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Abstract

Sodium-chloride cotransporter (NCC), uniquely located at the distal convoluted tubule (DCT),

is the target of thiazide diuretics and critically involved in renal handling of both Na* and K*,
However, the mechanism of how NCC activity is regulated remains incompletely understood. Here
we report a novel role of (pro)renin receptor (PRR) and its cleavage product soluble PRR (sPRR)
via site-1 protease (S1P) as negative regulators of NCC during high salt or high K* loading.

Under basal condition, mice with DCT-specific deletion of PRR (DCT PRR KO) exhibited modest
hypertension associated with reduced urinary Na*, K*, and CI~ excretion due to increased NCC
activity. Following a high salt diet, DCT PRR KO mice exhibited a ~25 mm Hg increase of mean
arterial pressure contrasting to salt resistance in the floxed controls. The null mice also exhibited
impaired kaliuresis and hyperkalemia after high K* intake. This phenotype was recapitulated by
treatment of C57/BL6 mice with S1P inhibitor PF429242. In cultured Flp-In T-REx 293 NCC
cells, S1P-derived sPRR directly dephosphorylated NCC via activation of angiotensin Il receptor
type 1 (AT1R). Taken together, the present study has demonstrated that S1P-derived SPRR via
AT1R negatively regulates NCC activity in the DCT to render salt resistance and to promote K*
excretion.
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Introduction

During the past decade, it is well established that the distal convoluted tubule (DCT)

plays a central and often dominant role in a variety of homeostatic processes, including
extracellular fluid volume regulation, Na* reabsorption, and K* secretion. The thiazide-
sensitive Na*-CI~ cotransporter (NCC) is an important player in the maintenance of blood
pressure (BP) and Na™ homeostasis as it controls the fine-tuning Na* excretion, which is
located in the apical membrane of the epithelial cells of the distal convoluted tubulel!]. NCC
is an important pharmacological target in the treatment of hypertension as thiazide-type
diuretics, which specifically block NCC, are considered as one of the first-line therapy
drugs in the clinic[? 3] and loss of function mutations in NCC itself causes Gitelman’s
syndromel4 3] and mutations in key regulators of NCC such as With-No-Lysine kinases
(WNKSs) or Cullin-3 or the BTB (named BTB for Drosophila broad-complex C, Tramtrack,
and Bric-a-brac) protein kelch-like family member 3 (KLHL3) activate NCC leading to
Gordon syndromel®: 71,

The K* secretory process occurs primarily in the aldosterone-sensitive distal nephron
(ASDN) where renal outer medullary K* channel (ROMK) and calcium-dependent big-
conductance K* channels (BK) mediate K* exit from apical membrane, driven by
electrogenic negative charge generated by epithelial sodium channel (ENaC)-mediated Na*
reabsorption [&l. Increasing evidence indicates that NCC in the DCT plays a key role in
regulating K* homeostasis and renal K* excretion through the control of Na* delivery to the
collecting duct (CD) [ 1011, 12] Djetary K* intake is a dominant factor regulating NCC
activity in animals and humans, low K™ intake activates NCC, whereas high K* (HK) intake
suppresses itl13: 141, More recently, a novel K* channel, termed as Kir4.1/Kir5.1, is found on
the basolateral membrane of DCT to serve as sensor for extracellular K* to participate in K*
secretion via modulating NCC expression and activity [15],

The renin-angiotensin system (RAS) plays a pivotal role in the maintenance of BP and Na*
and K* homeostasis through complex mechanisms in the ASDN. Indeed, hyperkalemia is

a common side effect of RAS inhibition with antagonists against almost each component

of the system [16: 171 (Pro)renin receptor (PRR), a new component of RAS, belongs to

the type-1 transmembrane receptor family, consisting of a large N-terminal extracellular
domain, a single transmembrane domain, and a short cytoplasmic domain [18], and widely
expressed in the renal tubules, including proximal tubules, thick ascending limbs, DCTs, and
CDsl[19. 201, The extracellular domain is cleaved by a protease to generate 28—kDa soluble
PRR (sPRR)[2L. 221 strong /n vitro evidence demonstrates that the PRR bound prorenin

and renin exhibit increased generation of angiotensin | (Ang 1) [231. /n vivo evidence also
emerges to support PRR function as an important regulator of intrarenal renin activity during
HK intake [24] or Angll-induced hypertension[2>: 261, While PRR was initially described as a
component of the RAS, its RAS independent role in Na* handling via ENaC has also been
well demonstrated in both physiological and pathophysiological conditions[26: 27, 28, 29, 30]
However, the role of PRR in NCC regulation in the DCT is completely unknown.

In the present study, we tested the overall hypothesis that PRR/sPPR may function as an
integrated regulator of BP and K* regulatory pathway through regulation of NCC activity
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in the DCT. The experimental approach involves generation of DCT-specific PRR knockout
(DCT PRR KO) mice and the use of enzyme inhibitors as well as the use of cultured NCC
expressing cell line for the detailed mechanistic investigation.

Materials and Methods

Animals.

The authors declare that all supporting data are available within the article (and its online-
only Data Supplement)

DCT-specific PRR KO mice and floxed control mice (3-month old) were all given free
access to tap water and fed the standard diet (Na*: 0.3% and K*: 1%). Mice were housed

in a temperature- and humidity-controlled room with a 12:12-h light-dark cycle. All animal
studies were conducted with the approval of the University of Utah Animal Care and Use
Committee in accordance with the National Institutes of Health Guide for the Care and Use
of Laboratory Animals.

Statistical analysis.

Results

Data are summarized as means = SEM. Statistical analysis was performed by using one-
way analysis of variance (ANOVA) with the Bonferroni test for multiple comparisons, by
repeated measures ANOVA for the interaction (time x strain), by unpaired student #test
for two comparisons at either different time points or under different conditions/treatments
using IBM SPSS 19 software. Difference were considered to be significant when the
probability value was less than 0.05.

The rest of the Methods is available in the online-only Data Supplement.

Verification of DCT-specific KO of PRR.

The expression of PV is remarkably restricted to a few cell types in the brain, skeletal,

heart muscles, parathyroid glands, and kidney[31l. In the mouse kidney, PV was almost
exclusively expressed in the DCT1 so its promoter was successfully used to target DCT1 but
not glomeruli with a minimal amount of recombination in thick ascending limbs and other
distal tubular segments!31: 321, PCR of DNA isolated from various organs from DCT PRR
KO mouse demonstrated strong recombination in the kidneys with minor recombination in
other organs (Figure 1B). It’s been shown that PRR mRNA and protein were predominantly
expressed in the DCTs and CDs [19]. Therefore, we performed immunofluorescence to detect
PRR in the kidney of the two genotypes with co-labeling using anti-AQP2 antibody to
visualize principal cells of the CD. The consecutive sections were stained with anti-pNCC-
T53 antibody to label DCT. As shown in Figure 1C, PRR was detected in the intercalated
cells of AQP2-positive tubules (CD) as well as pNCC-T53-positive tubules (DCT) in floxed
mice. In contrast, PRR signal in DCT was markedly reduced in DCT PRR KO mice as
compared with floxed controls contrasting to unchanged PRR signal in the CD (Figure 1C),
confirming DCT-specific targeting of PRR gene.
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DCT PRR KO caused robust salt-sensitive hypertension.

