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Abstract

(Pro)renin receptor (PRR), a tissue-specific gene, exhibits hypertensive actions and plays an essential role in
the pathogenesis of kidney injuries through the renin-angiotensin system (RAS) -dependent and -independent
mechanisms. Saigo et al. recently demonstrated that PRR may be irrelevant to RAS but functions as a vacuolar
H*-ATPase (V-ATPase) in renal tubules using transgenic mice overexpressing the tubular epithelial PRR gene.
This may challenge the initial concept that PRR works as a receptor of (pro)renin/renin and the idea that PRR is
directly involved in intracellular signaling. This mini-review comments on the report by Saigo et al. and provides
several opinions on the roles of PRR. The investigator considers that PRR functions as a V-ATPase that controls
the V-ATPase activity, whereas whether the link between PRR and RAS truly occurs in vivo still awaits future

investigation.

Introduction

The renin-angiotensin system (RAS) plays an important role in the
maintenance and regulation of extracellular volume homeostasis
and blood pressure (BP). Inappropriate activation of the RAS not
only leads to various cardiovascular abnormalities including va-
soconstriction, vascular remodeling, and the elevation of BP, but
also contributes to the progress of kidney diseases.! Apart from
the well-established systemic RAS, increasing evidence suggests
the existence of a local RAS in the local organs/tissues, such as the
intrarenal RAS, as evidenced by the observation that expression/
production of multiple RAS components, has been found in the
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kidney.? Impairments of the intrarenal RAS have been known as
an essential mechanism for the pathogenesis of hypertension and
renal disease.? Furthermore, abundant evidence has established
the dissociation and differential regulation of the intrarenal and
systemic RAS. For example, in response to chronic angiotensin II
(Angll) infusion, plasma and renal cortical renin are significantly
suppressed, whereas urinary and renal medullary renin is dramati-
cally upregulated,’ strongly supporting the notion that the intrare-
nal and systemic RAS are independent of each other.

(Pro)renin receptor (PRR), also known as ATPase, H*-trans-
porting, and lysosomal accessory protein 2 (ATP6AP2) or ATPase,
H*-transporting, and lysosomal-interacting protein 2 (ATP6IP2),
is a single transmembrane protein encoded by ATP6AP2 or AT-
P6IP2 gene on the short arm of the X chromosome. ATP6AP2 was
initially discovered as an accessory protein of membrane-bound
vacuolar H"-ATPase (V-ATPase) in 1998.4 Later, in 2002, PRR
was identified as a specific receptor for (pro)renin and renin that
contributes to Angll generation.®

PRR functions as a tissue-specific gene

Current evidence indicates that PRR is ubiquitously expressed but
functions as a tissue-specific gene that controls renin activity and
intracellular signaling in the local tissues. Firstly, mice with tissue-
specific PRR deletion exhibit antihypertensive actions. For exam-
ple, both collecting duct-%7 and renal tubule-® specific deletion of
PRR attenuated Angll-induced elevation of BP with reduced uri-
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nary renin and blunted epithelial sodium channel (ENaC) and neu-
ron-specific PRR deletion abolished intracerebroventricular (pro)
renin infusion-induced elevation of BP in mice.® Secondly, tissue-
specific, but not whole-body, PRR activation contributes to hyper-
tension. In this case, whole-body overexpression of murine PRR in
mice did not result in hypertension or cardiac and renal fibrosis,?
while mice with smooth muscle tissue-specific overexpression of
human PRR in rats were hypertensive with an elevation of plasma
aldosterone.'! Although neuron-specific overexpression of human
PRR in rats did not cause hypertension, it enhanced the hyperten-
sive response to intracerebroventricular (pro)renin infusion.'?

However, the above notion was challenged by the studies from
Trepiccione et al. that renal tubule-specific PRR deletion did not
affect the increase of BP in mice with chronic Angll infusion ac-
companied by no changes in intrarenal AnglI levels.'* They con-
cluded that PRR is required for the V-ATPase but not the RAS.
Although discrepancies in the above findings might be due to dif-
ferences in the Angll dosage used in these models, it is still contro-
versial whether the (pro)renin/renin-PRR interaction and the link
between PRR and local RAS truly occur in vivo, and needs to be
further studied.

Emerging roles of PRR as a V-ATPase

Recently, Saigo et al.'* investigated the roles of PRR in BP and tu-
bular electrolyte homeostasis using transgenic mice overexpress-
ing the tubular epithelial PRR gene (PRR-TG). They generated
these PRR-TG mice by harboring the PRR gene with the Ksp-
Cadherin promoter. PRR-TG mice were maintained and analyzed
in individual metabolic cages and were administered angiotensin
II blocker (ARB), direct renin inhibitor (DRI), and bafilomycin,
followed by BP measurement using the tail-cuff method. They
reported that (1) PRR-TG mice were hypertensive with no sig-
nificant changes in plasma renin activity and the increased BP in
these mice can be concurrently blocked by ARB and DRI but not
bafilomycin; (2) PRR-TG mice had alkalized urine, which was re-
stored by bafilomycin treatment; (3) PRR-TG mice had lower wa-
ter intake but higher urine volume with lower osmolality and Na*
excretion.' Thus, they suggest that PRR functions as a V-ATPase
in renal tubules independently of intrarenal RAS but not a recep-
tor of (pro)renin/renin,'* consistent with previous theories stated
by Trepiccione et al.'® and challenge the initial concept given by
Nguyen et al.5 This has the potential to be a breakthrough advance
in the PRR field but requires further investigation.

