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Abstract

RRBP1, also known as ER ribosomal-binding protein 1 or p180, has been implicated in
various cardiovascular diseases through genetic variants identified in numerous genome-
wide association studies. However, the precise role of RRBP1 in the regulation of blood
pressure remains undefined. In this study, we aimed to elucidate the impact of RRBP1 on
blood pressure regulation and its role in cardiovascular physiology.

In the Stanford Asia-Pacific Program for Hypertension and Insulin Resistance
(SAPPHIRe) cohort, our research team conducted a genome-wide linkage analysis
followed by regional fine mapping. This comprehensive approach enabled us to identify
noteworthy genetic variants within the RRBP1 gene, demonstrating a significant
association with blood pressure. To investigate the functional implications of RRBP1, we
generated a transgenic mouse model. Rrbpl-knockout mice exhibited lower blood
pressure and increased susceptibility to sudden cardiac death, which was attributed to
hyporeninemic hypoaldosteronism-induced hyperkalemia. Significantly, when subjected
to high potassium intake, Rrbpl-knockout mice exhibited a noteworthy decrease in
survival rate compared to their wild-type counterparts. Remarkably, these Rrbpl-
knockout mice displayed severe lethal arrhythmia induced by hyperkalemia and persistent
hypoaldosteronism, particularly under conditions of elevated potassium intake. However,
treatment with fludrocortisone effectively rescued these phenotypes.
Immunohistochemistry analysis revealed the accumulation of renin within the kidneys of
Rrbp 1-knockout mice, indicating impaired renin-angiotensin-aldosterone system (RAAS)
function. Furthermore, our investigations confirmed that renin predominantly
accumulated within the endoplasmic reticulum (ER) and exhibited compromised
transport to the Golgi apparatus in RRBP1-knockdown (-KD) Calu-6 cells. This impaired

secretion of renin was substantiated through detailed examinations using transmission
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electron and confocal microscopy. In parallel, our human genetic studies revealed a
significant association between RRBP1 genetic variants and blood pressure. Notably,
consistent with the findings in our mouse model, mice lacking RRBP1 exhibited lower
levels of plasma renin and aldosterone, resulting in reduced blood pressure, severe
hyperkalemia, and cardiac sudden death.

Collectively, our study provides novel insights into the role of RRBP1 as a modulator of
the renin-angiotensin-aldosterone system (RAAS), affecting blood pressure regulation
and potassium homeostasis.

Key words: Arrhythmia, blood pressure, hyperkalemia, renin, RRBP1, sudden death

doi:10.6342/NTU202301026

vii



Table of contents

2 2 B A 2 T e, ii
Er 111
B v
ADSIIACT. ..t vi
Table of contents...........ocoiuiiiii viil
List Of fIgUIES. .. .et e e xii
List of tables......ooniii Xiv
Chapter 1: Introduction............ooiiiiiiiiiiiii e 1
1-1  Cardiovascular diS€ases..........cceviiiiiiiiiiiiiiiiiiiiineen. 1
[-2 HypertensSion........vvuuieeeiie et eeie e eeeee e eaaens 1
1-3  Renin-angiotensin-aldosterone system.......................co..e. 2
I-4  ReNIN. ...t e 3
I-5  RRBPI ..o 5
1-6  Genetic variants of RRBP1 in CVDs..............coi 6
Chapter 2: Results and Figure legends...............cooiiiiiiiiiiiiiiin e, 8

2-1 RRBPI genetic variants are associated with blood pressure in

VariouS STUAIES. ....ueii i 8
2-2  Creation of Rrbpl-knockout mice............................. 11
2-3  The basal phenotypes of Rrbpl-knockout mice.................. 14

2-4  The deficiency of RRBP1 result in lower blood pressure and an

doi:10.6342/NTU202301026

viii



increased rate of sudden death........................... 16
2-5  The heart function and structure of Rrbp1-knockout mice display

no significant difference compared with those of Rrbpl-WT

2-6  The basal plasma potassium level of Rrbpl-knockout mice is
higher than that of control mice.....................ooiiin. .. 21
2-7 The sudden death of Rrbpl-knockout mice increases
dramatically under high K" intake within 30 days................. 23

2-8 The ECG waveform of Rrbp1-knockout mice is disturbed under

high K" intake for 2 days..........ccocoivviiiiiiiiniiiiniiieenennn. 26
2-9  Rrbpl-knockout mice display hyporeninemic
hypoaldosteronism.............ccooeiiiiiiiiiiiii i 29

2-10 The adrenal gland function of Rrbpl-knockout mice has no
significant difference with that of Rrbp1-WT mice............... 32
2-11 The plasma renin, angiotensin-II, and aldosterone are still lower
in Rrbp1-knockout mice under high K" intake for 2 days.........34
2-12 High K" load-induced hyperkalemia and sudden death in Rrbp1-
knockout mice can be rescued by fludrocortisone treatment.....36
2-13 The expression of renin is higher within the kidney section of
Rrbpl-knockout mice..........cccoviiiiiiiiiiiii i, 39
2-14 The higher expression of intracellular renin and lower of secreted

renin Of RRBP1-KD cellS....ovuiiiiii e, 41

doi:10.6342/NTU202301026

X



2-15 There were less renin particles near plasma membrane of
RRBPI-KD cCellS. ..ot 43

2-16 RRBPI1 regulated renin secretion is in a cAMP-independent

2-17 Deficiency of RRBPI1 results in accumulation of renin in
endoplasmic reticulum. ... 49

2-18 Deficiency of RRBP1 lead to hyporeninemic hypoaldosteronism,

hypotension, and hyperkalemia................................ ... 57
Chapter 3: DiSCUSSION. .. .uttetteite ettt aee et e e e e eieeeaaeeenns 59
Chapter 4: Material and methods...............cooiiiiiiiiiii i 65

4-1 The Stanford Asia-Pacific Program for Hypertension and Insulin
Resistance (SAPPHIRe) cohort............................65

4-2  Genome-wide linkage and Family-based association analyses for

identification of blood pressure regulation gene............... 65
4-3  Generation of Rrbpl-knockout mice............................ 66
4-4  Western blot analysis..........coooiiiiiiiiiiiiiii e, 67
4-5 Body composition analysis...........oeveviiiiiiiiiiiiieiiiieenn.. 68

