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Abstract

Prorenin receptor (PRR) is a multi-functioning protein
possessing at least four different roles: (1) working as a
receptor for renin and prorenin producing angiotensin I
from angiotensinogen thus enhancing the tissue renin-
angiotensin system; (2) inducing intracellular signals
when a ligand binds to PRR; (3) participating in the
functions of vacuolar proton ATPase; and (4) constitut-
ing the Wnt signaling receptor complex. Here, the roles
of PRR in kidney physiology and diabetic conditions as
well as recent findings regarding a soluble form of PRR
are discussed. We also propose the possible mechanism
concerning diabetic nephropathy as “trade-off hypothe-
sis” from a PRR point of view. In brief, under hypergly-
cemic conditions, injured podocytes degrade degener-
ated proteins and intracellular organelles which require
V-ATPase and PRR for vesicle internal acidification.
Sustained hyperglycemia overproduces PRR molecules,
which are transported to the transmembrane and bind
to increased serum prorenin in the diabetic condition.
This enhances tissue renin-angiotensin system and
PRR-mediated mitogen-activated protein kinase signals,
resulting in increased injurious molecules such as trans-
forming growth factor-p, cyclooxygenase2, interleukin-
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1B, and tumor necrosis factor-a ending in diabetic ne-
phropathy progression. Although many findings led us
to better PRR understanding, future works should elu-
cidate which PRR functions, of the four discussed here,
are dominant in each cell and kidney disease context.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Prorenin receptor (PRR) has shown its multi-
functionality in at least four different aspects. In this re-
view, the roles of PRR in kidney physiology and diabetic
conditions as well as recent findings regarding a soluble
form of PRR are discussed. Additionally, we propose the
possible mechanism concerning diabetic nephropathy
as “trade-off hypothesis” from a PRR point of view.
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INTRODUCTION

Protenin receptor (PRR), also known as ATP 6-associ-
ated protein 2 (Atp6ap2), was cloned in 2002 as a single
transmembrane protein whose ligand is renin and its
precursor proreninm. Initially, the roles of PRR were
thought to enhance the tissue renin-angiotensin system
(RAS) by binding PRR to its ligand, while also inducing
intracellular signal transductions such as mitogen-activat-
ed protein kinase (MAPK) pathways independent of the
RAS. However, recent findings have revealed additional
aspects of PRR, including it functioning as an accessory
protein of vacuolar proton ATPase (V-ATPase) and con-
stituting the Wnt receptor complex. This review discuss-
es PRR in kidney physiology and diabetic nephropathy,
and in addition to recent findings regarding the kidney
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Figure 1 Four roles of prorenin receptor. A: When renin or
prorenin binds to prorenin receptor (PRR), renin or prorenin enzy-
matic activity is enhanced through non-proteolytic conformational
change, catalyzing angiotensinogen to angiotensin |. Produced an-
giotensin | is catalyzed by angiotensin-converting enzyme, yielding
angiotensin Il that induces angiotensin Il receptor-mediated signal
transduction, ending in enhanced tissue renin-angiotensin system
(RAS)™: B: When PRR is bound to a ligand, renin, or prorenin,
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and a soluble form of PRR.

PRORENIN RECEPTOR IN KIDNEY PHYSI-
OLOGY

After its discovery by cloning a single transmembrane
protein PRR a dozen years ago, PRR has shown its
multi-functionality in at least four different aspects
(Figure 1). One of these is to enhance angiotensin I
production from angiotensinogen by non-proteolytically
increasing catalyzing activity of renin or prorenin when
bound to PRR, resulting in enhanced RAS (Figure 1A).
Another is to induce MAPK signal transduction path-
way when PRR is bound to its ligand renin or prorenin[1J
(Figure 1B). PRR is located on the X chromosome and
is distributed widely in the kidney, heart, brain, liver, pla-
centa and pancreas, although its” physiological role has
not been elucidated until recently because of embryonic
lethality of complete knockout of PRR in mice.