It is well-known that PRR works as an accessory subunit of the
V-ATPase in the kidney, controlling the normal V-ATPase activ-
ity and subsequent acid-base homeostasis and urine acidification,
independently of RAS.!S Renal tubule-specific deletion of PRR
caused distal renal tubular acidosis due to a defect in H" excre-
tion, as a result of V-ATPase dysfunction and subsequent defects
in autophagy.!® In contrast, renal tubule-specific overexpression
of PRR resulted in an alkalized urine, which was restored by ba-
filomycin treatment,'* indicating the activation of V-ATPase in
the renal tubules of these mice. These two reports confirm each
other and jointly provide evidence for the importance of PRR on
V-ATPase activity that PRR may function as a V-ATPase in renal
tubules. However, whether or not the enhanced V-ATPase activ-
ity correlates to the extensive tubular degeneration in the cortico-
medullary junction in DT-TG mice is unclear.

Indeed, accumulating evidence supports the notion that PRR
may be a V-ATPase. Firstly, cryo-electron microscopy analysis
demonstrated that part of the PRR belongs to the Vo domain of
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V-ATPase.!%!7 PRR directly binds to the V-ATPase subunit Ac45
(also known as ATP6AP1, ATPase H" transporting accessory pro-
tein 1),!%!7 which requires the extracellular domain and the trans-
membrane domain of PRR.'$!° Secondly, several clinical studies
have shown that PRR mutation caused X-linked Parkinsonism as a
result of V-ATPase dysfunction and autophagy deficits.2’-22 Lastly,
due to the dysfunctional V-ATPase and impaired autophagy, mice
with embryonic ablation of PRR exhibited embryo lethality, and
PRR ablation in adult mice caused multiple organ deficiencies
that lead to rapid lethality,*? mice with podocyte- or renal tubule-
specific PRR deletion displayed kidney failure,'3* and cardiomy-
ocyte-specific PRR deletion resulted in heart failure and premature
death.? Thus, these results consistently indicate the functional im-
portance of PRR in controlling normal V-ATPase activity.

PRR may act in a renin-dependent and -independent manner

Saigo et al. generated double transgenic (DT-TG) mice by mating
PRR-TG mice with alternative renin transgenic mice (ARen2-TG)
expressing intracellular renin.!* In this case, they found that (1)
DT-TG mice, but not PRR-TG mice or ARen2-TG mice, had a
large proportion of offspring die shortly after birth and (2) DT-TG,
but not PRR-TG or ARen2-TG, resulted in lethal kidney dysfunc-
tion, as evidenced by the observations that kidney sections from
DT-TG mice, but not PRR-TG mice or ARen2-TG mice, exhibited
extensive tubular degeneration in the cortico-medullary junction.'
Thus, they concluded that intracellular renin other than conven-
tional (pro)renin/renin may be involved in PRR signaling.'* This
may challenge the idea that PRR is directly involved in intracel-
lular signaling.

However, the cellular mechanism of how DT-TG causes lethal
renal tubular damage is still unclear. It is also unknown whether
DT-TG activates intracellular RAS in tubular epithelial cells in
mice. PRR has been reported to interact with wnt/B-catenin sign-
aling that contributes to the activation of intrarenal RAS thereby
regulating kidney injury and BP.2%?7 Inappropriate activations of
the wnt/B-catenin signaling can cause kidney injury and hyperten-
sion via intrarenal RAS activation.?®? Similarly, DT-TG results in
lethal renal tubular damage!# possible due to the activation of in-
tracellular wnt/B-catenin/RAS signaling in tubular epithelial cells.
Therefore, inhibitors of the wnt/B-catenin signaling are warranted
to address the involvement of this pathway in DT-TG mice. Fur-
thermore, severe hypertension may be an indirect cause of renal in-
jury. Questions regarding the BP in these DT-TG mice and whether
DT-TG further increases or maintains the BP compared to PRR-TG
alone also await future clarification.

In addition, it is well-known that PRR not only participates in
megalin-mediated endocytosis of renin and (pro)renin,’*-32 but also
controls the synthesis and release of renin and (pro)renin. 23334 This
raises the question of how the intracellular (in the cytoplasm) and
extracellular (in the tubular fluid) renin and (pro)renin in PRR-TG
mice compares to that of wide-type mice, and whether DT-TG af-
fects the expression and endocytosis of the conventional (pro)renin
and renin. To this effect, the hypothesis on the possible involvement
of'the intracellular renin other than the conventional (pro)renin/renin
in PRR signaling should be further verified.

