contractias, evidenced by reduced blood
pressure, increased urinary aldosterone excretiodnranal renin expression in NHA2 KO
mice ****’. Hypocalciuria in NHAZKO mice is likely a consequence of volume contiacti
with augmented transcellular Nand hence paracellular Careabsorption in segments
proximal to the DCT, including the proximal tubwlad TALH *%. This notion is supported
by the fact that we did not observe alterationstimer mineral metabolism parameters in
NHA2 KO mice and that selective loss (Gitelman’s syndroorenhibition (thiazides) of
NCC are also associated with hypocalciuria. Howgver direct increase of Ca
reabsorption at the level of the DCT in NHA2 KO micemains a possibility that we
cannot rule out at the moment.

How NHAZ2 ultimately regulates KLHL3-dependent WNI&a molecular level remains an
unresolved issue. Confocal immunofluorescence istginf kidney cryosections displays
apical / subapical staining of NHAZ2. Sucrose gratieentrifugation analysis of
endogenous NHAZ2 in mpkDGTells support our previous findings in other celes and
indicate that NHA2 is not present at the plasma brame, but localizes to endosontés
While depletion of NHA2 in both HEK293 and mpkDgT€ells reproduces changes
observed in kidneys of NHA2 KO mice, it had no effen endosomal pH. Similarly, we
failed to detect a physical interaction of NHA2 vNVNK4, KLHL3 or CUL3. Based on

the sequence similarity with other mammalian arakaryotic NHEs, NHA2 was proposed
13



to be a cation/proton exchanger. NHA2-mediated &iad Li'/H" exchange have initially
been inferred from functional complementation stsdin yeast” ** but subsequently
confirmed with purified human NHAZ2 in proteoliposest®. In the latter study, however,
not full length, but a shorter NHA2 transcript fison 2) lacking an exon encompassing
the first transmembrane domain was studied. Intexgly, Chintapalli et al. recently
suggested that thB. melanogaster orthologue of human NHA2 is in fact not a Wa"
exchanger, but a #CI" co-transporter®. Our data suggest that NHA2 is not involved in
endosomal pH homeostasis. In analogy to what has Ipgoposed for the endosomal
2CI'/H" exchanger CLC-5, NHA2 may participate in endosonmh but not pH
homeostasis or alternatively may be executing randport-independent functions in the
endosome’. Clearly, more detailed information on NHA2 ioransport properties are

needed to help further dissecting the role of NHAfhe DCT at a molecular level.
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MATERIALSAND METHODS
Unless specified otherwise, all chemicals and nesgeere obtained from Sigma-Aldrich (St.

Louis, MO, USA).

Plasmids

WNK4 constructs were a generous gift of S. Uchilakyo Medical and Dental University,
Japan, and reported previousfy *®> CUL3-FLAG and KLHL3-GFP was provided by the
MRC phosphorylation Unit, University of Dundee, UBctameric, N-terminally tagged HA-

ubiquitin was a gift of M. Treier and describeddietail >*,

Céll culture and transfection

All cell lines used for experiments were tested apfasma free. Cells were grown in a
humidified 95/5% air/CO2-atmosphere incubator afG7MpkDCT4 cells were cultured as
described previously® >>°” Transient transfection was performed using catitiposome
(RNAimax, Life Technologies) followed by incubatidor 48 h. The two siRNAs targeting
murine NHA2%® and the control siRNA” were previously reported and validated. MpkDCT4
cells were stimulated with either control basicgpotonic low-chloride medium, or DMEM
without additives containing 1 Angiotensin II, for 30 or 60 minutes, respectieCells
were lysed in 0.3 ml of ice-cold lysis buffer/wdlsates were clarified by centrifugation at
4°C for 20 minutes at 20,000and the supernatants were frozen or protein coratent
was adjusted and samples were mixed with 4x Laelufier. Lysis buffer contained 50 mM
Tris/HCI, pH 7.5, 1 mM EGTA, 1 mM EDTA, 50 mM sodhu fluoride, 5 mM sodium
pyrophosphate, 1 mM sodium orthovanadate, 1% (WRA40, 0.27 M sucrose, 0.1% (v/v) 2-
mercaptoethanol and 1x protease inhibifSr8Basic buffer contained 135 mM NaCl, 5 mM
KCI, 0.5 mM CaCJ, 0.5 mM MgCp, 0.5 mM NgHPQ,, 0.5 mM NaSQ, and 15 mM