We previously generated floxed PRR mice and mated
them with mice expressing Cre recombinase under the
control of a podocyte-specific podocin promoter to cre-
ate conditional PRR knockout mice in podocytes. Un-
expectedly, these mice died of nephrotic syndrome and
renal failure resulting from disturbed V-ATPase function.
This provided evidence that, under physiological condi-
tion PRR is needed for maintaining vacuoles-such as
endosomes, lysosomes, and autophagosomes- through
normal V-ATPase function in mouse podocytes (Figure
1C). Similar results in regard to podocytes and cardio-
myocytesw were obtained from another group and ours,
respectively.

In Xenopns, PRR binds to V-ATPase and LRPG6 to
form a Wnt signaling receptor complex as an adaptor
protein, showing that PRR is indispensable for normal
Wt signal transduction” (Figure 1D). The embryonic
lethality of PRR full knockout in mice may be related to
abrogated Wnt signals because Wnt signal is required for
the formation of a primitive streak in early mouse em-
bryogenesism. PRR is also required for early embryogen-
esis in zebrafish". PRR has been shown to be involved
in nephrogenesis; mice with conditional PRR knockout
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a mitogen-activated protein kinase (MAPK) signal is induced;
C: PRR, with or without the N-terminal domain, is required as
a subunit of V-ATPase, which actively transports protons into
vesicles such as endosomes, lysosomes, and autophagosomes
using energy obtained by degrading ATP to ADP®. The V0 and
V1 domains build up V-ATPase; D: PRR is required as an adaptor
protein between V-ATPase and LRP6, which are members of the
Wht receptor complex®*.

in the ureteric bud developed renal hypodysplasia[sl
These mice were not embryonically lethal, presumably
because the uretic bud is derived from the intermediate
mesoderm, which develops long after the formation of
the primitive streak.

Recently, the N-terminal of the PRR extracellu-
lar domain, which interacts with prorenin/renin, has
been proven indispensable for V-ATPase blogenems[J
Although prorenin/renin does not influence overall
V-ATPase activitylS’()j, in vitro experiments using MCDK
cells revealed prorenin and a handle region peptide that
corresponds to the part of the prorenin responsible for
binding to PRR and increases the initial linear phase of
V-ATPase activity through binding to PRR". Further
investigations are expected to elucidate the roles of PRR
in association with prorenin/renin, V-ATPase, and Wnt
signals in physiological and developmental conditions in

the kidney.

PRORENIN RECEPTOR IN DIABETIC NE-
PHROPATHY

In diabetes mellitus (DM), a sustained hyperglycemic
state leads to diabetic nephropathy, causing end-stage re-
nal disease. It has been reported that an elevated plasma
prorenin concentration is associated With microalbu-
minuria"! and diabetic nephropathy? in patients with
DM. Tissue angiotensin II levels are also increased in
the kidneys of DM rats!™ " suggesting activated tissue
RAS. This is consistent with the multiple clinical trials
showing that angiotensin-converting enzyme (ACE) in-
hibitors and angiotensin receptor blockers (ARB) have
reno-protective effects against diabetic nephropathym’w],
although these effects were limited. Adversely, plasma
renin activity is suppressed in patients with diabetic
nephropathy[20 2 reflecting a suppressed systemic RAS
possibly resulting from activated tissue RAS in the kid-
neys. Recently, podocytes have been thought to play an
important role in diabetic nephropathy and albumin-
uria™? . Identifying PRR has led to a better understand-
ing of diabetic nephropathy.

Albuminuria is caused by the breakdown of the
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filtration barrier composed of endothelial cells, glo-
merular basement membranes, and podocytes. PRR
has been heavily detected in mouse podocytes through
immunoelectron microscopym]. Because transgenic rats
overexpressing human PRR™! developed slowly progres-
sive proteinuria and enhanced MAPK signals mainly in
the glomeruli podocytesm, it is likely that podocytes are
vulnerable to PRR-dependent signal transduction. The
MAPK signals could be aggravated in the diabetic condi-
tion, in which both PRR and prorenin are upregulated,
as discussed later in this article. This effect is believed to
be independent of angiotensin II because rat prorenin
bound to human PRR did not show renin activity.

In rats with streptozotocin-induced diabetic ne-
phropathy, PRR protein up-regulation were observed
in their kidneys[zﬂ. High glucose increased mRNA and
protein PRR levels in cultured podocytes[zsl. This experi-
mental evidence shows that PRR is up-regulated in the
podocytes of DM; thus, in DM, both the ligand pro-
renin and its receptor PRR increase.