Renal PRR exhibits hypertensive action possible in an intra-
renal RAS-dependent and -independent mechanism

Saigo et al. reported that PRR-TG significantly increased BP in
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mice.' This raises the question of what the cellular mechanism
of BP elevation in the presence of tubular epithelial-specific
PRR overexpression is. There are multiple well-known media-
tors downstream of PRR, including intrarenal RAS, NCC (Na*-
CI” cotransporter), ENaC, the wnt/B-catenin signaling, the COX-2
(cyclooxygenase-2)/PGE, (prostaglandin E,) signaling, and the
NOX, (NADPH oxidase 4)/H,0, signaling.'>35 However, it is un-
clear which of these mediators is responsible for the hypertensive
action of PRR-TG. Saigo et al. showed that there are no significant
differences between wide-type and PRR-TG mice in plasma renin
activity and PRR-TG mice exhibited lower Na* excretion.!* The
decreased urinary Na* excretion may contribute to the elevation
of BP in PRR-TG mice.!* However, whether the intrarenal renin,
including the expression of (pro)renin/renin in the collecting duct
and renin activity in the tubular fluid, contributes to the elevation
of BP in PRR-TG mice, remains unclear. To better address the in-
volvement of intrarenal RAS, the classical Angll infusion model is
recommended employing these PRR-TG mice.

Saigo et al. also showed that both olmesartan (results in posi-
tive feedback enhanced (pro)renin/renin activity) and the direct
renin inhibitor aliskiren (results in a decrease of (pro)renin/renin
activity) abolished the increase of BP in PRR-TG mice.'* Of note,
PRR-TG may elevate BP via soluble PRR (sPRR) generation3+37
by binding to low-density lipoprotein receptor-related protein
6 and frizzled 8 to activate wnt/B-catenin signaling'®3 or type
1 Angll receptor (ATIR) to directly activate ATIR signaling.?®
Thus, the results from PRR-TG mice may not be enough to negate
previous views that PRR functions as a receptor of (pro)renin/re-
nin and a regulator of RAS; PRR-TG in tubular epithelial elevated
BP possible due to intrarenal RAS-dependent and -independent
mechanisms. Similarly, several other signaling pathways such as
the wnt/B-catenin signaling and the NOX,/H,0, signaling, ac-
tivated by the sPRR in the cytoplasm or the tubular fluid, may
contribute to the elevation of BP in PRR-TG mice. In particular,
studies have demonstrated the differential regulation of sSPRR on
NCC and ENaCs that sPRR suppresses NCC in the distal convo-
luted tubule*” but stimulates ENaCs in the collecting duct.*! Thus,
the status of SPRR in the tubular fluid within the kidney should
be determined, although its generation is enhanced in principle in
PRR-TG mice.

Regulation of renal PRR on urine concentrating capability

It has been reported that collecting duct-*? and renal tubule-*? spe-
cific deletion of PRR causes polyuria and polydipsia by impair-
ing the arginine vasopressin (AVP)/vasopressin receptor 2 (V,R)/
aquaporin 2 (AQP,) signaling, while sPRR enhanced urine con-
centrating capability by activating the AVP/V,R/AQP, signaling*
or the B-catenin/AQP, signaling.’® Saigo ef al.'* showed that mice
with PRR-TG in the tubular epithelium exhibited lower water in-
take and higher urine volume with lower osmolality. It is unusual
that the mice exhibited the phenotype of fluid loss and were under
dehydration but maintained normal body weight. It is also interest-
ing that both renal tubule-specific deletion** and overexpression
of PRR' caused similar polyuria with the exact opposite water
intake. The polyuria phenotype in mice with renal tubule-specific
PRR deletion may be due to the inhibition of the V,R/AQP, sign-
aling,**** while the increased BP may contribute to the polyuria
phenotype in PRR-TG mice. However, the detailed mechanism
of how tubular epithelial-specific PRR overexpression causes the
above contradictory phenomena, plasma osmolality and blood vol-
ume or hematocrit in these mice, whether PRR-TG in the tubular
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epithelium leads to the redistribution of body fluids in mice, and
whether there is any effect of PRR-TG in the tubular epithelium
on the AVP/V,R/AQP, signaling, including the expression of V,R
and AQP, in the kidney and the AVP sensitivity are all unanswered
questions which await future investigation.

Future directions

Based on the previous findings, researchers can consider PRR as a
V-ATPase, while the association between PRR and RAS requires
further experimental studies. In particular, the renin activity in the
tubular fluid, (pro)renin/renin levels in the collecting duct, and the
other intracellular signals such as sPRR-regulated wnt/B-catenin
signaling, NOX,/H,0, signaling, and ATIR signaling should be
determined in PRR-TG mice. The application of some pathologi-
cal models, such as Angll-, aldosterone/salt-, and DOCA/salt-in-
duced hypertension and kidney injury models, in PRR-TG mice,
can preliminarily clarify the relationship between PRR and RAS,
especially the intrarenal RAS.