HEPES. Hypotonic low-chloride buffer contained 648 Na gluconate, 2.5 mM K
15



gluconate, 0.25 mM Cag10.25 mM MgC}, 0.5 mM NaHPQ,, 0.5 mM NaSQ, and 7.5 mM
HEPES. HEK293 were obtained from ATCC and cultureDMEM (GIBCO) supplemented
with 10% (vol/vol) heat-inactivated FBS, 5mM Hepé&-Pyruvate, 2 mM L-glutamine.
Transient transfection was performed using Lipafethe 2000 followed by incubation for
48 h. siRNA against human NHA2 and control siRNAswaurchased as siGENOME
(Dharmacon, Lafayette, CO, USA) and the siRNA with best knockdown (D-007345-04)
was used. Cells were washed in cold PBS and lyséd@ in lysis buffer (10 mM TrisiCl,
pH 7.8/150 mM NaCl/1 mM EDTA/1% Nonidet P-40) cdntag protease inhibitor mixture
(Roche, Basel, Switzerland) and phosphatase ingh{Roche). Protein concentrations were
equalized by quantitation and diluted in Laemmiinpée buffer or incubated with primary
antibody and protein G Plus Agarose beads (sc-28@8fa Cruz Biotechnology) at 4 °C.
Immunoprecipitates were washed and bound protegeided by boiling in Laemmli buffer.

Ubiquitination assays were performed as describetiail using HA-tagged ubiquiti.

Mice

Mice always had free access to water and standtema diet (#3432 from Provimi Kliba AG,
Kaiseraugst, Switzerland) and were maintained ol ahours light/12 hours dark cycle.
Generation o8c9b2/NHA2 mice lacking exon 7 of thBHA2 gene was described in detail
previously*'. NCC KO mice, originally generated by Schultheisle®, were obtained from
Prof. J. Loffing, University of Zirich, Switzerlandill mice used for experiments were
littermates, males and completely backcrossed@a®BL/6J background (> 10 generations).
Completeness of backcrossing was verified by matesite marker analysis, as descritb&d
For urine collections, mice were housed in indialdmetabolic cages (Techniplast, Italy).
Prior to collections, mice were allowed 2 days @ajzt to the metabolic cages. Twenty-four
hour urine samples were collected under mineratioodlvoid evaporation and with thymol as

preservative. HCTZ was applied as a single intiggrezal injection of vehicle (1:1 mixture of
16



0.9% NacCl solution with DMSO) or HCTZ (50 mg/kg;gBia-Aldrich), and urine was

collected for the next 6 hours.

Blood and urine analysis

Blood and urinary electrolytes, creatinine and weae determined by the core laboratory of
the University Hospital of Bern. Blood gas analysias performed by an automated blood
gas analyzer (ABL 800 FLEX, Radiometer Copenha@ammark). Urine pH was measured
using a pH microelectrode (Metrohm, Herisau, Switrel). Urine ammonium was
determined according to the Berthelot Protd€olJrine osmolality was determined using a
vapor pressure osmometer (VAPRO model 5600, WeScoth Logan, Utah, USA). Urinary
aldosterone was determined B! RIA (TKAL2 - Coat-A-Count Aldosterone kit, Siemen
Healthcare Diagnostics, Germany), urinary catechwias by ELISA (Catcombi ELISA, IBL
International, Germany). Urinary glucocorticoids imice were determined by gas

chromatography-mass spectrometry (GC-MS) as destpbevioushy ®2

Statistical analysis

For comparisons between groups the unpaired Stgddest (two groups) or 1-way ANOVA
with Tukey post-hoc test (multiple groups) was udedta were analyzed using GraphPad
Prism 8.2 (GraphPad Software, San Diego, CA, U3AM)statistical tests were two-sided and

p < 0.05 was considered statistically significammless stated otherwise, data are shown as
means and error bars indicate SD.

Telemetry blood pressure profiles were analyzedh whe statistical software SAS 9.4 on a
X64 Windows workstation. Time series were seasgradljusted, i.e. corrected for diurnal
blood pressure variation. A general linear mixeg@a$ model (GLIMMIX procedure) was
used to estimate and compare the effects of deetNhA2 and/or NCC KO, respectively, on

blood pressure.
17



Study approval

All animal experiments were in accordance with 8wiss Animal Welfare Law and were
approved by the local Veterinary Authority Bern {dfenaramt Kanton Bern). Use of human
kidney tissue was approved by the local Ethics Cawion (Kantonale Ethikkomission
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FIGURES