4-6 Intracranial vessel scanning by magnetic resonance

ANZIOZIAPN. ... 68
4-7  Telemetry ECG and blood pressure measurement............... 69
4-8 Blood and urine analysiS.............covviiiiiiiiiiiiiii e, 69
4-9  ACTH stimulation test..........c..oooiiiiiiiiiiiiiiiiii e, 70

doi:10.6342/NTU202301026



4-10 Real-time quantitative PCR (RT-qPCR)....................o.e. 70

4-11 Renal Immunohistochemistry...............ccoviiiiiiiiiiiinn.n.n. 72
4-12 Calu-6 cell culture..........cooeiiiiiiiiii e, 48
4-13 Lentiviral transfection.............coooiiiiiiiiiiiiiiii i, 73
4-14 Immuno-electron mMiCroSCOPY....evurrerrirerinieenineeennneannn 73
4-15 Immunofluorescence stain..............ovveeiiiiiiiiiiiiniiennnn.. 74
4-16  SHAtISTICS . ..t ntte ettt e e 75
Chapter 5: References. .....oovuviiiii i 77

doi:10.6342/NTU202301026

X1



List of figures

1. Figure 1. Creation of RrbpI-knockout mice.............c..ceveiinnnn. 2
2. Figure 2. The basal phenotypes of Rrbpl-knockout mice........... 15

3. Figure 3. The blood pressure and survival rate of Rrbpl-knockout

4. Figure 4. The echocardiogram analysis of mice........................ 20
5. Figure 5. The survival rate of Rrbpl-WT and RrbpI-knockout mice
under high K" intake................coooiiiiii 24
6. Figure 6. The telemetry ECG of Rrbpl-WT and Rrbpl-knockout mice
before and after high K" intake.....................cocoiiiiiiiiin, 27

7. Figure 7. Hyporeninemic hypoaldosteronism of Rrbpl-knockout

8. Figure 8. The adrenal function of Rrbp I-knockout mice.................. 33
9. Figure 9. The RAAS level of Rrbp1-knockout mice under high K™ intake
FOT 2 Ay S, it 35
10. Figure 10. The survival rate of Rrbpl-knockout mice under high K*
intake with Fludrocortisone treatment......................oooeenae. 37
11. Figure 11. The renin intensity in the kidney sections of RrbpI-WT and
Rrbpl-knockout micCe............covvviniiiiiiieerieeeeiee e 40
12. Figure 12. Renin distribution of RRBPI-KD cells........................ 42

13. Figure 13. The immunogold-labeled renin staining by transmission

doi:10.6342/NTU202301026

Xii



14.

15.

16.

ClECIION MNICTOSCOPY .-ttt enttt ettt e et e et e aee e e ne e eaaeeenaaesn 44

Figure 14. Forskolin treatment on control and RRBPI-KD Calu-6

Figure 16. Schematic diagram of the mechanism by which RRBPI

affects renin trafficking and secretion.........................ooiilll 58

doi:10.6342/NTU202301026

Xiii



List of tables

Table 1. The relationship between blood pressure and a 7-SNP haplotype
(re7272683, 152236255, 156034875, 156080761, rs6080765, rs812079,
rs3790308) within the RRBP1 gene by FBAT analysis................... 10
Table 2. Plasma and urine electrolyte levels for Rrbpl-W'T and Rrbp1-
KNOCKOUL NICE. ...ouetiei e, 22
Table 3. Plasma and urine electrolyte levels for Rrbpl-WT and Rrbp1-
knockout mice under high K™ intake...................cocoiiiiiiin., 25
Table 4. Plasma and urine electrolyte levels for Rrbpl-WT and Rrbpl-
knockout mice under high K" intake for 48 hours with and without

fludrocortiSONE treatMeEnt. .. ...vvueeee ettt et e 38

doi:10.6342/NTU202301026

X1iv



1. Introduction

1-1 Cardiovascular diseases

According to the World Health Organization (WHO), cardiovascular diseases (CVDs)
are the leading cause of death worldwide. CVDs encompass a range of heart and
blood vessel disorders and are responsible for approximately 17.9 million deaths
annually. Among these diseases, atherosclerotic cardiovascular disease, which
includes conditions such as ischemic heart disease, stroke, hypertensive heart disease,
aortic aneurysm, and peripheral arterial diseases, remains a significant global health
burden [1]. Traditional risk factors for CVDs include dyslipidemia, high blood
pressure, tobacco smoking, and type 2 diabetes [1]. To further our understanding of
the genetic basis of CVDs and related conditions, several large-scale genome-wide

association studies (GWAS) have been conducted [2-10].

1-2 Hypertension

Hypertension, characterized by elevated blood pressure with a systolic blood pressure
of 140mmHg or higher and/or a diastolic blood pressure of 90mmHg or higher, is a
common symptom and a significant risk factor for cardiovascular diseases (CVDs),
premature death, and disability worldwide [11-13]. The prevalence of hypertension
is increasing due to various modern lifestyle risk factors, including unhealthy diets
high in fat and salt, an aging population, insufficient physical activity, and genetic
factors [12, 14]. According to the World Health Organization (WHO), there are
currently 1.13 billion people living with hypertension, with a disproportionate burden
on low- and middle-income countries [14]. Addressing hypertension and its
associated risk factors is crucial for preventing CVDs and reducing the global burden

of disease.
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1-3 Renin-angiotensin-aldosterone system

The renin-angiotensin-aldosterone system (RAAS) is a crucial hormone system
involving multiple organs in the body, responsible for regulating blood pressure,
electrolyte balance, and cardiovascular and renal function [15-17]. It consists of three
main components: renin, angiotensin, and aldosterone. Renin is primarily secreted
into the bloodstream by juxtaglomerular (JG) cells located within the renal
juxtaglomerular apparatus in the kidney [18, 19]. Once released, renin acts on
angiotensinogen, a protein produced continuously by the liver. Angiotensinogen, a
member of the non-inhibitory serine protease inhibitor superfamily, consists of 485
amino acids and exists in both a basic form with a molecular weight of 53 kDa and a
glycosylated form with a weight of 75 kDa [20, 21]. The cleavage of angiotensinogen
by renin is the rate-limiting step in the activation of the RAAS. It is important to note
that renin exhibits species specificity, with human renin cleaving human

angiotensinogen but not mouse angiotensinogen [22, 23].

The cleavage of ten amino acids from the N-terminal of angiotensinogen by renin
leads to the formation of angiotensin I, a decapeptide. Angiotensin I is further
converted into angiotensin II, an octapeptide, by the action of angiotensin-converting
enzyme (ACE) [24-26]. ACE is predominantly found in vascular endothelial cells
within lung tissue. The cleavage of angiotensin I by ACE is crucial for its activation,
as angiotensin I is relatively inactive or less active on angiotensin receptors [27, 28].
Angiotensin II, composed of eight amino acids (Asp-Arg-Val-Tyr-Ile-His-Pro-Phe),
plays a critical role in both physiological and pathophysiological processes. It exhibits
positive inotropic and chronotropic effects, promotes vasoconstriction, and enhances

salt intake [29-32]. The receptors for angiotensin I, AGTR1 and AGTR2, belong to
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the superfamily of seven-transmembrane G protein-coupled receptors [33].