Conclusions

Compelling evidence demonstrates a hypertensive role of renal
PRR as well as its essential role in the pathogenesis of kidney
injury. Although the renin-regulatory role of PRR may be still
controversial, strong evidence supports the control of PRR on
V-ATPase activity that PRR may be a V-ATPase. Along this line,
renal tubule-specific overexpression of PRR activates V-ATPase,
resulting in alkalized urine in mice. However, renal tubule-specific
overexpression of PRR may cause the activation of intrarenal RAS
and several intracellular signals such as wnt/B-catenin and NOX,/
H,0, signaling in the kidney, resulting in a decrease in urinary Na*
excretion and subsequently an elevation of BP, which may further
contribute to the polyuria in mice (Fig. 1). This hypothesis awaits
future investigation.
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Fig. 1. The potential roles of (pro)renin receptor (PRR) in mice with re-
nal tubule-specific overexpression of PRR (PRR-TG). In PRR-TG mice, re-
nal PRR expression and soluble PRR (sPRR) generation are enhanced in
principle. The increased PRR/sPRR may activate 1 the intrarenal renin-
angiotensin system via stimulating (pro)renin/renin expression/activity in
the collecting ducts or direct binding and activating type 1 Angll receptor
(AT1R), and 2 several intracellular signals such as wnt/B-catenin and NOX,/
H,0, signaling in the kidney, both may result in a decrease in urinary Na*
excretion and subsequent an elevation of BP and further polyuria. 3 The
enhanced PRR in the renal tubules may also activate vacuolar H*-ATPase
(V-ATPase) by binding Ac45 (also known as ATP6AP1, ATPase H* transport-
ing accessory protein 1), resulting in alkalized urine.

Author contributions

CX was the sole author.

References

[1] Iwai M, Horiuchi M. Devil and angel in the renin-angiotensin system:
ACE-angiotensin II-AT1 receptor axis vs. ACE2-angiotensin-(1-7)-Mas
receptor axis. Hypertens Res 2009;32(7):533-536. doi:10.1038/
hr.2009.74, PMID:19461648.

[2] YangT, Xu C. Physiology and pathophysiology of the intrarenal reninan-
giotensin system: an update. J Am Soc Nephrol 2017;28(4):1040-1049.
doi:10.1681/ASN.2016070734, PMID:28255001.

[3] WangF, LuX, PengK, DuY, Zhou SF, Zhang A, et al. Prostaglandin E-pros-
tanoid4 receptor mediates angiotensin ll-induced (pro)renin receptor
expression in the rat renal medulla. Hypertension 2014;64(2):369—
377.d0i:10.1161/HYPERTENSIONAHA.114.03654, PMID:24866147.

[4] LudwigJ, KerscherS, Brandt U, Pfeiffer K, Getlawi F, Apps DK, et al. Iden-
tification and characterization of a novel 9.2-kDa membrane sector-
associated protein of vacuolar proton-ATPase from chromaffin gran-
ules. J Biol Chem 1998;273(18):10939-10947. doi:10.1074/jbc.273.
18.10939, PMID:9556572.

[S] Nguyen G, Delarue F, Burcklé 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(11):1417-1427.d0i:10.1172/
JCI14276, PMID:12045255.

[6] PengK,LuX, WangF,NauA, ChenR,ZhouSF,etal.Collectingduct(pro)re-

Xu C: PRR functions as a V-ATPase

nin receptor targets ENaC to mediate angiotensin Il-induced hyperten-
sion. Am J Physiol Renal Physiol 2017;312(2):F245—F253. doi:10.1152/
ajprenal.00178.2016, PMID:27122543.

[7]1 Prieto MC, Reverte V, Mamenko M, Kuczeriszka M, Veiras LC, Ro-
sales CB, et al. Collecting duct prorenin receptor knockout reduces
renal function, increases sodium excretion, and mitigates renal re-
sponses in ANG ll-induced hypertensive mice. Am J Physiol Renal
Physiol 2017;313(6):F1243—F1253. doi:10.1152/ajprenal.00152.2017,
PMID:28814438.

[8] Ramkumar N, Stuart D, Mironova E, Bugay V, Wang S, Abraham N, et al.
Renal tubular epithelial cell prorenin receptor regulates blood pressure
and sodium transport. Am J Physiol Renal Physiol 2016;311(1):F186—
F194. doi:10.1152/ajprenal.00088.2016, PMID:27053687.

[9] Li W, Peng H, Mehaffey EP, Kimball CD, Grobe JL, van Gool JM, et al.
Neuron-specific (pro)renin receptor knockout prevents the develop-
ment of salt-sensitive hypertension. Hypertension 2014;63(2):316—
323. doi:10.1161/HYPERTENSIONAHA.113.02041, PMID:24246383.