Compared with floxed controls, DCT PRR KO mice exhibited slightly higher BP and greater
HCTZ sensitivity under basal conditions (Figure S1). As expected, BPs in floxed mice were
largely resistant to HS loading or HCTZ (Figure 2A-C). In a sharp contrast, MAP, SBP,

and DBP in DCT PRR KO mice were all robustly induced by HS loading, which were also
sensitive to HCTZ (Figure 2A-C). Interestingly, the HR responded similarly to HS loading
between the genotypes (Figure 2D). In the setting of HS loading, an interaction (time x
strain) was detected for MAP (p<0.001, Figure 2A), SBP (p=0.01, Figure 2B), and DBP
(0=0.001, Figure 2C), but not for HR (p=0.214, Figure 2D), by using repeated measures
ANOVA. In response to HCTZ, the change of MAP, SBP, DBP, and HR was significantly
greater in HS-loaded DCT PRR KO mice than that in HS-loaded floxed mice (Figure 2E and
2F).

DCT PRR KO impaired kaliuresis and induced hyperkalemia during HK intake.

As shown in Table S1, DCT PRR KO mice exhibited lower urine volume, accompanied with
decreased 24-h urinary Na* excretion (UnaV), 24-h urinary K* excretion (UxV), and 24-h
urinary CI~ excretion (Uc V) but comparable plasma K* concentration (PxC), plasma Na*
concentration (PNaC), and plasma CI™ concentration (PcC). DCT PRR KO mice and floxed
controls were treated for 7 days with a NK or HK diet. In response to HK intake, UkV was
increased in both genotypes but the magnitude of the increase was less in DCT PRR KO
mice than in floxed controls (Figure 3A). Similar trends were observed for UyaV and UgV
(Table S1). Following HK intake, DCT PRR KO mice had a greater increase in PxC (4.40
+0.08 mM in KO + HK vs. 3.75 £ 0.05 mM in floxed + HK, p<0.001) (Figure 3B). In
contrast, PnaC and P¢|C were unaffected by the genotype or the diet (Table S1).

DCT PRR KO promoted NCC phosphorylation.

DCT PRR KO significantly decreased baseline expression of NCC protein (Figure

3C) and mRNA (Figure 3D) but increased baseline abundance of pNCC-T53, and
reversed HK-induced down-regulation of pNCC-T53 protein expression (Figure 3C). By
immunofluorescence, the expression of pPNCC-T53 was localized to the DCT where the
signal was enhanced in DCT PRR KO mice as compared with floxed controls under NK
condition (Figure 3E). In response to HK intake, the expression of pNCC-T53 in floxed
controls was almost undetectable contrasting to the well preserved level in DCT PRR KO
mice (Figure 3E). Consistently, HCTZ-induced increases in urinary Na* excretion (Figure
3F) were elevated in DCT PRR KO mice as compared with floxed controls under either
a NK or HK condition. These results suggest that DCT-specific PRR deletion resulted in
increased NCC activity due to enhancement of its phosphorylation despite the reduced
expression of total NCC.

In light of the evidence of DCT remodeling accompanied with increased NCC
expression(33], we analyzed the density of DCT1 in DCT PRR KO mice in comparison with
their floxed controls by performing semi-quantitative immunofluorescence of parvalbumin.
We observed that the fractional-area of the DCT1 (Parvalbumin-positive tubules), as
reflected by parvalbumin fluorescence intensity, was unchanged in DCT PRR KO mice,
revealing no evidence of DCT1 remodeling in these mice (Figure S2). Along this line, gross

Hypertension. Author manuscript; available in PMC 2022 September 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xu et al.

Page 5

kidney morphology as assessed by hematoxylin-eosin staining was normal (Figure S3).
Furthermore, we detected the expression of LC3B protein (an autophagosome marker) in
the kidney by Western blotting analysis. This result showed no evidence of autophagosome
accumulation in DCT PRR KO mice (Figure S4). Overall, the renal structural integrity of
DCT PRR KO mice is well preserved.

Examination of WNK4/SPAK/OSR1 pathway.

Abundant evidence supports that the NCC is tightly regulated by the WNK4/Ste20-related,
proline—alanine-rich kinase (SPAK)/oxidative stress responsive kinase 1 (OSR1). Thus we
detected WNK4, SPAK, and pSPAK/pOSR1 protein expression by immunoblotting analysis.
The expression of WNK4 and pSPAK-S373/pOSR1-S325 was higher in DCT PRR KO
mice than that in floxed controls (Figure S5). In response to HK intake, renal expression of
WNK4 and pSPAK-S373/pOSR1-S325 expression was upregulated in floxed mice and this
upregulation was not obvious in DCT PRR KO mice likely due to their elevated baseline
values (Figure S5)

DCT PRR KO blocked the cleavage of y-ENaC during HK intake.

ENaC, a major Na* transporter in the epithelial cells of the CD, drives K* secretion by
mediating Na* reabsorption. We examined renal expression of the 3 subunits of ENaC, a,

B, and -y, in the floxed and DCT PRR KO mice on a HK diet by immunoblotting analysis.
During the normal diet, DCT PRR KO slightly increased B-ENaC protein expression with no
effect on a-ENaC or y-ENaC protein expression in the renal cortex. In response to HK diet,
protein expression of ENaC subunits exhibited distinct responses with increases in B-ENaC
expression and cleavage of y-ENaC but not a-ENaC protein expression. DCT PRR KO
significantly blocked HK-induced cleavage of y-ENaC (Figure S4).

PF429242 impaired kaliuresis, increased plasma K* concentration, and reversed HK-
induced inhibition of NCC.

Recent studies from two independent laboratories consistently demonstrated that S1P served
as a predominant enzymatic source of sPRR [21. 221, Here we examined the potential role
of S1P-derived sPRR in regulation of K* homeostasis during HK intake. C57BL/6 mice
were treated for 3 days with a NK diet, a HK diet alone or in combination with a S1P
inhibitor PF429242. As compared with the NK control, HK mice exhibited increased 24-h
UV (Figure 4A) and slightly elevated plasma K* concentration (Figure 4B). In contrast,
HK + PF mice had a blunted kaliuretic response and a greater increase in PxC (HK +

PF: 4.56£0.16 mM vs. HK: 4.10 + 0.11 mM, ~<0.01) (Figure 4B). PF429242 treatment
significantly inhibited HK-induced down-regulation of protein expression of NCC and
pNCC-T53 (Figure 4C), as well as NCC mRNA (Figure 4D). Immunofluorescence for
pNCC-T53 also showed that PF429242 enhanced the expression of pNCC-T53 in the DCT
as compared with the HK group (Figure 4E). The /in vivo NCC activity as reflected by
HCTZ-induced increases in urinary Na* excretion (Figure 4F) was significantly attenuated
by HK intake, which was nearly completely reversed by PF429242.
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sPRR dephosphorylated NCC via the activation of AT1R in the Flp-In T-Rex 293 NCC cell.