Activation of the AGTR pathway by angiotensin II stimulates aldosterone production.

Aldosterone, a steroid hormone, is primarily synthesized in the zona glomerulosa of
the adrenal cortex. As a mineralocorticoid, aldosterone regulates electrolyte and fluid
homeostasis [34-37]. The aldosterone-mineralocorticoid receptor complex acts as a
transcription factor, inducing the expression of serum and glucocorticoid-inducible
kinase 1 (Sgkl), corticosteroid hormone-induced factor (CHIF), and Kirsten Ras (Ki-
ras) [38]. This, in turn, leads to increased expression and activity of the luminal
amiloride-sensitive epithelial Na+ channel (ENaC), responsible for sodium
reabsorption, and the renal outer medullary potassium channel (ROMK), which

facilitates potassium secretion [39, 40].

1-4 Renin

Renin is the key hormone which controls the rate limiting step of RAAS regulates
blood pressure, physiological functions, and various pathophysiological disorders
[41]. Renin, an aspartyl-protease, initiates the cascade of RAAS by cleavage of
angiotensinogen into angiotensin-I exclusively [42]. The basic physiological
functions of renin are regulation of blood pressure, electrolytes and volume
homeostasis, cell growth, and even apoptosis [43]. Local RAAS in various tissue has
quite different mode of actions [44]. Other tissues also express and secrete renin
which exhibit distinct biological roles. The signal peptides of renin which is encoded
by exon 1 is required secretory pathway and transportation to ER of renin. Cytosolic
renin which is encoded by exon 1A-9 exhibits non-secretory pathway [45]. In adrenal

gland, there are both secretory and cytosolic renin which is found in mitochondria.
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Cytosolic renin in mitochondria increases aldosterone production in a secretory renin-
independent way [46, 47]. Cytosolic renin is also associated with hypertrophy and
overexpression under myocardial infarction [45, 48].

Various tissues produce renin but only juxtaglomerular (JG) cells in kidney produce
active form of renin. There are multiple regions in renin gene are identified to regulate
activation or suppression of renin gene transcription [41, 49]. Cyclic adenosine
monophosphate (cAMP)- responsive element binding protein (CREB) and
peroxisome proliferator-activated receptor-y (PPAR-y) confer a positive effect on
renin gene expression [50, 51]. On the contrary, vitamin-D3 and transcription nuclear
factor-kB (NF-«xB) inhibit the CREB-induced renin expression [52, 53]. The renin
gene initially translates preprorenin whose molecular weight is about 48 kDa. Once
preprorenin translates, the “pre” signal peptide is going to be cleaved and prorenin is
transported into endoplasmic reticulum. About 80% prorenin is released into
circulation by various tissues through the constitutive secretory pathway. Circulated
prorenin is inactive until it binds to specific membrane receptor and gains enzymatical
activity which cleave angiotensinogen to angiotensin-I [54-56]. However,
glycosylated prorenin is sorted into dense core vesicle and cleaved into active renin
in JG cells [57].

The extracellular and intracellular signaling pathways which control the secretion and
exocytosis of renin is very complicated. Three major extracellular pathways involved
in renin production are renal sympathetic nerves, macula densa, and baroreceptor
mechanism [58]. The renal sympathetic nerves release catecholamine which
stimulates renin production by JG cell [59]. Macula densa senses the sodium
depletion and enhances prostaglandins production which increase the renin synthesis

by JG cells [60]. Integrin B1 as a baroreceptor which can senses perfusion pressure
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transmitted from extracellular matrix and induces renin gene expression by JG cell
[61]. The extracellular pathways of renal sympathetic nerve and macula densa both
increases CAMP which is a key regulator of renin production. cAMP is converted
from adenosine triphosphate (ATP) by Adenylyl cyclase and is degraded by
phosphodiesterases (PDE) [62]. cAMP can bind regulatory subunits of protein kinase
A which phosphorylates CREB and further enhances renin expression [59]. cAMP
also regulates renin release from granules of JG cells directly [63].

One of diseases derived from deficiency of renin is hyporeninemic
hypoaldosteronism (HH). HH, also regarded as hyperkalemic RTA, is commonly
found in a variety of renal diseases especially when due to diabetic nephropathy [64-
66]. Generally, HH is asymptomatic until developing severe hyperkalemia which
cause life-threatening arrhythmia [67-70]. Characteristic laboratory features of HH
are decreased production of renin, aldosterone, and renin activity [65]. In turn, the
excretion of potassium by the renal tubules is impaired in the HH patients [71].
Moreover, the HH patients can produce acidic urine since the reduced
ammoniagenesis [65]. However, the pathogenesis of HH is due to damage to
juxtaglomerular apparatus in which has specialized renin-producing cells, JG cells
[72-73]. JG cells are specialized smooth muscle cells which mainly synthesize, store,
secrete renin and mainly located in the media layer of afferent arterioles [42, 74-75].

1-5 RRBP1

RRBP1 (endoplasmic reticulum ribosomal-binding protein 1), also called p180 or
ES/130, is an endoplasmic reticular transmembrane protein which interacts with
ribosome. RRBP1 plays a crucial role in nascent protein translocation, transportation,
and secretion. It is in charge of microtubules binding and bundling, which in turn

regulates ER membrane proliferation and function as well. RRBP1 is also required to
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terminal differentiation of secretory cell line [76-83]. In addition, RRBP1 augments
the synthesis and secretion of procollagen by fibroblasts via facilitating the
association of ER and ribosome [84]. However, overexpression of RRBP1 expanded
ER membranes but did not increase the secretion of amylin in a pancreatic islet B-cell
line [82].

1-6 Genetic variants of RRBPI in CVDs

There are some studies showed that RRBP1 variants are associated with coronary
artery and arterial aneurysm, and vascular headache [85-87]. Moreover, RRBP1
facilitates the biogenesis of very-low-density lipoproteins (VLDL) through
promoting rough ER wrapped closely to mitochondria which may increase the risk of
CVD [88]. According to the above-mentioned descriptions, the role of RRPB1 in
cardiovascular physiology and its relationship between the conversion and secretion
of renin remain a lot of unclear.