Figure 1. NHA2 localizesto DCT in murine kidney. A) Murine kidney cryosections of WT
(left panel) or NHAZKO mice (right panel) stained with NHA2 antibodyiddle panel: WT
kidney stained with secondary antibody only. Sdzdes: 100 pum. B) Murine WT kidney
cryosections stained with antibodies for NHA2 aratvplbumin (a marker of DCT1) or
TRPV5 (a marker of DCT2 and CNT, respectively). |8daars: 50 um. C) NHA2 mRNA
expression in microdissected tubular segments, tiigahby real-time PCR and normalized
to GAPDH. Each dot represents a microdissectiomfe separate mouse. PCT proximal
convoluted tubule; PST proximal straight tubule;LTfick ascending limb of Henle; DCT
distal convoluted tubule; CNT connecting tubule; BCCortical collecting duct. Asterisk
denotes significance for comparison to all othgnsents (ANOVA with Tukey post-hoc test;

*k) < 0.01).

Figure 2. Blood pressure is reduced in NHA2 KO mice. Mean arterial pressure measured
by telemetry under normal (0.2 %; NS), low (<0.0398) and high N&(8 %; HS) diets in
WT and NHA2 KO mice. N=6-9 mice/genotype and candit Asterisks denote significance
for the indicated comparisons (analyzed by genkmalar mixed effects model; ***p <

0.001).

Figure 3. WNK-SPAK-NCC axis is attenuated in NHA2 KO mice. A) Immunoblots of
kidney tissue lysates harvested from WT and NHAZ2 Kf@e using indicated primary
antibodies. Tubulin served as a loading controthEane identifies results from a separate
mouse. B) Dot-plot graphs show the results of gtieation. Asterisks denote significance

for the indicated comparison (unpaired t-test; *@0.€5, **p < 0.01, **p < 0.001). C)
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Urinary sodium (Na) and D) calcium (Ca) excretiom iesponse to application of
hydrochlorothiazide (HCTZ; 50 mg/kg i.p.) or velgch WT and NHA2 KO mice. Asterisks
denote significance for the indicated comparisohR@VA with Tukey post-hoc test; *p

<0.05, **p < 0.01, NS=not significant).

Figure 4. Loss of NCC abolishes blood pressure and calciuria phenotype in NHA2 KO

mice. A) Mean arterial pressure measured by telemetryeumsrmal (0.2 %; NS), low
(<0.03%; LS) and high Na+ (8 %; HS) diets in NCC kKfd NCC NHA2 double KO mice.
N=6-8 mice/genotype and condition. Asterisks densignificance for the indicated
comparison (analyzed by general linear mixed effeobdel; **p < 0.001, NS = not
significant). B) Urinary calcium (Ca) excretion nmalized to creatinine in WT, NHA2 KO,
NCC KO and NCC/NHA2 double KO mice. Asterisks densignificance for the indicated

comparisons (ANOVA with Tukey post-hoc test; ***p0<001, NS=not significant).

Figure 5. Knock-down of NHA2 reduces WNK4 expression and NCC phosphorylation

in mpkDCT4. A) Immunoblot of lysates from mpkDCT4 cells treateith control or NHA2
targeting siRNA. B) Quantification of endogenous ¥WNexpression (unpaired t-test; ***p <
0.001). C, E) Immunoblot of lysates from mpkDCT4lscdreated with control or NHA2-
targetting siRNA, stimulated for 30 minutes withslzaor low chloride media (C) or for 60
minutes with either vehicle or POM of Angiotensin Il (E). D, F) Quantification of
endogenous NCC phosphorylation at position T53. imoblots show biological replicates.
Asterisks denote significance for the indicated parisons (ANOVA with Tukey post-hoc

test; *p < 0.05, **p < 0.01, ***p < 0.001, NS=naigsificant).
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Figure 6. NHA2 depletion causes increased ubiquitylation and proteasomal degradation

of WNK4 via a KLHL 3-dependent mechanism. A) Representative immunoblots of lysates
from HEK293 cells transfected with WNK4-FLAG andiginitin-HA and either control or
NHAZ2 targeting siRNA. B) Quantification of WNK4 esgssion and WNK4 ubiquitylation.
C) Immunoblot of lysates from HEK293 cells transéec with WNK4-FLAG and either
control or NHA2 targeting siRNA. Before lysis, ellvere treated for 3h with vehicle
(DMSO) or 20uM MG132. D) Quantification of WNK4 engssion. E) Immunoblot of lysates
from HEK293 cells transfected with wild-type WNK4r andicated WNK mutants. F)
Quantification of WNK4 expression. Immunoblots shdwological replicates. Asterisks
denote significance for the indicated comparisamgpéired t-test 6B, ANOVA with Tukey

post-hoc test 6D and 6F; *p < 0.05, **p < 0.01, M8tsignificant).