The Flp-In T-Rex 293 NCC cell line expresses NCC and pNCC-T53 protein following
tetracycline treatment and has been used to investigate the mechanism of NCC
regulation[34]. To test a direct effect of PRR on NCC expression, we performed an in vitro
experiment using stably transfected HEK293 cells, FIp-In T-REx 293 NCC cell ling, in
which the NCC expression was induced by tetracycline. The abundance of NCC and pNCC-
T53 protein was significantly increased after tetracycline incubation (Data not shown). As
shown in Figure 5A, PRR knockdown by siRNA increased, whereas prorenin treatment
decreased, pNCC-T53 abundance in these cells, without affecting total NCC abundance,
suggesting a phosphorylation event affected by sSPRR.

The cells exposed to PF429242 exhibited reduced abundance of endogenous sPRR as the 28
kDa band accompanied with increased abundance of fPRR, evidence of inhibition of PRR
cleavage (Figure 5B). The size of sSPRR-His, predicted to be of 29.6 kDa, was detected as

a band of a slightly higher molecular weight band as compared with the endogenous sPRR
(Figure 5B). sSPRR-His treatment decreased, whereas S1P inhibitor PF429242 increased
pNCC-T53 abundance without affecting total NCC abundance (Figure 5B). These results
suggest a potential role of SPRR in regulation of phosphorylation but not expression of NCC.
Given the observation in another study that SPRR directly interacts and activates AT1R in
endothelial cells[33], we wondered whether sSPRR may act in RAS-dependent manner and
therefore examined the effect of inhibition of AT1R as well as mineralocorticoid receptor

on the action of SPRR-His. AT1R inhibition by losartan or siRNA (Figure 5C&D) but not
mineralocorticoid receptor antagonist eplerenone (Figure 5E) effectively reversed SPRR-His-
induced down-regulation of pNCC-T53. To provide the direct evidence of SPRR regulation
of NCC activity, we performed functional studies using a membrane-permeable fluorescent
intracellular sodium indicator CoroNa™ Green (CoroNa) to evaluate NCC-mediated sodium
retention in Flp-In T-REx 293 NCC cells, in which the portion of thiazide-inhibitable
fluorescence will reflect NCC activity as reported previously[36]. As shown in figure 5F,

the NCC activity was induced nearly 18-fold after the induction of NCC expression by
tetracycline, which was significantly blunted by sPRR-His.

Given the inconclusive data on WNK/SPAK/OSR1 pathway, we turned our attention to
phosphatase, a potential target of sSPRR-mediated dephosphorylation of NCC. Therefore we
detected the phosphatase activity!37] in Flp-In T-REx 293 NCC cells exposed to SPRR-His
treatment. The phosphatase activity (Figure S6) in the cell lysates was increased following
SPRR-His treatment, which was blocked by losartan or AT1R siRNA.

Discussion

The importance of NCC in renal control of Na* and K* homeostasis has been well
established. Relatively, less is known about the molecular mechanism of balanced control of
the activity of NCC. While there is overwhelming information concerning phosphorylation
and activation of NCC by WNKSs, the present study is the first to show that S1P-derived
SPRR plays an important role in negative regulation of phosphorylation of NCC and thus
salt sensitivity during high salt intake and kaliuretic response to HK loading. DCT PRR

KO mice exhibited enhanced salt sensitivity during high salt intake and impaired kaliuresis
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during HK intake, accompanied with enhanced pNCC-T53 abundance. This phenotype was
recapitulated by treatment of C57/BL6 mice with S1P inhibitor PF429242. In cultured
Flp-In T-REx 293 NCC cells, S1P-derived sPRR directly dephosphorylated NCC in RAS-
dependent manner.

A large body of experimental evidence has demonstrated an essential role of PRR in renal
control of fluid and electrolyte balance and BP. In general, overactivation of PRR promotes
Na* and water retention and the development of hypertension. The renal action of PRR
primarily involves enhancement of expression of various transporters and their associated
proteins such as AQP2, vasopressin receptor type 2, a-ENaC, Na/K/2Cl cotransporter, and
Na/H exchanger 3 implicated in regulation of urine concentrating capability[38: 39. 40, 41]

or the development of hypertension induced by Angll infusion[26. 301 or fructose/salt
treatment[42: 431, The present study is the first to show NCC as an additional molecular
target of PRR. Contrary to the overall stimulatory effect of PRR on renal tubular transport
mediated by multiple Na* and water transporters, we observed an inhibitory effect of PRR/
SPRR on NCC activity. In this regard, /7 vivo NCC activity as assessed by the diuretic
response to thiazide diuretics was elevated in DCT PRR KO mice, accompanied with

Na* and water retention and modest hypertension under basal condition. Following HS
loading, the null mice exhibited a robust increase in BP, which was sensitive to thiazide
diuretics. In parallel with the enhanced NCC activity, renal pNCC-T53 level was elevated
in the null mice. These mice were not only salt sensitive but also exhibited impairment

of kaliuretic response leading to hyperkalemia during HK intake, thus mimicking familial
hyperkalemic hypertension, also known as Gordon’s syndrome, a genetic disorder caused
by overactivation of NCC due to mutations in genes encoding WNK1 and WNK4 or
components of an ubiquitin ligase complex, cullin3, and KLHL3[44l. Of note, salt-sensitive
hypertension in DCT PRR KO was only partially blunted by HCTZ, indicating that
dysregulation of NCC is not solely responsible for the hypertensive phenotype. Indeed,

we observed a small but significant increase in B-ENaC protein expression in the null mice.
Future studies are needed to examine if other Na* transporters beyond distal nephron are
also affected.

We further provide evidence for S1P-derived sPRR in mediating the inhibitory effect of
PRR on phosphorylation of NCC. In particular, /n vitro data demonstrated a direct inhibitory
effect of SPRR on phosphorylation of NCC without an effect of total NCC abundance.
Consistently, sSPRR significantly inhibited tetracycline-induced HCTZ-sensitive sodium
uptake in Flp-In T-REx 293 NCC cells, representing direct evidence of sPRR-dependent
regulation of NCC activity. Overall, these results strongly suggest that PRR via its S1P-
mediated generation of sPRR tonically dephosphorylates NCC to inhibit its activity to render
salt resistance and to promote K* excretion. This pathway has never been reported by

prior studies. It is interesting to note that despite increased NCC activity, NCC mRNA

and protein expression was downregulated in DCT PRR KO mice. The mechanism for

the later phenomenon is unknown. The downregulation of NCC expression might be due

to a compensatory response to the altered NCC activity. In support of this possibility, /n
vitro data showed that sPRR only regulated phosphorylation but not expression of NCC. In
support of this notion, there are a number of examples of altered phosphorylation of NCC
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occurs contrasting to unchanged total NCC during acute K* loading[4°], circadian regulation
of BP and renal function[46: 471,

The phosphorylation status of NCC is determined by the balanced action of protein kinases,
namely the WNK/SPAK/OSR1 pathway, and phosphatases. The activated WNK/SPAK/
OSR1 pathway presumably accounts for increased p-NCC level in the kidney of DCT

PRR KO mice under basal condition. However, to our surprise, HK intake stimulates but
not inhibits the WNK/SPAK/OSR1 pathway in either floxed controls or DCT PRR KO
mice, a pattern totally inconsistent with that of p-NCC. This result is consistent with the
previous reports by Hoorn groupl48l. Thus, these results may suggest that the WNK/SPAK/
OSR1 pathway may not be a primary determinant of p-NCC abundance at least during

HK intake. This may leave room for participation of phosphatases. Indeed, we found sPRR-
His stimulated phosphatase activity in Flp-In T-REx 293 NCC cells in a AT1R-dependent
manner. These results suggest that SPRR may directly enhance phosphatase activity to
dephosphorylate NCC via AT1R signaling. The identity of such phosphatase awaits future
investigation.