In our laboratory, we initially made the groundbreaking discovery that a specific 7-
SNP haplotype within the RRBP1 gene is strongly linked to lower systolic blood
pressure (SBP), diastolic blood pressure (DBP), and mean blood pressure (MBP) in
the Stanford Asia-Pacific Program for Hypertension and Insulin Resistance
(SAPHHIRe) database. To further explore this association, we conducted in vivo
studies using Rrbp-knockout mice. These mice exhibited hypotension (low blood
pressure) and increased mortality rates. Additionally, the Rrbpl-knockout mice
displayed hyperkalemia (elevated potassium levels) and hyporeninemic
hypoaldosteronism (reduced renin and aldosterone production) with higher levels of
plasma angiotensinogen but lower levels of plasma renin, angiotensin-I (Ang-I),
angiotensin-II (Ang-II), and aldosterone [113].

Under conditions of high potassium intake, Rrbp I-knockout mice experienced severe
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hyperkalemia, arrhythmia, and a dramatic increase in mortality within a month. To
further investigate the underlying mechanisms, we conducted in vitro studies using
the Calu-6 cell line, wherein we knocked down RRBP1 expression. This knockdown
resulted in reduced renin secretion but enhanced intracellular accumulation of renin.
Moreover, the deficiency of RRBP1 impaired the transport of renin into the
endoplasmic reticulum (ER) compartment, thereby affecting renin maturation and

secretion in both mouse kidneys and cell-based experiments [113].
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2. Results and Figure legends
2-1 Our study has reported significant associations between genetic

variants of RRBPI and blood pressure.

Initially, our research group conducted a genome-wide linkage scan using data from
the Stanford Asia-Pacific Program for Hypertension and Insulin Resistance
(SAPPHIRe), which involved 360 nuclear families and 1,144 participants. This scan
aimed to identify genetic loci associated with abnormal blood pressure. As a result,
we mapped a quantitative trait locus on chromosome 20 between 14.7-18.3 Mb. To
perform further fine-mapping within this region, we genotyped 51 single nucleotide
polymorphisms (SNPs) across six genes: PCSK2, BFSP1, RRBP1, SNX5, OVOL2,
and CSRP2BP.

Through sliding window analysis, we identified a 7-SNP haplotype within the RRBP1
gene that demonstrated a significant association with lower systolic blood pressure
(SBP), diastolic blood pressure (DBP), and mean blood pressure (MBP). This
particular haplotype, with a frequency of 0.161, included the SNP rs6080761.
Specifically, it was associated with lower SBP (Z-score=-3.90, haplotype-specific P-
value=9.6 x 10-5, global P value=3.5 x 10-5), lower DBP (Z-score=-3.796, haplotype-
specific P-value=1.47 x 10-5, global P-value=8.2 x 10-5), and lower MBP (Z-score=-
4.135, haplotype-specific P-value=3.6 x 10-5, global P-value=2.8 x 10-5) (refer to
Table 1).

In addition, the intronic variant rs6080761 of RRBP1 showed an association with
DBP (Z-score=-2.19, P-value=0.028) and a marginal association with MBP (Z-
score=1.85, P-value=0.064) within the SAPPHIRe cohort. This variant was also
associated with SBP (P-value=0.028) in the Genetic Epidemiology Network of

Arteriopathy study (GENOA pha00309.1), which included 1,538 Caucasian
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individuals. Furthermore, in the International Consortium for Blood Pressure study
(ICBP pha003588) with 132,671 participants, rs6080761 was associated with DBP
(P-value=0.013) and MBP (P-value=0.018). Similarly, in the National Heart, Lung,
and Blood Institute (NHLBI, pha003048) Family Heart GWAS involving 2,756
participants, rs6080761 showed associations with DBP (P-value=0.01) and MBP (P-

value=0.03) (refer to Table 1).
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Table 1. The relationship between blood pressure and a 7-SNP haplotype (rs7272683, rs2236255, rs6034875,
rs6080761, rs6080765, rs8120179, rs3790308) within the RRBP1 gene by FBAT analysis.
Number of SBP DBP MBP
Haplotype Freq informative 7 pa 7 pa 7 pa
families
H1: 2211111 0.211 91 1.043 0.297 0.755 0.450 0.963 0.335
H2: 2211121 0.161 78 -3.901 0.000096 -3.796 0.000147 -4.135 0.000036
H3: 2111111 0.131 62 1.652 0.099 1.470 0.142 1.648 0.099
H4: 1222211 0.079 45 1.260 0.208 1.853 0.064 1.793 0.073
H5: 2111121 0.071 46 -1.956 0.051 -0.785 0.433 -1.464 0.143
H6: 1122221 0.054 34 0.772 0.440 0.545 0.585 0.653 0.514
H7: 1222221 0.050 39 1.020 0.308 0.669 0.504 0.909 0.364
H8: 1122211 0.043 35 1.223 0.221 0.432 0.666 0.841 0.400
H9: 1211122 0.025 15 1.470 0.141 1.569 0.117 1.669 0.095
Global P-value ® 0.005288 0.020404 0.005116
FBAT, family-based association test; SNP, single nucleotide polymorphism; Freq, frequency; SBP, systolic blood pressure;
DBP, diastolic blood pressure; MBP, mean blood pressure
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2-2 Creation of RrbpI-knockout mice.

To investigate the role of RRBP1 in blood pressure regulation, our research team
generated Rrbpl-knockout mice. The experimental procedure involved the design of
a vector plasmid containing a Frt neomycin resistance cassette flanked by loxP sites
positioned between exon 3 and 4, as well as exon 24 and 25 of the Rrbpl gene (see
Figure 1A). These Rrbpl floxed mice were then crossed with CMV-Cre mice to
generate conventional knockout mice. Subsequent cross-breeding of heterozygous
mice resulted in the production of Rrbp I-WT (wild-type), RrbpI-HE (heterozygotes),
and Rrbp I-knockout mice for use in subsequent experiments (refer to Figure 1B).

To evaluate the expression pattern of RRBP1, immunoblot assays were conducted
using two different commercial antibodies. The results indicated that RRBPI
expression was predominantly observed in the intestine, kidney, liver, and pancreas

in Rrbp1-WT mice (refer to Figure 1C).
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Figure 1. Creation of RrbpI-knockout mice. (A) Schematic representation of the

RrbpI-knockout construct. (B) Genotyping of Rrbp-WT (+/+), RrbpI1-HE (+/-), and
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Rrbp1-knockout (-/-) mice by PCR analysis. (C) The tissue distribution of RRBP1 by
western blot assay in RrbpI-WT mice. Lanel, brain; lane 2, gonadal white adipose
tissue; lane 3, inguinal white adipose tissue; lane 4, brown adipose tissue; lane 5, heart;
lane 6, aorta; lane 7, intestine; lane 8, lung; lane 9, liver; lane 10, kidney; lane 11,
pancreas; and lane 12, skeletal muscle. WT, wild-type; HE, heterozygous; knockout,

knock-out; Neo, neomycin; Frt, flanked neomycin resistant gene.
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2-3 The basal phenotypes of RrbpI-knockout mice.