Electron microscopic analysis in DM mice revealed
that podocytes go through a hypertrophic state before
the atrophic state. This hypertrophy reflects the oc-
currence of many vesicles (presumably lysosomes and
autophagosomes) resulting from injured intracellular
organelles[zg]. Also, Golgi apparatus, rough endoplasmic
reticulum, and free ribosome develop because of in-
creased protein production demand resulting from cell
injury[zg] (Figure 2B). It is possible that these increased
intracellular organelles might call for PRR up-regulation
because PRR is required for V-ATPase activity, which
acidifies intracellular vesicles (Figure 2C). V-ATPase is
required for both maturation of synthesized proteins
and degradation by lysosomes and autophagosomes that
affects proteins and organelles.

As discussed previously, the serum prorenin level is
increased in DM patients. Inhibition of prorenin bind-
ing to PRR by subcutancous administration of a handle
region peptide prevents diabetic nephropathy develop-
ment, characterized by the inhibition of albuminutia and
3 Moreover, nephropa-
thy regression was observed in the peptide-treated han-
dle region, but not inhibitor-treated ACE, in DM rats™".
Handle region peptide treatment inhibited diabetic
nephropathy in angiotensin II type la receptor-deficient

glomerulosclerosis in DM rats

mice, suggesting the effectiveness of PRR signal trans-
duction blockade in inhibiting diabetic nephropathy
apart from angiotensin II effects. This is consistent with
the results of clinical trials showing a partial effect of
ACE inhibitors or ARB in diabetic nephropathy in hu-
"I Other in vivo data showed that PRR increases
transforming growth factor-B1°", Cyclooxygenasef‘m,

rnans[

and cytokines such as interleukin-I3 and tumor necrosis
factor-«*” in diabetic nephropathy. Our hypothesis here
is that overproduced PRR counteracting cell injury could
exhibit adverse effects through PRR-distinctive signal
transductions, angiotensin II-mediated effects, and other

injurious molecules contributing to the progression of
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diabetic nephropathy. We term this the “trade-off hy-
pothesis” (Figure 2E). According to our preliminary data
using human PRR over-expression in transgenic rats,
albuminuria was not seen in the early stages of diabetic
nephropathy, whereas albuminuria was seen in wild-type
rats. This experimentally supports our hypothesis.

V-ATPase is indispensable for the normal function
of endosomes, lysosomes, and autophagosomes, where-
as diabetic nephropathy is associated with endoplasmic
reticulum stress”™" and autophagy™. Future experiments
are needed to investigate the pathophysiological func-
tions of PRR both in V-ATPase and signal aspects in
diabetic nephropathy.

SOLUBLE PRORENIN RECEPTOR AND
KIDNEY DISEASE

PRR is a single transmembrane protein with a protein-
ase cleavage site at the N-terminal domain near the
transmembrane domain®*"", Cleavage of PRR by either
furin®™ or ADAM19"" results in the dissociation of the
N-terminal fragment as soluble PRR (sPRR).

In healthy subjects, plasma sPRR did not exhibit
circadian or posture variation or correlate with renin,
prorenin or aldosterone levels™, although serum sPRR
negatively correlated with an estimated glomerular fil-
tration rate independent of age, blood pressure, and
glucose metabolism in essential hypertension and not-
motensive subjectsm. sPRR correlated positively with
urinary angiotensinogenw, which is a biomarker of
intrarenal RAS™". Moreover, in patients with chronic
kidney disease, serum sPRR negatively correlated with
estimated glomerular filtration rate and chronic kidney
disease stage™. In human kidneys with end-stage renal
disease, intrarenal PRR was immunostained mainly in
tubules, suggesting a possible contribution of increased
renal PRR expression to elevated sPRR in end-stage re-
nal disease™. These findings suggest that sSPRR might
reflect the intrarenal RAS status.