In vitro experiments using a Flp-In T-REx 293 NCC cell line demonstrated dependence of
SPRR action on AT1R. In support of this notion, inhibition of AT1R with losartan or sSiRNA
consistently blocked of the inhibitory effect of SPRR-His on pNCC-T53 abundance. These
results are compatible with increasing evidence supporting intrinsic association between
PRR/sPRR and the RAS. In particular, PRR/sPRR have been shown to be critical regulators
of intrarenal RAS during pathogenesis of hypertension[®l and chronic kidney disease[>°.

In primary cultured DCT cells, Angll-increased Na-22 transport was inhibited by AT1R
antagonist losartan®2]. In line with these functional studies, immunoreactivity of AT1aR was
detected throughout the kidney, including the DCT and CD[2 53,541, Using a micro-assay
that permits measurement of hormone binding in discrete tubule segments, the binding

sites of 125]-Angl| were presented in all tubule segments including DCT and CD[®], These
studies demonstrated the presence of AT1R in the DCT that regulates NCC. Our observation
also agrees well with upregulation of expression and activity of NCC in male AT1Ra KO
mice [56], although Angll infusion is shown to stimulate NCC expression, phosphorylation
(571 and trafficking [%8]. The discrepancy may result from confounding influence of non-
physiological doses of Angll or the distinct actions of AT1R versus AT2R.

Aldosterone is well known to be involved in renal handling of both Na* and K* through its
action in the distal nephron. Aldosterone paradox highlights its distinct physiological roles
under hypervolemia and hyperkalemia conditions. During volume depletion, aldosterone
primarily regulates Na* reabsorption in the distal nephron with minimal influence on

K™ secretion whereas during hyperkalemia aldosterone exerts a predominant role in
promoting K* secretion. In the present study, we discovered kaliuretic action of S1P-derived
SPRR possibly via activation of AT1R in the presence of suppressed Angll level. In
contrast, during volume depletion, circulating Angll is elevated to activate AT1R to drive
overactivation of the RAAS. However, renal expression of PRR is paradoxically upregulated
by both salt depletion and high-salt loading [5% 691 and production of SPRR under either
condition is unclear. Based on the available knowledge, we would like to postulate that
ATI1R may be selectively activated by sSPRR during hyperkalemia to promote kaliuresis and
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by Angll during volume depletion to retain Na*, thus at least, in part, explaining aldosterone
paradox.

The present study has a number of limitations. For example, the specificity of PV-Cre-
mediated gene recombination is limited. Despite the strict restriction of high PV abundance
to the DCT1 in the mouse kidneys [32 611 the expression is also detected in extrarenal
tissues such as the neurons. Indeed, we observed modest recombination event in the

brain, which may have some confounding influence on the renal phenotype. It is been
shown that neuron-specific PRR KO or neuron PRR inhibition prevents the development
of salt-sensitive hypertension or Angll-induced hypertension[62. 63. 64,65, 66] g ggesting
pro-hypertensive action of central PRR, which unlikely accounts for the antihypertensive
action of DCT PRR as shown by the present study. Another limitation is that the activity of
PV-Cre is mostly restricted to DCT1 but not DCT2. Therefore, a potential role of PRR in
DCT2 remains uninvestigated by the current study. This issue can soon be resolved by the
use of a newly generated NCC-Cre that targets the entire DCT [67],

In summary, the present study comprehensively examined the role and mechanism of
DCT PRR in regulation of NCC activity during renal control of salt sensitivity and K*
homeostasis. PRR via its S1P-mediated cleavage product sPRR tonically dephosphorylate
NCC to suppress its activity to coordinate Na* retention and K* excretion. Overall, these
results help define S1P-derived SPRR as a negative regulator of NCC in the DCT.

Perspectives

Accumulating evidence our group and others has defined PRR as important regulator

of renal function, particularly Na* and water transport in the collecting duct[26. 30 391,
However, there is no prior report on the potential function of PRR in the DCT where
NCC-mediated Na* transport plays a key role in regulation of both Na* and K* transport.
The current work showed that S1P-derived sSPRR suppresses NCC activity in the DCT to
render salt resistance and to promote K* excretion. The results suggest an essential and
non-redundant role for SPRR in modulating NCC activity. This finding provides a rationale
for the integrated mechanism of renal control of salt sensitivity and K* homeostasis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank Prof. David H. Ellison (Oregon Health and Science University) for providing the FIp-In T-REX 293 NCC
cell line (stably expressing NCC).

Sources of Funding

This work was supported by National Institutes of Health Grants HL139689, DK104072, HL135851, VA Merit
Review from the Department of Veterans Affairs, and Postdoctoral Fellowship Award 19POST34410068 from
American Heart Association. T. Yang is Senior Research Career Scientist in Department of Veterans Affairs.

Hypertension. Author manuscript; available in PMC 2022 September 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xu et al.

Reference

10

11.

12.

13.

Page 10

. Ellison DH, Velazquez H, Wright FS. Thiazide-sensitive sodium chloride cotransport in early distal

tubule. Am J Physiol. 1987; 253: F546-554. [PubMed: 3631283]

. Cutler JA, Davis BR. Thiazide-type diuretics and beta-adrenergic blockers as first-line drug

treatments for hypertension. Circulation. 2008; 117: 2691-2704. [PubMed: 18490537]

. Wright JM, Lee CH, Chambers GK. Systematic review of antihypertensive therapies: does the

evidence assist in choosing a first-line drug? CMAJ. 1999; 161: 25-32. [PubMed: 10420860]

. Simon DB, NelsonWilliams C, Bia MJ, Ellison D, Karet FE, Molina AM, Vaara |, lwata F,

Cushner HM, Koolen M, Gainza FJ, Gitelman HJ, Lifton RP. Gitelman’s variant of Bartter’s
syndrome, inherited hypokalaemic alkalosis, is caused by mutations in the thiazide-sensitive Na-Cl
cotransporter. Nature Genetics. 1996; 12: 24-30. [PubMed: 8528245]

. Sabath E, Meade P, Berkman J, de los Heros P, Moreno E, Bobadilla NA, Vazquez N, Ellison DH,

Gamba G. Pathophysiology of functional mutations of the thiazide-sensitive Na-Cl cotransporter
in Gitelman disease. American Journal Of Physiology-Renal Physiology. 2004; 287: F195-F203.
[PubMed: 15068971]

. Yang CL, Zhu XM, Ellison DH. The thiazide-sensitive Na-Cl cotransporter is regulated by a WNK

kinase signaling complex. Journal Of Clinical Investigation. 2007; 117: 3403-3411. [PubMed:
17975670]

. Wilson FH, Disse-Nicodeme S, Choate KA, Ishikawa K, Nelson-Willams C, Desitter I, Gunel M,