The body length and size of 16 weeks-old RrbpI-WT and Rrbpl-knockout mice
showed no significantly different (Figure 2A-2B). There is also no difference in the
anatomy between Rrbpl-WT and Rrbpl-knockout (Figure 2C-2D). To further
characterize the body composition of Rrbpl-WT and Rrbpl-knockout mice, 16
weeks-old mice were conducted whole body scan using NMR spectroscopy. There is
still no difference in body weight, body lean, body fat, and total body water between
Rrbp1-WT and Rrbp I-knockout mice (Figure 2E-2H). Our group also weighed hearts,
kidneys, livers, lungs, pancreas, spleen, and stomach. These tissues weights showed

no difference between Rrbp-WT and RrbpI-knockout mice (Figure 21-20).
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Figure 2. The basal phenotypes of RrbpI-knockout mice. (A)-(B) The body size of
RrbpI-WT and RrbpI-knockout was observed at 16 weeks old. (C)-(D) Abdominal
anatomy of Rrbpl-WT and Rrbpl-knockout was dissected at 16 weeks old. (E)-(H)
Body composition of 16-week-old RrbpI-WT and Rrbpl-knockout mice including
body weight, body lean, body fat, and total body water. (I)-(O) Tissues weights
including heart, kidney, Liver, Lung, Pancreas, Spleen, and Stomach from Rrbp-WT

and RrbpI-knockout mice.
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2-4 The deficiency of RRBP1 in mice leads to lower blood pressure

levels and an increased rate of sudden death.

To investigate the involvement of RRBP1 in blood pressure regulation, we measured
the blood pressure of mice aged 10-16 weeks, including Rrbp1-WT, Rrbp1-HE, and
Rrbp1-knockout mice. The results revealed a significant trend in decreasing systolic
blood pressure among the three groups, with values of 112+2.94 mmHg for Rrbpl-
WT, 103.842.12 mmHg for Rrbpl-HE, and 92.6+2.42 mmHg for Rrbpl-knockout
mice (P-for-trend < 0.001) (see Figure 3A). Similarly, the diastolic blood pressure
exhibited a decreasing trend, with values of 61.53+2.16 mmHg for Rrbpl-WT,
57.53+1.36 mmHg for Rrbp1-HE, and 48.94+2.31 mmHg for Rrbp1-knockout mice
(P-for-trend < 0.01) (see Figure 3B).

Interestingly, our research group made an unexpected observation that Rrbpl-
knockout mice showed an increased susceptibility to sudden death, irrespective of
gender and age. This finding was supported by Kaplan-Meier survival curves,
demonstrating a higher mortality rate in Rrbp1-knockout mice compared to Rrbp1-WT
and Rrbpl-HE mice. Notably, Rrbpl-knockout mice had a shorter median lifespan
(481 days) in comparison to Rrbpl-WT (793 days) and Rrbpl-HE (772 days) mice
(see Figure 3C).

In order to understand the underlying cause of sudden death in Rrbp1-knockout mice,
we monitored their cardiac rhythm using surface electrocardiography (ECG). The
terminal ECG waveforms of Rrbp1-knockout mice exhibited characteristics consistent
with severe hyperkalemia, including the presence of bizarre P waves, tall T waves,
widening QRS complexes, and eventual asystole. To rule out the possibility of
abnormal brain lesions as a cause of death, we conducted magnetic resonance imaging
(MRI), which revealed no significant abnormalities (see Figure 3D-3P).
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Figure 3. The blood pressure and survival rate of Rrbp1-knockout mice. (A) The
systolic blood pressure of mice (B) The diastolic blood pressure of mice. Data
represent mean + SEM, n=12-49 per group. (C) Kaplan-Meier survival curve of
Rrbpl-WT, RrbpI-HE and RrbpI-knockout mice. (D) The surface ECG waveform of
RrbpI-knockout and Rrbp-WT mice. The ECG waveform of Rrbp-WT mice #1 and
#2. The terminal rhythms of RrbpI-knockout mice #3 and #4. (E)-(H) 3-dimentioanl-
AR2 micro magnetic resonance angiography of Rrbp-WT and Rrnp I-knockout mice.
(D-(L) Ti-weighted images (T1WIs) of RrbpI-WT and Rrnpl-knockout mice. (M)-
(P) To-weighted images (T2WIs) of Rrbp1-WT and Rrnp I-knockout mice. WT, wild-
type; HE, heterozygotes; knockout, knock-out.
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2-5 The heart function and structure of RrbpI-knockout mice display

no significant difference compared with those of RrbpI-WT mice.

In order to gain further insights into the cardiac function and structure of Rrbp/-WT
and Rrbp I-knockout mice, our research team utilized echocardiography to assess the
valves, chambers, and blood pumping. The results revealed several important findings.
Firstly, the echocardiogram showed a lower cardiac output in RrbpI-knockout mice
compared to Rrbpl-WT mice (12.99£1.70 ml/min versus 15.63+1.83 ml/min; P-
value=0.01) (see Figure 4A). Similarly, the stroke volume of RrbpI-knockout mice
was significantly reduced in comparison to Rrbp1-WT mice (43.65+£5.55 pL versus
59.28+11.01 pL; P-value<0.01) (see Figure 4B). Furthermore, the left ventricular
volume in diastole was also lower in RrbpI-knockout mice compared to Rrbpl-WT
mice (69.66+8.51 pL versus 92.26+21.56 pL; P-value=0.02) (see Figure 4C).
However, there were no significant differences observed between Rrbpl-WT and
RrbpI-knockout mice in terms of left ventricular mass, left ventricular posterior wall
thickness, interventricular septum thickness in diastole, relative wall thickness, left
ventricular fractional shortening, and left ventricular ejection fraction (see Figure 4D-
41). These findings suggest that while the cardiac output and stroke volume were
reduced in RrbpI-knockout mice, there were no changes observed in terms of wall
thickness and contractility.

Overall, these results indicate that the lower blood pressure observed in Rrbpl-
knockout mice can be attributed to a decrease in cardiac output and stroke volume,

without significant alterations in wall thickness and contractility.
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Figure 4. The echocardiogram analysis of mice. (A) The cardiac output; (B) the
stroke volume; (C) the left ventricular volume in diastole; (D) the left ventricular mass;
(E) the left ventricular posterior wall thickness; (F) the interventricular septum
thickness in diastole; (G) the relative wall thickness in diastole; (H) the left ventricular
fractional shortening; (I) the left ventricular ejection fraction measured by 2D-
echocardiogram of RrbpI-WT and Rrbp1-knockout mice. (n=8 per group) WT, wild-
type; knockout, knock-out; LV, left ventricular. Data in A-I were analyzed with
Student unpaired 2-tailed t test. Data were represented as mean £ SEM. ns, no

significance; *P<0.05; ** P<0.01
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2-6 The basal plasma potassium level of Rrbpl-knockout mice is

higher than that of control mice.