However, in addition to the changes in sPRR levels
being modest and not offering a set cut-off line for
clinical use, these levels are affected by many other fac-
tors including, RAS inhibitor administration””, lipid
metabolites such as high-density lipoprotein cholesterol
¥ and obstructive sleep apnea
syndrome™, Moreover, the correlation between sPRR
level and the activity of furin or ADAM19 has not yet
been investigated under these conditions. Further inves-
tigations are expected to determine the relationships, if
any, between kidney disease and sPRR, PRR, tissue RAS,
V-ATPase and Wnt.

and triglycerides™”, age

SUMMARY

In physiological and developmental conditions, it has
been suggested from the experiments discussed previ-
ously that PRR primarily exhibits as V-ATPase or Wnt
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Figure 2 The trade-off hypothesis in diabetic ne-
phropathy from the prorenin receptor perspective.
A: Normal podocyte intracellular structure; B: Under
hyperglycemic conditions, injured podocytes degrade
degenerated proteins and intracellular organelles, form-
ing vesicles such as lysosomes and autophagosomes,
which require V-ATPase and prorenin receptor (PRR) for
internal acidification; C: Sustained hyperglycemia over-
produces PRR molecules, which are transported to the
transmembrane and bind to increased serum prorenin
in the diabetic condition. This enhances tissue renin-
angiotensin system (RAS) and PRR-mediated mitogen-
activated protein kinase (MAPK) signals; D: Atrophic
or apoptotic podocytes after long-term hyperglycemic
conditions. The changes in the glomerular basement
membrane and endothelial cells are not shown; E: The
schematic view of the trade-off hypothesis. In diabetes
mellitus, podocyte injury occurs by producing degener-
ated proteins and organelles, which in turn are degraded

C in lysosomes and autophagosomes. This process re-
quires V-ATPase and PRR production for internal acidi-
fication of the vesicles. PRR overproduction enhances

T_issucle FI{A_S and PRRI me:jiated rI:/IAPK tissue RAS and PRR-mediated MAPK signals, resulting
%E_aﬁl(cfg;g?;ﬁ 1”&??&‘;_95)5“ as in increased injurious molecules such as trqnsformmg
growth factor-, cyclooxygenase2, interleukin-18, and

tumor necrosis factor-a. Progression and deterioration

i of diabetic nephropathy occurs at the end. En: Endothe-

lial cell; ER: Endoplasmic reticulum; GBM: Glomerular

D Progression of diabetic nephropathy basement membrane; Pod: Podocyte.
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signaling instead of RAS enhancement or PRR-distinct
MAPK signal transduction. These former functions
are related to fundamental cellular survival and embryo
development. On the other hand, in DM, inhibition of
prorenin binding to PRR has the beneficial effect of
inhibiting diabetic nephropathy, which is not achieved
in Ang II blockade. In DM, PRR primarily works as an
RAS enhancement or MAPK signal on top of V-ATPase.
Involvement of Wnt signals in diabetic nephropathy has
not been investigated throughly.

The shift of PRR’ function from a physiological
condition to a DM condition could be attributed to al-
tered PRR demand. As in the trade-off hypothesis, a hy-
perglycemic state leads to increased PRR demand caused
by increased V-ATPase activity to recycle or degrade
intracellular organelles and proteins. The overproduced
PRR is transported to the cell membrane, which triggers
RAS enhancement and PRR-dependent MAPK signals
via prorenin binding. As a result, diabetic nephropathy
progression occurs.

The significance of sPRR in kidney disease is not
cleatly defined because sPRR changes in kidney disease
are too modest to set a cut-off line for clinical use. Yet,
it is possible that sSPRR reflects intrarenal RAS status.

CONCLUSION

Rigorous work has uncovered PRR physiology and
pathophysiology in the kidneys. The multi-functioning
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protein PRR can shift its role from the physiological
condition to the DM condition depending on undetly-
ing cellular conditions. V-ATPase is believed to help cells
maintain a clean environment; however, in DM, it may
have adverse effects in terms of overproduced PRR.
This functional shift may occur because, unlike other
molecules, PRR not only is important in fundamental
cellular survival but also in disease progression. Accord-
ing to the trade-off hypothesis, over-expression of PRR
may have beneficial effects in the very early stages of
diabetic nephropathy, although PRR may have harmful
effects in the late stages. Future works should elucidate
which PRR functions, of the four discussed here, are
dominant in each cell and kidney disease context.
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