Milford DV, Lipkin GW, Achard JM, Feely MP, Dussol B, Berland Y, Unwin RJ, Mayan H, Simon
DB, Farfel Z, Jeunemaitre X, Lifton RP. Human hypertension caused by mutations in WNK kinases.
Science. 2001; 293: 1107-1112. [PubMed: 11498583]

. Palmer BF, Clegg DJ. Physiology and pathophysiology of potassium homeostasis. Adv Physiol

Educ. 2016; 40: 480-490. [PubMed: 27756725]

. Sorensen MV, Grossmann S, Roesinger M, Gresko N, Todkar AP, Barmettler G, Ziegler U,

Odermatt A, Loffing-Cueni D, Loffing J. Rapid dephosphorylation of the renal sodium chloride
cotransporter in response to oral potassium intake in mice. Kidney International. 2013; 83: 811-824.
[PubMed: 23447069]

. van der Lubbe N, Moes AD, Rosenbaek LL, Schoep S, Meima ME, Danser AHJ, Fenton RA,
Zietse R, Hoorn EJ. K+-induced natriuresis is preserved during Na+ depletion and accompanied
by inhibition of the Na+-Cl- cotransporter. American Journal Of Physiology-Renal Physiology.
2013; 305: F1177-F1188. [PubMed: 23986520]

Vallon V, Schroth J, Lang F, Kuhl D, Uchida S. Expression and phosphorylation of the Na+-Cl-
cotransporter NCC in vivo is regulated by dietary salt, potassium, and SGK1. American Journal Of
Physiology-Renal Physiology. 2009; 297: F704—-F712. [PubMed: 19570885]

Terker AS, Yarbrough B, Ferdaus MZ, Lazelle RA, Erspamer KJ, Meermeier NP, Park HJ,
McCormick JA, Yang CL, Ellison DH. Direct and Indirect Mineralocorticoid Effects Determine
Distal Salt Transport. Journal of the American Society of Nephrology. 2016; 27: 2436—2445.
[PubMed: 26712527]

Terker AS, Zhang C, McCormick JA, Lazelle RA, Zhang CB, Meermeier NP, Siler DA, Park

HJ, Fu 'Y, Cohen DM, Weinstein AM, Wang WH, Yang CL, Ellison DH. Potassium Modulates
Electrolyte Balance and Blood Pressure through Effects on Distal Cell Voltage and Chloride. Cell
Metabolism. 2015; 21: 39-50. [PubMed: 25565204]

14. Rengarajan S, Lee DH, Oh YT, Delpire E, Youn JH, McDonough AA. Increasing plasma [K+] by

15.

16.

intravenous potassium infusion reduces NCC phosphorylation and drives kaliuresis and natriuresis.
Am J Physiol Renal Physiol. 2014; 306: F1059-1068. [PubMed: 24598799]

Cuevas CA, Su XT, Wang MX, Terker AS, Lin DH, McCormick JA, Yang CL, Ellison DH, Wang
WH. Potassium Sensing by Renal Distal Tubules Requires Kir4.1. J Am Soc Nephrol. 2017; 28:
1814-1825. [PubMed: 28052988]

Nyirenda MJ, Tang JI, Padfield PL, Seckl JR. Hyperkalaemia. BMJ. 2009; 339: b4114. [PubMed:
19854840]

Hypertension. Author manuscript; available in PMC 2022 September 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xu et al.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Page 11

Tamirisa KP, Aaronson KD, Koelling TM. Spironolactone-induced renal insufficiency and
hyperkalemia in patients with heart failure. Am Heart J. 2004; 148: 971-978. [PubMed:
15632880]

Burckle C, Bader M. Prorenin and its ancient receptor. Hypertension. 2006; 48: 549-551.
[PubMed: 16940209]

Advani A, Kelly DJ, Cox AJ, White KE, Advani SL, Thai K, Connelly KA, Yuen D, Trogadis J,
Herzenberg AM, Kuliszewski MA, Leong-Poi H, Gilbert RE. The (Pro)renin receptor: site-specific
and functional linkage to the vacuolar H+-ATPase in the kidney. Hypertension. 2009; 54: 261-2609.
[PubMed: 19546380]

Daryadel A, Bourgeois S, Figueiredo MF, Gomes Moreira A, Kampik NB, Oberli L, Mohebbi N,
Lu X, Meima ME, Danser AH, Wagner CA. Colocalization of the (Pro)renin Receptor/Atp6ap2
with H+-ATPases in Mouse Kidney but Prorenin Does Not Acutely Regulate Intercalated Cell
H+-ATPase Activity. PLoS One. 2016; 11: e0147831. [PubMed: 26824839]

Nakagawa T, Suzuki-Nakagawa C, Watanabe A, Asami E, Matsumoto M, Nakano M, Ebihara A,
Uddin MN, Suzuki F. Site-1 protease is required for the generation of soluble (pro)renin receptor.
Journal Of Biochemistry. 2017; 161: 369-379. [PubMed: 28013223]

Fang H, Xu C, Lu A, Zou C, Xie S, Chen Y, Zhou L, Liu M, Wang L, Wang W, Yang T. (Pro)renin
receptor mediates albumin-induced cellular responses: role of site-1 protease-derived soluble
(pro)renin receptor in renal epithelial cells. American Journal Of Physiology-Cell Physiology.
2017; 313: C632-C643. [PubMed: 28903918]

Nguyen G, Delarue F, Burckle C, Bouzhir L, Giller T, Sraer JD. Pivotal role of the renin/prorenin
receptor in angiotensin Il production and cellular responses to renin. J Clin Invest. 2002; 109:
1417-1427. [PubMed: 12045255]

Xu C, Lu A, Wang H, Fang H, Zhou L, Sun P, Yang T. (Pro)Renin receptor regulates potassium
homeostasis through a local mechanism. Am J Physiol Renal Physiol. 2017; 313: F641-F656.
[PubMed: 27440776]

Wang F, Lu X, Liu M, Feng Y, Zhou SF, Yang T. Renal medullary (pro)renin receptor contributes
to angiotensin Il-induced hypertension in rats via activation of the local renin-angiotensin system.
BMC Med. 2015; 13: 278. [PubMed: 26554902]

Peng K, Lu X, Wang F, Nau A, Chen R, Zhou SF, Yang T. Collecting duct (pro)renin receptor
targets ENaC to mediate angiotensin Il-induced hypertension. American Journal of Physiology-
Renal Physiology. 2017; 312: F245-F253. [PubMed: 27122543]

Quadri S, Siragy HM. (Pro)renin receptor contributes to regulation of renal epithelial sodium
channel. Journal Of Hypertension. 2016; 34: 486-494. [PubMed: 26771338]

Lu X, Wang F, Liu M, Yang KT, Nau A, Kohan DE, Reese V, Richardson RS, Yang T. Activation
of ENaC in collecting duct cells by prorenin and its receptor PRR: involvement of Nox4-derived
hydrogen peroxide. Am J Physiol Renal Physiol. 2016; 310: F1243-1250. [PubMed: 26697985]

Quadri SS, Culver S, Ramkumar N, Kohan DE, Siragy HM. (Pro)Renin receptor mediates obesity-
induced antinatriuresis and elevated blood pressure via upregulation of the renal epithelial sodium
channel. Plos One. 2018; 13: €0202419. [PubMed: 30118514]