In light of the terminal ECG waveforms indicating severe hyperkalemia in Rrbpl-
knockout mice, we proceeded to measure the levels of plasma and urine electrolytes
in both Rrbp1-WT and Rrbp I-knockout mice aged between 10-16 weeks. The results
provided noteworthy insights.

Firstly, we observed that the blood potassium level in Rrbpl-knockout mice was
significantly higher compared to RrbpI-WT mice (6.77+0.14 mM versus 6.28+0.11
mM; P-value<0.01). It is worth noting that the normal potassium level in C57BL/6
mice generally ranges between 4-5 mM, whereas our control mice (Rrbpl-WT)
exhibited a slightly higher potassium level of approximately 6.28 mM. This
discrepancy may be attributed to the mixed genetic background of C57BL6/129J, as
described in the Materials and Methods section.

Furthermore, we evaluated the fractional excretion of potassium and found that it was
significantly lower in Rrbpl-knockout mice compared to Rrbpl-WT mice
(11.52+0.843 versus 16.44+0.997; P-value<0.001) (see Table 2). These findings
suggest that Rrbpl-knockout mice have a diminished ability to excrete potassium,
leading to hyperkalemia.

Overall, our results indicate that Rrbpl-knockout mice exhibit elevated levels of
blood potassium and reduced potassium excretion, indicating a compromised ability

to maintain potassium homeostasis and resulting in hyperkalemia.
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Table 2. Plasma and urine electrolyte levels for Rrbp1-WT and
Rrbp1-knockout mice.
Genotype Rrbp1-WT Rrbp 1-knockout

(n) (n=21) (n=16)
Blood
[K*], mmol/L 6.28+0.11 6.77£0.14 t
[Na*], mmol/L 149.6+0.65 149.61£0.71
[CI], mmol/L 113.9+0.59 113.9+0.59
Urine
TTKG 9.5+0.1 9.1+0.2
FEk* 16.4+£1.0 11.5£0.8
FENa* 0.32+0.02 0.24+0.02 *
FEcr 0.70+0.04 0.56+0.05 *
TTKG, transtubular potassium gradient; FE, fractional excretion; *P<0.05, 1P<0.01,
1P<0.001 Rrbp1-knockout (knock-out) vs. Rrbp1-WT (wild-type)
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2-7 The sudden death of RrbpI-knockout mice increases dramatically

under high K* intake within 30 days

To investigate the underlying causes of the increased sudden death observed in Rrbp -
knockout mice, we focused on the association between hyperkalemia and these fatal
events. To this end, we subjected both Rrbp-WT and Rrbp I-knockout mice to a high-
potassium (K) diet and water for a duration of 30 days (Figure SA).

Remarkably, the death events in RrbpI-knockout mice exhibited a significant and
dramatic increase within the 30-day period of high-K* intake (Figure 5B). As
expected, the blood potassium levels in Rrbpl-knockout mice were significantly
higher compared to Rrbp1-WT mice after 2 days of high-K™ intake (8.53+0.38 versus
7.234£0.27 mmol/L; P-value=0.0086).

Consistently, we also observed lower transtubular potassium gradient (TTKG) values
(14.62+0.79 versus 18.44+1.04; P-value=0.0058) and reduced urine fractional
excretion of potassium (43.14+4% versus 64.84+6.7%; P-value=0.0081) in RrbpI-
knockout mice compared to RrbpI-WT mice (see Table 3).

These findings provide compelling evidence that Rrbpl-knockout mice, when
exposed to a high-K™ diet, experience a substantial increase in sudden death events.
Additionally, the observed hyperkalemia, lower TTKG values, and reduced urine
fractional excretion of potassium in Rrbpl-knockout mice further support the
impaired ability of these mice to regulate potassium levels.

In summary, our investigation highlights the crucial role of RRBP1 in maintaining
potassium homeostasis, as RrbpI-knockout mice exhibit a heightened susceptibility
to sudden death when subjected to high-K* intake. The observed abnormalities in
potassium levels and excretion mechanisms further emphasize the importance of

RRBPI in the regulation of potassium balance.
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Table 3. Plasma and urine electrolyte levels for Rrbp1-WT and
Rrbp1-knockout mice under high K* intake.
Genotype Rrbp1-WT Rrbp 1-knockout

(n) (n=21) (n=16)
Blood
[K*], mmol/L 7.2310.27 8.53+0.38 t
[Na*], mmol/L 167.7+1.32 155.9+1.62
[CI], mmol/L 122.6+1.61 123.4+2.03
Urine
TTKG 18.41+1.0 14.610.8 t
FEk* 64.816.7 43.1+4.0 ¢
FEna* 0.42+0.05 0.42+0.04
FEcr 3.24+0.33 2.63+0.27
TTKG, transtubular potassium gradient; FE, fractional excretion;
*P<0.05, 1P<0.01, $P<0.001 Rrbp1-knockout (knock-out) vs. Rrbp1-WT
(wild-type)
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2-8 The ECG waveform of RrbpI-knockout mice is disturbed under

high K" intake for 2 days.

To further elucidate the relationship between sudden death in Rrbpl-knockout mice
and life-threatening arrhythmias resulting from hyperkalemia, we conducted cardiac
rhythm monitoring using telemetry electrocardiography (ECG) on 12-16 weeks old
Rrbp1-WT and Rrbp I-knockout mice before and after a two-day high-potassium (K*)
intake (Figure 6A).

Prior to the high K" intake, there were no significant differences in the RR interval,
heart rate, PR interval, P duration, QRS interval, QT interval, corrected QT interval,
T amplitude, and P amplitude between Rrbp-WT and Rrbp1-knockout mice (Figure
6B-6J). However, following the two-day high K™ intake, the PR interval (0.044+0.008
versus 0.034+0.003 secs; P-value<0.05), P duration (0.014+0.003 versus 0.010+0.001
secs; P-value<0.05), QRS interval (0.017+£0.007 versus 0.011+0.001 secs; P-
value<0.05), QT interval (0.036+0.005 versus 0.029+0.005 secs; P-value<0.05), and
corrected QT interval (0.105+£0.014 versus 0.093+0.016 secs; P-value<0.05) in
Rrbp1-knockout mice were significantly longer compared to RrbpI-WT mice (Figure
6D-6H).