Figure 7. NHA2 knock-down causes a blunted response to PKA- and PKC-mediated
increase of WNK4 expression. A) Representative immunoblots and corresponding
quantifications (B) of immunoprecipitated KLHL3-GHirom HEK293 cells treated with
control or NHA2-targetting siRNA, cotransfected wKLHL3-GFP. Cells were starved for 1
h and then treated for 1 h with vehicle, the PK@vator TPA (200 nM), the PKC inhibitor
BIM (4 uM), or a combination of both. Samples were blotigith KLHL3 and phospho-PKC
substrate (R/KXY antibodies, respectively. C), E), G), I) Repréatme immunoblots and
corresponding quantifications (D, F, H, J) of lgsafrom HEK293 cells treated with control
or NHA2-targeting siRNA and cotransfected with WNRBAG and KLHL3-GFP. Before
lysis, cells were treated for 1h with vehicle, #AKC activator TPA (200 nM) or the PKA
activator Forskolin (FK; 30 uM), respectively. @) were blotted with monoclonal FLAG-
antibody and G) with phospho-PKA substrate (RRXY or 1) phospho-PKC substrate

(RIKXSP) antibody, respectively. Immunoblots show biolagiceplicates. Asterisks denote
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significance for the indicated comparisons (ANOVAhwTukey post-hoc test; **p < 0.01,

***p < 0.001, NS=not significant).
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TABLES

Table 1. Blood parameters of WT and NHA2 KO mice

Parameter WT NHA2 KO

Na (mM) 148.5+2.14 150.2+1.58 NS
K (mM) 4.22+0.41 4.36+0.61 NS

Cl (mM) 114.2+2.50 114.90+3.41 NS
Ca (mM) 2.20+0.09 2.19+0.09 NS
Ca ion. (mM) 1.24+0.03 1.25+0.06 NS
P (mM) 2.94+0.71 2.78+0.59 NS

Mg (mM) 1.08+0.11 1.09+0.10 NS

Creatinine (LM) 13.8+2.20 13.5+2.28 NS
Urea (mM) 7.64+2.07 8.55+2.85 NS
Uric acid (uM) 79.2+17.56 77.16+28.08 NS
pH 7.33+0.06 7.33+0.04 NS

pCO; (MmHQ) 47.65+15.02 | 49.23+13.55 NS
HCO; (mM) 24.57+4.12 25.18+4.70 NS

PTH (pg/ml) 155.6+71.3 137.4161.1 NS
1,25(OH} Vitamin D; (pmol/l) 403.8+73.3 391.1+88.9 NS

N = 12 per genotype. Results shown are mean + Sipaitkd t-test; NS= not significant.

Average body weight of mice studied: WT 24+1.6 d &iHA2 KO 23.9£1.3 g, NS.
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Table 2. Urine parametersof WT and NHA2 KO mice

Par ameter WT NHA2KO

pH 6.16+0.23 6.32+0.24 NS
Volume (ul/ 24 h) 15354364 14304586 NS
Osmolality (mosm / kg b0) 25451923 28011986 NS
Creatinine (umol / 24 h) 3.97+0.68 3.30+0.84 NS
Urea (mmol / 24 h) 2.20+0.42 1.51+0.50 NS
Na (mM) / Creat (mM) 51.03+7.38 54.04+11.55 NS
K (mM) / Creat (mM) 125.61+13.44 | 136.89+22.97 NS
Cl (mM) / Creat (mM) 101.71+¢22.38 | 104.76+12.66| NS
Ca (mM) / Creat (mM) 1.09+0.3 0.66+0.23 el

P (mM) / Creat (mM) 36.25+8.73 43.06%10.79 NS
Mg (mM) / Creat (mM) 10.01+0.89 10.34+1.05 NS
NH,4 (mM) / Creat (mM) 17.47+8.73 19.90+5.70 NS
Aldosterone (py/ Creat (M) 895.04+394.08 1163.39+£390.96 *
Corticosterone (ng) / Creat (UM) 34.68+13.02 3718256 NS
Adrenaline (ng) / Creat (UM) 4,16x1.37 5.70£2.76 NS
Noradrenaline (ng) / Creat (LM) 52.30+£12.4 57.52927 NS

N = 12 per genotype. Results shown are mean + Spaitkd t-test; *p < 0.05, ***p < 0.001,

NS=not significant.

Average body weight of mice studied: W2B+1.6 g and NHA2 K23.9+£1.3 g, NS.
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