Ramkumar N, Stuart D, Mironova E, Bugay V, Wang SP, Abraham N, Ichihara A, Stockand JD,
Kohan DE. Renal tubular epithelial cell prorenin receptor regulates blood pressure and sodium
transport. American Journal Of Physiology-Renal Physiology. 2016; 311: F186—F194. [PubMed:
27053687]

Olinger E, Schwaller B, Loffing J, Gailly P, Devuyst O. Parvalbumin: calcium and magnesium
buffering in the distal nephron. Nephrol Dial Transplant. 2012; 27: 3988-3994. [PubMed:
23144069]

Loffing J, Loffing-Cueni D, Valderrabano V, Klausli L, Hebert SC, Rossier BC, Hoenderop JG,
Bindels RJ, Kaissling B. Distribution of transcellular calcium and sodium transport pathways
along mouse distal nephron. Am J Physiol Renal Physiol. 2001; 281: F1021-1027. [PubMed:
11704552]

Grimm PR, Coleman R, Delpire E, Welling PA. Constitutively Active SPAK Causes Hyperkalemia
by Activating NCC and Remodeling Distal Tubules. J Am Soc Nephrol. 2017; 28: 2597-2606.
[PubMed: 28442491]

Hypertension. Author manuscript; available in PMC 2022 September 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xu et al.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 12

Hoorn EJ, Walsh SB, McCormick JA, Furstenberg A, Yang CL, Roeschel T, Paliege A, Howie
AJ, Conley J, Bachmann S, Unwin RJ, Ellison DH. The calcineurin inhibitor tacrolimus activates
the renal sodium chloride cotransporter to cause hypertension. Nature Medicine. 2011; 17: 1304—
U1339.

Fu Z, Wang F, Liu X, Hu J, Su J, Lu X, Lu A, Cho JM, Symons JD, Zou CJ, Yang T. Soluble
(pro)renin receptor induces endothelial dysfunction and hypertension in mice with diet-induced
obesity via activation of angiotensin Il type 1 receptor. Clin Sci (Lond). 2021; 135: 793-810.
[PubMed: 33625485]

Liu Y, Rafferty TM, Rhee SW, Webber JS, Song L, Ko B, Hoover RS, He B, Mu S. CD8+ T
cells stimulate Na-ClI co-transporter NCC in distal convoluted tubules leading to salt-sensitive
hypertension. Nat Commun. 2017; 8: 14037. [PubMed: 28067240]

Gregor M, Zedld A, Oehler S, Marobela KA, Fuchs P, Weigel G, Hardie DG, Wiche G. Plectin
scaffolds recruit energy-controlling AMP-activated protein kinase (AMPK) in differentiated
myofibres. J Cell Sci. 2006; 119: 1864-1875. [PubMed: 16608880]

Wang F, Xu C, Luo R, Peng K, Ramkumar N, Xie S, Lu X, Zhao L, Zuo CJ, Kohan DE, Yang T.
Site-1 protease-derived soluble (pro)renin receptor targets vasopressin receptor 2 to enhance urine
concentrating capability. JCI Insight. 2019; 4: e124174.

Wang F, Lu X, Peng K, Fang H, Zhou L, Su J, Nau A, Yang KT, Ichihara A, Lu A, Zhou SF, Yang
T. Antidiuretic Action of Collecting Duct (Pro)Renin Receptor Downstream of Vasopressin and
PGE2 Receptor EP4. J Am Soc Nephrol. 2016; 27: 3022—-3034. [PubMed: 27000064]

Lu X, Wang F, Xu C, Soodvilai S, Peng K, Su J, Zhao L, Yang KT, Feng Y, Zhou SF, Gustafsson
JA, Yang T. Soluble (pro)renin receptor via B-catenin enhances urine concentration capability

as a target of liver X receptor. Proc Natl Acad Sci U S A. 2016; 113: E1898-1906. [PubMed:
26984496]

Ramkumar N, Stuart D, Calquin M, Quadri S, Wang SP, Van Hoek AN, Siragy HM, Ichihara A,
Kohan DE. Nephron-specific deletion of the prorenin receptor causes a urine concentration defect.
American Journal of Physiology-Renal Physiology. 2015; 309: F48-F56. [PubMed: 25995108]
Xu C, LuA, Lu X, Zhang L, Fang H, Zhou L, Yang T. Activation of Renal (Pro)Renin

Receptor Contributes to High Fructose-Induced Salt Sensitivity. Hypertension. 2017; 69: 339-348.
[PubMed: 27993957]

Xu CM, Yang TX. New Advances in Renal Mechanisms of High Fructose-Induced Salt-Sensitive
Hypertension. Acta Physiologica Sinica. 2018; 70: 581-590. [PubMed: 30560266]

Wu A, Wolley M, Stowasser M. The interplay of renal potassium and sodium handling in blood
pressure regulation: critical role of the WNK-SPAK-NCC pathway. J Hum Hypertens. 2019; 33:
508-523. [PubMed: 30723251]

Sorensen MV, Grossmann S, Roesinger M, Gresko N, Todkar AP, Barmettler G, Ziegler U,
Odermatt A, Loffing-Cueni D, Loffing J. Rapid dephosphorylation of the renal sodium chloride
cotransporter in response to oral potassium intake in mice. Kidney Int. 2013; 83: 811-824.
[PubMed: 23447069]

lvy JR, Oosthuyzen W, Peltz TS, Howarth AR, Hunter RW, Dhaun N, Al-Dujaili EA, Webb

DJ, Dear JW, Flatman PW, Bailey MA. Glucocorticoids Induce Nondipping Blood Pressure by
Activating the Thiazide-Sensitive Cotransporter. Hypertension. 2016; 67: 1029-1037. [PubMed:
26953322]

vy JR, Jones NK, Costello HM, Mansley MK, Peltz TS, Flatman PW, Bailey MA. Glucocorticoid
receptor activation stimulates the sodium-chloride cotransporter and influences the diurnal rhythm
of its phosphorylation. Am J Physiol Renal Physiol. 2019; 317: F1536-F1548. [PubMed:
31588796]

van der Lubbe N, Moes AD, Rosenbaek LL, Schoep S, Meima ME, Danser AH, Fenton RA,
Zietse R, Hoorn EJ. K+-induced natriuresis is preserved during Na+ depletion and accompanied
by inhibition of the Na+-Cl- cotransporter. Am J Physiol Renal Physiol. 2013; 305: F1177-1188.
[PubMed: 23986520]

Feng Y, Peng K, Luo R, Wang F, Yang T. Site-1 Protease-Derived Soluble (Pro)Renin Receptor
Contributes to Angiotensin Il-Induced Hypertension in Mice. Hypertension. 2021; 77: 405-416.
[PubMed: 33280408]

Hypertension. Author manuscript; available in PMC 2022 September 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xu et al.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Page 13

Luo R, Yang K, Wang F, Xu C, Yang T. (Pro)renin receptor decoy peptide PRO20 protects
against adriamycin-induced nephropathy by targeting the intrarenal renin-angiotensin system. Am
J Physiol Renal Physiol. 2020; 319: F930-F940. [PubMed: 32865014]