After the two-day high K* intake, the RR interval, heart rate, T amplitude, and P
amplitude of both RrbpI-WT and Rrbpi-knockout mice showed no significant
differences, although a trend was observed in the P values. Notably, two Rrbpl-
knockout mice exhibited peaked T waves, a classical finding associated with severe
hyperkalemia, which was not observed in RrbpI-WT mice. The ECG waveforms of
Rrbpl-WT and Rrbpl-knockout mice before and after the high K' intake were
displayed below (Figure 6K).

These results provide further evidence linking the sudden death of Rrbp-knockout
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mice to the development of life-threatening arrhythmias, specifically associated with
hyperkalemia. The prolonged PR interval, P duration, QRS interval, QT interval, and
corrected QT interval observed in Rrbpl-knockout mice following high K* intake
suggest a disruption in cardiac electrical conduction. The presence of peaked T waves
in some Rrbp I-knockout mice further supports the association between hyperkalemia
and the observed arrhythmias.

In summary, our findings highlight the role of RRBP1 in maintaining normal cardiac

rhythm and preventing the occurrence of fatal arrhythmias, particularly in the context

of hyperkalemia.
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Figure 6. The telemetry ECG of RrbpI-WT and RrbpI-knockout mice before and
after high K* intake. (A) Experimental protocol of telemetry ECG monitoring on
mice before and after high K* intake. (B)-(J) Quantitation of telemetry ECG
parameters in mice before and after high K intake. RR interval; heart rate; PR interval;
P duration; QRS duration; QT interval; correct QT interval; T amplitude; P amplitude
(n=6-7 per group). (K) The telemetric ECG waveforms of Rrbpl-WT and Rrbpli-
knockout mice before and after high K+ intake for 2 days. WT, wild-type; knockout,
knock-out. Data in B-J were analyzed with Mann-Whitney test. Data were represented

as mean £ SEM. ns, no significance; *P<0.05
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2-9 RrbpI-knockout mice display hyporeninemic hypoaldosteronism.

To investigate the involvement of the renin-angiotensin-aldosterone system (RAAS)
in the altered blood pressure and electrolyte balance observed in RrbpI-knockout
mice, we evaluated various components of the system. ELISA assays revealed that
RrbpI-knockout mice exhibited significantly higher levels of plasma angiotensinogen
(49.72+12.53 versus 40.72+7.20 pg/ml; P-value=0.0001) (Figure 7A) compared to
RrbpI-WT mice. Conversely, the levels of plasma renin (28.21+2.47 versus
29.84£2.60 ng/ml; P-value=0.0059) (Figure 7B), angiotensin-I (172.7+63.5 versus
251.0£141.4 pg/ml; P-value=0.0016) (Figure 7C), angiotensin-II (343.2+203.8
versus 526.9+229.5 pg/ml; P-value=0.0017) (Figure 7D), and aldosterone
(812.1+486.1 versus 1697.0+651.2 pg/ml; P-value<0.0001) (Figure 7E) were lower
in Rrbp 1-knockout mice compared to Rrbp-WT mice.

Furthermore, the plasma renin activity of Rrbpl-knockout mice was significantly
reduced (Figure 7F) (P-value<0.01). Immunoblotting analysis of kidney tissue from
Rrbpl-knockout mice demonstrated decreased protein  expression  of
serum/glucocorticoid regulated kinase 1 (SGK1) (Figure 7G, 7H). SGKI1 is a crucial
regulator induced by aldosterone and is involved in the regulation of various renal ion
channels, such as the epithelial sodium channel (ENaC) and renal potassium channels
(ROMK). Its activity enhances sodium reabsorption and potassium secretion [89].
Interestingly, the transcript levels of Scnnla, which encodes ENaC-a protein, showed
no significant difference between Rrbpl-knockout and Rrbpl-WT mice. However,
the transcript levels of Scnnib, Scnnlg, and Kcnjl, which encode ENaC-f3, ENaC-y,
and ROMK, respectively, were lower in RrbpI-knockout mice compared to Rrbpl-
WT mice (Figure 7I).

These findings suggest that in Rrbpl-knockout mice, there is an imbalance in the
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RAAS characterized by elevated angiotensinogen levels and decreased levels of renin,
angiotensin-I, angiotensin-II, and aldosterone. The reduced plasma renin activity
further supports this dysregulation. Additionally, the decreased expression of SGK1
and altered transcript levels of Scnnib, Scnnlg, and Kcnjl indicate disrupted renal
ion channel regulation in RrbpI-knockout mice.

Taken together, these results provide insights into the involvement of the RAAS in
the observed lower blood pressure and altered electrolyte balance in Rrbp1-knockout
mice. The dysregulated RAAS components likely contribute to the physiological

abnormalities observed in these mice.
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Figure 7. Hyporeninemic hypoaldosteronism of RrbpI-knockout mice. (A) The
plasma angiotensinogen level; (B) the plasma renin; (C) the plasma Ang-I; (D) the
plasma Ang-II; (E) the plasma aldosterone level and (F) the plasma renin activity in
mice. (G) SGK1 protein expression in kidneys of Rrbpl-WT and RrbpI-knockout
mice by western blots. (H) Quantification of the immunoblot in (G). (I) The
transcripts levels of Scnnla, Scnnlb, Scnnlg, and Kcnjl in kidney of RrbpI-WT and
RrbpI-knockout mice using quantitative RT-PCR. Data were analyzed using the 2 -
AACt method with GAPDH as the reference gene (n=28-35 per group). WT, wild-
type; knockout, knock-out. Data in A-F,and I were analyzed with Student unpaired 2-
tailed t test; data in h with were analyzed Mann-Whitney test. Data were represented
as mean £ SEM. ns, no significance; * P-value<0.05; ** P-value< 0.01; *** P-

value<0.001; **** P-yalue<(0.0001
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2-10 The adrenal gland function of RrbpI-knockout mice has no

significant difference with that of RrbpI-WT mice.

To investigate the adrenal gland function in relation to the lower plasma aldosterone
levels observed in Rrbpl-knockout mice, we performed tissue dissection and an
adrenocorticotropic hormone (ACTH) stimulation test. Hematoxylin and eosin
staining of the adrenal glands revealed no noticeable lesions in both Rrbp/-WT and
Rrbpl-knockout mice (Figure 8A, 8B). Additionally, there were no significant
differences in the weight of the adrenal glands between the two groups (Figure 8C).
To assess adrenal gland function, we conducted an ACTH stimulation test, a widely
used method to determine adrenal responsiveness. We observed lower basal plasma
levels of corticosterone in RrbpI-knockout mice, which is consistent with the lower
plasma angiotensin-II levels found in these mice. However, after ACTH injection for
30, 60, and 90 minutes, the plasma corticosterone levels increased in both Rrbp-WT
and Rrbpl-knockout mice, with no significant difference between the two groups
(Figure 8D, 8E).