[10] Rosendahl A, Niemann G, Lange S, Ahadzadeh E, Krebs C, Contre-
pas A, et al. Increased expression of (pro)renin receptor does not
cause hypertension or cardiac and renal fibrosis in mice. Lab Invest
2014;94(8):863—872. doi:10.1038/labinvest.2014.83, PMID:25046440.

[11] Burcklé CA, Jan Danser AH, Miiller DN, Garrelds IM, Gasc JM, Popova E,
et al. Elevated blood pressure and heart rate in human renin receptor
transgenic rats. Hypertension 2006;47(3):552-556. doi:10.1161/01.
HYP.0000199912.47657.04, PMID:16401765.

[12] PengH, Jensen DD, Li W, Sullivan MN, Buller SA, Worker CJ, et al. Over-
expression of the neuronal human (pro)renin receptor mediates an-
giotensin Il-independent blood pressure regulation in the central nerv-
ous system. Am J Physiol Heart Circ Physiol 2018;314(3):H580-H592.
doi:10.1152/ajpheart.00310.2017, PMID:29350998.

[13] Trepiccione F, Gerber SD, Grahammer F, Lopez-Cayuqueo KI, Baudrie V,
Paunescu TG, et al. Renal Atp6ap2/(Pro)renin Receptor Is Required for
Normal Vacuolar H*-ATPase Function but Not for the Renin-Angioten-
sin System. J Am Soc Nephrol 2016;27(11):3320-3330. doi:10.1681/
ASN.2015080915, PMID:27044666.

[14] Saigo S, Kino T, Uchida K, Sugawara T, Chen L, Sugiyama M, et al.
Blood Pressure Elevation of Tubular Specific (P)RR Transgenic Mice
and Lethal Tubular Degeneration due to Possible Intracellular Inter-
actions between (P)RR and Alternative Renin Products. Int J Mol Sci
2021;23(1):302. doi:10.3390/ijms23010302, PMID:35008728.

[15] ChenY, Xu C. The interaction partners of (pro)renin receptor in the dis-
tal nephron. FASEB J 2020;34(11):14136-14149. doi:10.1096/fj.20200
1711R, PMID:32975331.

[16] Abbas YM, Wu D, Bueler SA, Robinson CV, Rubinstein JL. Structure of
V-ATPase from the mammalian brain. Science 2020;367(6483):1240—
1246. doi:10.1126/science.aaz2924, PMID:32165585.

[17] Wang R, Long T, Hassan A, Wang J, Sun Y, Xie XS, et al. Cryo-EM
structures of intact V-ATPase from bovine brain. Nat Commun 2020;
11(1):3921. doi:10.1038/s41467-020-17762-9, PMID:32764564.

[18] Cruciat CM, Ohkawara B, Acebron SP, Karaulanov E, Reinhard C, Ingelfin-
ger D, et al. Requirement of prorenin receptor and vacuolar H*-ATPase-
mediated acidification for Wnt signaling. Science 2010;327(5964):459—
463. doi:10.1126/science.1179802, PMID:20093472.

[19] KinouchiK, Ichihara A, Sano M, Sun-Wada GH, WadaY, OchiH, etal. The
role of individual domains and the significance of shedding of ATP6AP2/
(pro)renin receptor in vacuolar H(+)-ATPase biogenesis. PLoS One
2013;8(11):e78603. doi:10.1371/journal.pone.0078603, PMID:24223
829.

[20] Hirose T, Cabrera-Socorro A, Chitayat D, Lemonnier T, Féraud O, Ci-
fuentes-Diaz C, et al. ATP6AP2 variant impairs CNS development and
neuronal survival to cause fulminant neurodegeneration. J Clin Invest
2019;129(5):2145-2162. doi:10.1172/JC179990, PMID:30985297.

[21] Gupta HV, Vengoechea J, Sahaya K, Virmani T. A splice site muta-
tion in ATP6AP2 causes X-linked intellectual disability, epilepsy, and
parkinsonism. Parkinsonism Relat Disord 2015;21(12):1473-1475.
doi:10.1016/j.parkreldis.2015.10.001, PMID:26467484.

[22] Korvatska O, Strand NS, Berndt JD, Strovas T, Chen DH, Leverenz JB, et
al. Altered splicing of ATP6AP2 causes X-linked parkinsonism with spas-
ticity (XPDS). Hum Mol Genet 2013;22(16):3259-3268. doi:10.1093/
hmg/ddt180, PMID:23595882.