Markadieu N, San-Cristobal P, Nair AV, Verkaart S, Lenssen E, Tudpor K, van Zeeland F, Loffing
J, Bindels RJ, Hoenderop JG. A primary culture of distal convoluted tubules expressing functional
thiazide-sensitive NaCl transport. Am J Physiol Renal Physiol. 2012; 303: F886—892. [PubMed:
22759396]

Miyata N, Park F, Li XF, Cowley AW Jr. Distribution of angiotensin AT1 and AT2 receptor
subtypes in the rat kidney. Am J Physiol. 1999; 277: F437-446. [PubMed: 10484527]
Harrison-Bernard LM, Navar LG, Ho MM, Vinson GP, el-Dahr SS. Immunohistochemical
localization of ANG Il AT1 receptor in adult rat kidney using a monoclonal antibody. Am J
Physiol. 1997; 273: F170-177. [PubMed: 9249605]

Sakai M, Tamura K, Tsurumi Y, Tanaka Y, Koide Y, Matsuda M, Ishigami T, Yabana M, Tokita

Y, Hiroi Y, Komuro I, Umemura S. Expression of MAK-V/Hunk in renal distal tubules and its
possible involvement in proliferative suppression. Am J Physiol Renal Physiol. 2007; 292: F1526—
1536. [PubMed: 17299141]

Mujais SK, Kauffman S, Katz Al. Angiotensin Il binding sites in individual segments of the rat
nephron. J Clin Invest. 1986; 77: 315-318. [PubMed: 3003153]

LiJ, Hatano R, Xu S, Wan L, Yang L, Weinstein AM, Palmer L, Wang T. Gender difference

in kidney electrolyte transport. 1. Role of AT1a receptor in thiazide-sensitive Na(+)-Cl(-)
cotransporter activity and expression in male and female mice. Am J Physiol Renal Physiol. 2017;
313: F505-F513. [PubMed: 28566500]

van der Lubbe N, Lim CH, Fenton RA, Meima ME, Jan Danser AH, Zietse R, Hoorn EJ.
Angiotensin Il induces phosphorylation of the thiazide-sensitive sodium chloride cotransporter
independent of aldosterone. Kidney Int. 2011; 79: 66-76. [PubMed: 20720527]

Sandberg MB, Riquier AD, Pihakaski-Maunsbach K, McDonough AA, Maunshach AB. ANG Il
provokes acute trafficking of distal tubule Na+-CI(-) cotransporter to apical membrane. AmJ
Physiol Renal Physiol. 2007; 293: F662—669. [PubMed: 17507603]

Matavelli LC, Huang J, Siragy HM. In vivo regulation of renal expression of (pro)renin receptor by
a low-sodium diet. Am J Physiol Renal Physiol. 2012; 303: F1652-1657. [PubMed: 23077099]
Rong R, Ito O, Mori N, Muroya Y, Tamura Y, Mori T, Ito S, Takahashi K, Totsune K, Kohzuki

M. Expression of (pro)renin receptor and its upregulation by high salt intake in the rat nephron.
Peptides. 2015; 63: 156-162. [PubMed: 25555681]

Bindels RJ, Timmermans JA, Hartog A, Coers W, van Os CH. Calbindin-D9k and parvalbumin are
exclusively located along basolateral membranes in rat distal nephron. J Am Soc Nephrol. 1991; 2:
1122-1129. [PubMed: 1777592]

Li WC, Peng H, Mehaffey EP, Kimball CD, Grobe JL, van Gool JMG, Sullivan MN, Earley

S, Danser AHJ, Ichihara A, Feng YM. Neuron-Specific (Pro) renin Receptor Knockout Prevents
the Development of Salt-Sensitive Hypertension. Hypertension. 2014; 63: 316-323. [PubMed:
24246383]

Li WC, Sullivan MN, Zhang S, Worker CJ, Xiong ZG, Speth RC, Feng YM.
Intracerebroventricular Infusion of the (Pro)renin Receptor Antagonist PRO20 Attenuates
Deoxycorticosterone Acetate-Salt-Induced Hypertension. Hypertension. 2015; 65: 352—-361.
[PubMed: 25421983]

Trebak F, Li WC, Fene YM. Neuronal (pro)renin receptor regulates deoxycorticosterone-induced
sodium intake. Physiological Genomics. 2018; 50: 904-912. [PubMed: 30142028]

Souza LAC, Worker CJ, Li W, Trebak F, Watkins T, Gayban AJB, Yamasaki E, Cooper SG,
Drumm BT, Feng Y. (Pro)renin receptor knockdown in the paraventricular nucleus of the
hypothalamus attenuates hypertension development and AT1 receptor-mediated calcium events.
Am J Physiol Heart Circ Physiol. 2019; 316: H1389-H1405. [PubMed: 30925093]

Li WC, Peng H, Cao T, Sato R, McDaniels SJ, Kobori H, Navar LG, Feng YM. Brain-
Targeted (Pro)renin Receptor Knockdown Attenuates Angiotensin I1-Dependent Hypertension.
Hypertension. 2012; 59: 1188-U1286. [PubMed: 22526255]

Hypertension. Author manuscript; available in PMC 2022 September 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Xu et al.

Page 14

67. Cornelius RJ, Sharma A, Su XT, Guo JJ, McMahon JA, Ellison DH, McMahon AP, McCormick
JA. A novel distal convoluted tubule-specific Cre-recombinase driven by the NaCl cotransporter
gene. Am J Physiol Renal Physiol. 2020; 319: F423-F435. [PubMed: 32657158]

Hypertension. Author manuscript; available in PMC 2022 September 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Xu et al.

Page 15

Novelty and Significance
What Is New?

. We for the first time demonstrate that PRR via its S1P-derived soluble sPRR
functions as a key negative regulator of NCC activity for controlling blood
pressure and K* homeostasis.

What Is Relevant?

. DCT PRR KO mice exhibit salt-sensitive hypertension and impaired K*
excretion due to enhanced NCC activity, mimicking a human genetic disease
of Gordon’s syndrome.

. Thiazide diuretics are widely used in the clinical practice for management of
hypertension and other fluid retention status via inhibiting NCC. It is of high
clinical significance to understand the signaling pathways that regulate this
Na* transporter.
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Summary

. We have successfully generated a novel mouse model with conditional
deletion of PRR in the DCT and observed a clinically relevant phenotype
during high salt and high K* intake. We have further provided evidence for
involvement of S1P-derived sPRR in negative regulation of NCC activity.
Therefore, we have identified a previously undescribed PRR/sPRR-dependent
pathway in the DCT during renal handling of Na* and K*.
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Figure 1.