[23] Wendling O, Champy MF, Jaubert S, Pavlovic G, Dubos A, Lindner L, et

DOI: 10.14218/ERHM.2022.00036 | Volume 00 Issue 00, Month Year


https://doi.org/10.14218/ERHM.2022.00036
https://doi.org/10.1038/hr.2009.74
https://doi.org/10.1038/hr.2009.74
http://www.ncbi.nlm.nih.gov/pubmed/19461648
https://doi.org/10.1681/ASN.2016070734
http://www.ncbi.nlm.nih.gov/pubmed/28255001
https://doi.org/10.1161/HYPERTENSIONAHA.114.03654
http://www.ncbi.nlm.nih.gov/pubmed/24866147
https://doi.org/10.1074/jbc.273.18.10939
https://doi.org/10.1074/jbc.273.18.10939
http://www.ncbi.nlm.nih.gov/pubmed/9556572
https://doi.org/10.1172/JCI14276
https://doi.org/10.1172/JCI14276
http://www.ncbi.nlm.nih.gov/pubmed/12045255
https://doi.org/10.1152/ajprenal.00178.2016
https://doi.org/10.1152/ajprenal.00178.2016
http://www.ncbi.nlm.nih.gov/pubmed/27122543
https://doi.org/10.1152/ajprenal.00152.2017
http://www.ncbi.nlm.nih.gov/pubmed/28814438
https://doi.org/10.1152/ajprenal.00088.2016
http://www.ncbi.nlm.nih.gov/pubmed/27053687
https://doi.org/10.1161/HYPERTENSIONAHA.113.02041
http://www.ncbi.nlm.nih.gov/pubmed/24246383
https://doi.org/10.1038/labinvest.2014.83
http://www.ncbi.nlm.nih.gov/pubmed/25046440
https://doi.org/10.1161/01.HYP.0000199912.47657.04
https://doi.org/10.1161/01.HYP.0000199912.47657.04
http://www.ncbi.nlm.nih.gov/pubmed/16401765
https://doi.org/10.1152/ajpheart.00310.2017
http://www.ncbi.nlm.nih.gov/pubmed/29350998
https://doi.org/10.1681/ASN.2015080915
https://doi.org/10.1681/ASN.2015080915
http://www.ncbi.nlm.nih.gov/pubmed/27044666
https://doi.org/10.3390/ijms23010302
http://www.ncbi.nlm.nih.gov/pubmed/35008728
https://doi.org/10.1096/fj.202001711R
https://doi.org/10.1096/fj.202001711R
http://www.ncbi.nlm.nih.gov/pubmed/32975331
https://doi.org/10.1126/science.aaz2924
http://www.ncbi.nlm.nih.gov/pubmed/32165585
https://doi.org/10.1038/s41467-020-17762-9
http://www.ncbi.nlm.nih.gov/pubmed/32764564
https://doi.org/10.1126/science.1179802
http://www.ncbi.nlm.nih.gov/pubmed/20093472
https://doi.org/10.1371/journal.pone.0078603
http://www.ncbi.nlm.nih.gov/pubmed/24223829
http://www.ncbi.nlm.nih.gov/pubmed/24223829
https://doi.org/10.1172/JCI79990
http://www.ncbi.nlm.nih.gov/pubmed/30985297
https://doi.org/10.1016/j.parkreldis.2015.10.001
http://www.ncbi.nlm.nih.gov/pubmed/26467484
https://doi.org/10.1093/hmg/ddt180
https://doi.org/10.1093/hmg/ddt180
http://www.ncbi.nlm.nih.gov/pubmed/23595882

Xu C: PRR functions as a V-ATPase

[24]

[25]

[26]

[27]

[28]

[29]

(30]

(31]

[32]

(33]

DOI: 10.14218/ERHM.2022.00036 | Volume 00 Issue 00, Month Year

al. Atp6ap2 ablation in adult mice impairs viability through multiple
organ deficiencies. Sci Rep 2017;7(1):9618. doi:10.1038/s41598-017-
08845-7, PMID:28851918.

Riediger F, Quack I, Qadri F, Hartleben B, Park JK, Potthoff SA, et al.
Prorenin receptor is essential for podocyte autophagy and survival.
J Am Soc Nephrol 2011;22(12):2193-2202. doi:10.1681/ASN.20110
20200, PMID:22034640.

Kinouchi K, Ichihara A, Sano M, Sun-Wada GH, Wada Y, Kurauchi-Mito
A, et al. The (pro)renin receptor/ATP6AP2 is essential for vacuolar H*-
ATPase assembly in murine cardiomyocytes. Circ Res 2010;107(1):30—
34. doi:10.1161/CIRCRESAHA.110.224667, PMID:20570919.

Xu C, Wang F, Chen Y, Xie S, Sng D, Reversade B, et al. ELABELA antago-
nizes intrarenal renin-angiotensin system to lower blood pressure and
protects against renal injury. Am J Physiol Renal Physiol 2020;318(5):
F1122-F1135. doi:10.1152/ajprenal.00606.2019, PMID:32174138.

Li Z, Zhou L, Wang Y, Miao J, Hong X, Hou FF, et al. Pro)renin Recep-
tor Is an Amplifier of Wnt/B-Catenin Signaling in Kidney Injury and
Fibrosis. J Am Soc Nephrol 2017;28(8):2393-2408. doi:10.1681/
ASN.2016070811, PMID:28270411.

Xiao L, Xu B, Zhou L, Tan RJ, Zhou D, Fu H, et al. Wnt/B-catenin regulates
blood pressure and kidney injury in rats. Biochim Biophys Acta Mol
Basis Dis 2019;1865(6):1313-1322. doi:10.1016/j.bbadis.2019.01.027,
PMID:30710617.

Zhou L, Li Y, Hao S, Zhou D, Tan RJ, Nie J, et al. Multiple genes of the
renin-angiotensin system are novel targets of Wnt/B-catenin signaling.
J Am Soc Nephrol 2015;26(1):107-120. doi:10.1681/ASN.2014010085,
PMID:25012166.

Sun Y, Goes Martini A, Janssen MJ, Garrelds IM, Masereeuw R, Lu X,
et al. Megalin: A Novel Endocytic Receptor for Prorenin and Renin.
Hypertension 2020;75(5):1242—1250. doi:10.1161/HYPERTENSIONA-
HA.120.14845, PMID:32200675.

Pohl M, Kaminski H, Castrop H, Bader M, Himmerkus N, Bleich M,
et al. Intrarenal renin angiotensin system revisited: role of meg-
alin-dependent endocytosis along the proximal nephron. J Biol
Chem 2010;285(53):41935-41946. doi:10.1074/jbc.M110.150284,
PMID:20966072.

Figueiredo M, Daryadel A, Sihn G, Mdller DN, Popova E, Rouselle A,
et al. The (pro)renin receptor (ATP6ap2) facilitates receptor-medi-
ated endocytosis and lysosomal function in the renal proximal tu-
bule. Pflugers Arch 2021;473(8):1229-1246. doi:10.1007/s00424-
021-02598-z, PMID:34228176.

Riquier-Brison ADM, Sipos A, Prékai A, Vargas SL, Toma L, Meer EJ, et
al. The macula densa prorenin receptor is essential in renin release and
blood pressure control. Am J Physiol Renal Physiol 2018;315(3):F521—

(34]

(35]

[36]

(37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

Explor Res Hypothesis Med

F534. doi:10.1152/ajprenal.00029.2018, PMID:29667908.

Wang F, Chen Y, Zou CJ, Luo R, Yang T. Mutagenesis of the Cleavage Site
of Pro Renin Receptor Abrogates Angiotensin Il-Induced Hypertension
in Mice. Hypertension 2021;78(1):115-127. doi:10.1161/HYPERTEN-
SIONAHA.121.16770, PMID:34024121.

Xu C, Liu C, Xiong J, Yu J. Cardiovascular aspects of the (pro)renin
receptor: Function and significance. FASEB J 2022;36(4):e22237.
doi:10.1096/fj.202101649RRR, PMID:35226776.

Qin M, Xu C, Yu J. The Soluble (Pro)Renin Receptor in Health and Dis-
eases: Foe or Friend? J Pharmacol Exp Ther 2021;378(3):251-261.
doi:10.1124/jpet.121.000576, PMID:34158404.

Ramkumar N, Stuart D, Peterson CS, Hu C, Wheatley W, Min Cho J,
et al. Loss of Soluble (Pro)renin Receptor Attenuates Angiotensin-II
Induced Hypertension and Renal Injury. Circ Res 2021;129(1):50-62.
doi:10.1161/CIRCRESAHA.120.317532, PMID:33890822.

Lu X, Wang F, Xu C, Soodvilai S, Peng K, Su J, et al. Soluble (pro)renin
receptor via B-catenin enhances urine concentration capability as a
target of liver X receptor. Proc Natl Acad Sci US A 2016;113(13):E1898—
E1906. doi:10.1073/pnas.1602397113, PMID:26984496.

Fu Z, Wang F, Liu X, Hu J, Su J, Lu X, et al. Soluble (pro)renin recep-
tor induces endothelial dysfunction and hypertension in mice with
diet-induced obesity via activation of angiotensin Il type 1 recep-
tor. Clin Sci (Lond) 2021;135(6):793-810. doi:10.1042/CS20201047,
PMID:33625485.

Xu C, Chen Y, Wang F, Xie S, Yang T. Soluble (Pro)Renin Receptor
as a Negative Regulator of NCC (Na*-Cl- Cotransporter) Activity.
Hypertension 2021;78(4):1027-1038. doi:10.1161/HYPERTENSIO-
NAHA.121.16981, PMID:34495675.

Wang F, Luo R, Peng K, Liu X, Xu C, Lu X, et al. Soluble (pro)renin recep-
tor regulation of ENaC involved in aldosterone signaling in cultured col-
lecting duct cells. Am J Physiol Renal Physiol 2020;318(3):F817-F825.
doi:10.1152/ajprenal.00436.2019, PMID:31841392.

Wang F, Lu X, Peng K, Fang H, Zhou L, Su J, et al. Antidiuretic Action
of Collecting Duct (Pro)Renin Receptor Downstream of Vasopressin
and PGE, Receptor EP4. J Am Soc Nephrol 2016;27(10):3022-3034.
doi:10.1681/ASN.2015050592, PMID:27000064.