Gene-targeting strategy and parvalbumin-Cre-mediated recombination in DCT-specific PRR
knockout (DCT PRR KO) mice. (A) Construct wherein exon 2 of the PRR gene, flanked

by loxP sites, is removed in the presence of Cre recombinase. (B) Representative blot of
PRR gene recombination in various organs in DCT PRR KO mice. The top 1,500-bp band
represents the unrecombined allele, and the bottom 400-bp band the recombined allele. (C)
Immunofluorescent staining of PRR and pNCC-T53 in the kidneys of floxed control or DCT
PRR KO mice.
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Figure 2.
BP analysis of DCT PRR KO mice during high Na* (HS, 4% NaCl) diet treatment. (A-F)

BP was monitored daily by radiotelemetry following a HS diet. At day24, both floxed and
DCT PRR KO mice were all subjected to hydrochlorothiazide (HCTZ) (100 mg/L added
to drinking water) treatment for 6 days. (A) MAP, (B) SBP, (C) DBP, (D) HR. Data are
means + SEM; n = 4 per group. &p<0.001 (C), %£=0.01 (D), 4p=0.001 (E), and &=0.214
(F) (analysis of the interaction [time x strain] by repeated-measures ANOVA). *p<0.05,
**<0.01, ***p<0.001 vs. Floxed at the corresponding time period (unpaired Student’s ¢
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test); #p<0.05 vs. Day 24 (unpaired Student’s ttest). (E, F) Change in AMAP, ASBP, ADBP
(E), and heart rate (AHR) (F) after HCTZ treatment for 6 days, determined by the delta
value of BP or HR at Day24 and Day30. Data are means + SEM; n = 4 per group. *p<0.05,
**<0.01 vs. Floxed + HS (unpaired Student’s #test).
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Figure 3.
Analysis of plasma K* concentration, urinary K* excretion, and pNCC in NK and

HK-loaded floxed and DCT PRR KO mice. (A, B) Urinary K* excretion (A) and

plasma K* concentration (B) in NK and HK- loaded floxed and DCT PRR KO mice.
**<0.01, ***p<0.001 vs. NK; #p<0.05, # p<0.01, ##p<0.001 vs. Floxed (ANOVA with the
Bonferroni test). (C) Immunoblotting and densitometric analysis of NCC and pNCC-T53
in the renal cortex in NK and HK-loaded floxed and DCT PRR KO mice. A separated
membrane was probed with B-actin as an internal control for equal loading of the samples.
N =5 per group. Data are mean = SEM. **p<0.01, ***p<0.001 vs. NK; #p<0.05,

## p<0.01, ## p<0.001 vs. Floxed (ANOVA with the Bonferroni test). (D) Representative
immunofluorescence images of pPNCC-T53 in DCT of NK and HK-loaded floxed and DCT
PRR KO mice. The images shown are representatives of 5 animals per group. (E) /n vivo
NCC activity as reflected by rapid diuresis and natriuretic responses to hydrochlorothiazide
(HCTZ). NK and HK-loaded floxed and DCT PRR KO mice were all subjected to a single
dose of vehicle or HCTZ (10 mg/kg by gavage) treatment, followed by 8-h urine collection,
and shown was the change in 8-h urinary Na* and K* excretion, determined by the delta
value of 8-h urinary Na* or K* excretion of vehicle and HCTZ treatment. N = 5-15 per
group. Data are mean = SEM. *p<0.05 and ***p<0.001 vs. NK; #p<0.05 and #p<0.01 vs.
Floxed (ANOVA with the Bonferroni test).
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NK

Analysis of plasma K* concentration, urinary K* excretion, and pNCC in mice treated with
NK, HK, or HK + PF. (A, B) Urinary K* excretion (A) and plasma K* concentration (B) in

mice treated with NK, HK, or HK + PF. *p<0.05, **p<0.01, ***p<0.001 vs. NK; #p<0.01

vs. Floxed (ANOVA with the Bonferroni test). (C) Immunoblotting and densitometric

analysis of NCC and pNCC-T53 in the renal cortex of normal mice treated with NK, HK,

or HK + PF. A separated membrane was probed with anti-p-actin antibody as an internal
control for equal loading of the samples. N = 5 per group. Data are mean + SEM. **p<0.01,
*** 0,001 vs. NK; #p<0.05, #p<0.01 vs. HK (ANOVA with the Bonferroni test). (D)
Representative immunofluorescence images of NCC and pNCC-T53 in DCT of normal mice
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treated with NK, HK, or HK + PF. The images shown are representatives of 5 animals per
group. (E) Effect of PF on /n vivo NCC activity as reflected by rapid diuresis and natriuretic
responses to HCTZ. NK, HK, and HK + PF mice were all subjected to a single dose of
vehicle or HCTZ (10 mg/kg by gavage) treatment, followed by 8-h urine collection, and
shown was the change in 8-h urinary Na* and K* excretion, determined by the delta value of
8-h urinary Na* or K* excretion of vehicle and HCTZ treatment. N = 10-20 per group. Data
are mean + SEM. *p<0.05 vs. NK; #p<0.05 vs. HK (ANOVA with the Bonferroni test).
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Regulation of phosphorylation of NCC by sPRR in Flp-In T-REX 293 NCC cell line. (A)
Validation of siRNA-mediated PRR knockdown and its effect on pNCC-T53 expression
in Flp-In T-REX 293 NCC cell line. The cells were transfected with PRR siRNA and

then treated with 100 nM prorenin for 24 h, then NCC and pNCC-T53 protein expression
was analyzed by immunoblotting and densitometric analysis. PRR-probed membrane was
stripped and re-probed with anti-p-actin antibody as an internal control for equal loading
of the samples. N = 6 per group. Data are mean + SEM. *p<0.05, **p<0.01, ***p<0.001
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vs. Control; #p<0.05 vs. Prorenin (ANOVA with the Bonferroni test). (B) Effect of SPRR
and PF429242 on expression of abundance of NCC and pNCC-T53. Flp-In T-REX 293
NCC cells were treated with 10 nM sPRR-His, or 5 uM PF429242, or 5 uM PF429242

in combination with 10 nM sPRR-His for 24 h, and the abundnaces of PRR, NCC, and
pNCC-T53 were analyzed by immunoblotting and densitometric analysis. PRR-probed
membrane was stripped and re-probed with anti-p-actin antibody. N = 6 per group. Data

are mean + SEM. *p < 0.05, **p < 0.01, ***p< 0.001, vs. Control; #p < 0.01 vs,

PF; &p< 0.05 vs. sSPRR-His (ANOVA with the Bonferroni test). (C, D) sSPRR-His/AT1R
signal regulates NCC-T53 phosphorylation. Cells were pretreated with 10 mM losartan

(C) or transfected with AT1R siRNA (D), and then treated with 10 nM sPRR-His for 24

h. PRR, NCC, and pNCC-T53 protein expression was analyzed by immunoblotting and
densitometric analysis. PRR-probed membrane was stripped and re-probed with B-actin as
an internal control for equal loading of the samples. N = 6 per group. Data are mean

+ SEM. *p<0.05, **p<0.01 vs. Control; &&p<0.01, &&&p<0.001 vs. SPRR-His (ANOVA
with the Bonferroni test). (E) Effect of mineralocorticoid receptor antagonist on the level

of pNCC-T53. Cells were pretreated with 10 uM Eplerenone, and then treated with 10

nM sPRR-His for 24 h, then NCC and pNCC-T53 protein abundance was analyzed by
immunoblotting and densitometric analysis. pPNCC-T53-probed membrane was stripped and
re-probed with anti-B-actin antibody. N = 3 per group. Data are mean £ SEM. ***p < 0.001,
vs. Control (ANOVA with the Bonferroni test). (F) SPRR blocked sodium uptake via the
inhibition of NCC in Flp-In T-REX 293 NCC cells. The values were normalized by protein
content. N = 6 per group. Data are mean + SEM. Statistical analysis was performed by using
ANOVA with the Bonferroni test.
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