Ramkumar N, Stuart D, Calquin M, Quadri S, Wang S, Van Hoek AN, et
al. Nephron-specific deletion of the prorenin receptor causes a urine
concentration defect. Am J Physiol Renal Physiol 2015;309(1):F48—F56.
doi:10.1152/ajprenal.00126.2015, PMID:25995108.

Wang F, Xu C, Luo R, Peng K, Ramkumar N, Xie S, et al. Site-1 protease-
derived soluble (pro)renin receptor targets vasopressin receptor 2 to
enhance urine concentrating capability. JCl Insight 2019;4(7):e124174.
doi:10.1172/jci.insight.124174, PMID:30944256.


https://doi.org/10.14218/ERHM.2022.00036
https://doi.org/10.1038/s41598-017-08845-7
https://doi.org/10.1038/s41598-017-08845-7
http://www.ncbi.nlm.nih.gov/pubmed/28851918
https://doi.org/10.1681/ASN.2011020200
https://doi.org/10.1681/ASN.2011020200
http://www.ncbi.nlm.nih.gov/pubmed/22034640
https://doi.org/10.1161/CIRCRESAHA.110.224667
http://www.ncbi.nlm.nih.gov/pubmed/20570919
https://doi.org/10.1152/ajprenal.00606.2019
http://www.ncbi.nlm.nih.gov/pubmed/32174138
https://doi.org/10.1681/ASN.2016070811
https://doi.org/10.1681/ASN.2016070811
http://www.ncbi.nlm.nih.gov/pubmed/28270411
https://doi.org/10.1016/j.bbadis.2019.01.027
http://www.ncbi.nlm.nih.gov/pubmed/30710617
https://doi.org/10.1681/ASN.2014010085
http://www.ncbi.nlm.nih.gov/pubmed/25012166
https://doi.org/10.1161/HYPERTENSIONAHA.120.14845
https://doi.org/10.1161/HYPERTENSIONAHA.120.14845
http://www.ncbi.nlm.nih.gov/pubmed/32200675
https://doi.org/10.1074/jbc.M110.150284
http://www.ncbi.nlm.nih.gov/pubmed/20966072
https://doi.org/10.1007/s00424-021-02598-z
https://doi.org/10.1007/s00424-021-02598-z
http://www.ncbi.nlm.nih.gov/pubmed/34228176
https://doi.org/10.1152/ajprenal.00029.2018
http://www.ncbi.nlm.nih.gov/pubmed/29667908
https://doi.org/10.1161/HYPERTENSIONAHA.121.16770
https://doi.org/10.1161/HYPERTENSIONAHA.121.16770
http://www.ncbi.nlm.nih.gov/pubmed/34024121
https://doi.org/10.1096/fj.202101649RRR
http://www.ncbi.nlm.nih.gov/pubmed/35226776
https://doi.org/10.1124/jpet.121.000576
http://www.ncbi.nlm.nih.gov/pubmed/34158404
https://doi.org/10.1161/CIRCRESAHA.120.317532
http://www.ncbi.nlm.nih.gov/pubmed/33890822
https://doi.org/10.1073/pnas.1602397113
http://www.ncbi.nlm.nih.gov/pubmed/26984496
https://doi.org/10.1042/CS20201047
http://www.ncbi.nlm.nih.gov/pubmed/33625485
https://doi.org/10.1161/HYPERTENSIONAHA.121.16981
https://doi.org/10.1161/HYPERTENSIONAHA.121.16981
http://www.ncbi.nlm.nih.gov/pubmed/34495675
https://doi.org/10.1152/ajprenal.00436.2019
http://www.ncbi.nlm.nih.gov/pubmed/31841392
https://doi.org/10.1681/ASN.2015050592
http://www.ncbi.nlm.nih.gov/pubmed/27000064
https://doi.org/10.1152/ajprenal.00126.2015
http://www.ncbi.nlm.nih.gov/pubmed/25995108
https://doi.org/10.1172/jci.insight.124174
http://www.ncbi.nlm.nih.gov/pubmed/30944256

	﻿﻿Abstract﻿

	﻿﻿﻿﻿Introduction﻿

	﻿﻿﻿PRR functions as a tissue-specific gene﻿

	﻿﻿﻿Emerging roles of PRR as a V-ATPase﻿

	﻿﻿﻿PRR may act in a renin-dependent and -independent manner﻿

	﻿﻿﻿Renal PRR exhibits hypertensive action possible in an intrarenal RAS-dependent and -independent mechanism﻿

	﻿﻿﻿Regulation of renal PRR on urine concentrating capability﻿

	﻿﻿﻿Future directions﻿

	﻿﻿﻿Conclusions﻿

	﻿﻿﻿﻿﻿﻿Acknowledgments﻿

	﻿﻿﻿Funding﻿

	﻿﻿﻿Conflict of interest﻿

	﻿﻿﻿Author contributions﻿

	﻿﻿﻿References﻿