These results indicate that the adrenal glands of Rrbpl-knockout mice exhibit a
normal response to ACTH stimulation, suggesting that their adrenal function is
comparable to that of Rrbp/-WT mice. Furthermore, the absence of observable
lesions and similar adrenal weight in Rrbp I-knockout mice further support the normal
functioning of the adrenal glands in these mice.

In summary, our findings demonstrate that despite the lower basal plasma aldosterone
levels, the adrenal glands of Rrbpl-knockout mice respond adequately to ACTH

stimulation, indicating intact adrenal function in these mice.
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Figure 8. The adrenal function of RrbpI-knockout mice. (A)-(B) The hematoxylin
and eosin staining of adrenal gland in 16 weeks old Rrbp-WT and Rrbp1-knockout.
(C) Total adrenal gland weight of Rrbpl-WT and Rrbpl-knockout mice. (D)
Experimental protocol for ACTH stimulation test of mice. (E) The plasma
corticosterone level of RrbpI-WT and RrbpI-knockout mice after ACTH treatment
after 0, 30, 60, and 90 minutes. WT, wild-type; knockout, knock-out. Data in (C) and
(E) were analyzed with Student unpaired 2-tailed t test. Data were represented as

mean = SEM. ns, no significance; *P<0.05
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2-11 The plasma renin, angiotensin-II, and aldosterone are still lower

in RrbpI-knockout mice under high K" intake for 2 days

To further investigate the impact of high potassium (K*) intake on the renin-
angiotensin-aldosterone system (RAAS) in Rrbp-knockout mice, we examined the
levels of RAAS components in mice subjected to high K intake (Figure 9A).
Interestingly, Rrbpl-knockout mice displayed lower plasma levels of renin
(18.12£1.08 versus 19.51+1.601 ng/ml; P-value=0.024) (Figure 9B), angiotensin-II
(855.7+310.8 versus 1365+803.5 pg/ml; P-value=0.015) (Figure 9C), and aldosterone
(3361+£826.2 versus 4397+1370 pg/ml; P-value=0.035) (Figure 9D) compared to
RrbpI-WT mice.

These findings indicate that under conditions of high K" intake, Rrbp I-knockout mice
exhibit reduced levels of key components of the RAAS, including renin, angiotensin-
I1, and aldosterone, when compared to Rrbp-WT mice. The decreased levels of renin,
angiotensin-II, and aldosterone suggest a dysregulation of the RAAS in Rrbpl-
knockout mice, which may contribute to the observed severe hyperkalemia and the
development of life-threatening arrhythmias following high K™ intake for 2 days.

In summary, our results demonstrate a disruption in the RAAS system in Rrbpl-
knockout mice exposed to high K* intake, characterized by lower plasma levels of
renin, angiotensin-II, and aldosterone compared to RrbpI-WT mice. These findings
provide further insight into the mechanisms underlying the severe hyperkalemia and
hyperkalemic life-threatening arrhythmias observed in Rrbpl-knockout mice under

high K* conditions.
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Figure 9. The RAAS level of RrbpI-knockout mice under high K* intake for 2
days. (A) Experimental protocol for measurement of mice plasma RAAS level under
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aldosterone levels in mice under high K+ intake for 2 days. WT, wild-type; knockout,
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were represented as mean = SEM. ns, no significance; *P<0.05
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2-12 High K" load-induced hyperkalemia and sudden death in RrbpI-

knockout mice can be rescued by fludrocortisone treatment.

In this experiment, we aimed to strengthen our understanding of the role of the renin-
angiotensin-aldosterone system (RAAS) in high-potassium (K*) load-induced sudden
death. To achieve this, we conducted a study involving mice.

Firstly, we administered a synthetic mineralocorticoid called fludrocortisone to the
mice. The mice were divided into three groups: one group received a placebo (0
mg/kg), another group received a low dose of fludrocortisone (2.5 mg/kg), and the
third group received a high dose of fludrocortisone (10 mg/kg). These treatments were
administered through intraperitoneal injections once every two days for a total of 30
days.

The purpose of this treatment was to confirm whether the suppression of the RAAS
is the primary cause of high-potassium load-induced sudden death. Figure 10A
illustrates the findings of this experiment.

Additionally, we observed the survival rate of mice with a knockout of the Rrbp I gene
(RrbpI-knockout mice) when subjected to high-potassium intake. We found that the
survival rate of these mice increased in a dose-dependent manner with the
administration of fludrocortisone, as shown in Figure 10B.

To further investigate the effects of fludrocortisone treatment, we analyzed various
parameters. Specifically, we measured the levels of sodium, potassium, and chloride
in the mice's plasma, as well as the excretion of urinary potassium. Our results,
presented in Table 4, indicated that there were no significant differences in these
parameters when mice were subjected to high-potassium loading and treated with
fludrocortisone.

In summary, our study involved treating mice with fludrocortisone to examine the
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impact of RAAS suppression on high-potassium load-induced sudden death. The
survival rate of Rrbpl-knockout mice increased in a dose-dependent manner with
fludrocortisone treatment. Furthermore, no significant differences were observed in
the levels of plasma sodium, potassium, chloride, and urinary potassium excretion in
mice subjected to high-potassium loading and treated with fludrocortisone. These
findings provide further support for the involvement of RAAS suppression in high

potassium load induced sudden death.
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Figure 10. The survival rate of RrbpI-knockout mice under high K* intake with
Fludrocortisone treatment. (A) Experimental protocol of 0, 2.5, 10 mg/kg
fludrocortisone treatment on mice under high K" intake for 30 days. (B) The survival
curve of RrbpI-WT and Rrbp1-knockout mice under high K intake rescued with 0,
2.5, 10 mg/kg fludrocortisone treatment. WT, wild-type; knockout, knock-out; FC,

fludrocortisone treatment. Data in (B) were analyzed with log-rank test.
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Table 4. Plasma and urine electrolyte levels for Rrbp1-WT and Rrbp1-
knockout mice under high K* intake for 48 hours with and without
fludrocortisone treatment.
Genotype Rrbp1-WT Rrbp1-knockout  Rrbp7-knockout
+ + + +
treatment saline saline Fludrocortisone
(n) (n=22) (n=27) (n=18)
Blood
[K*], mmol/L 7.49+0.10 8.19+0.14 7.73£0.16
[Na*], mmol/L 161.5+1.10 163.6+0.72 161.6+£0.88
[CIT], mmol/L 124.6+0.99 127.120.77 124.6+1.35
Urine
TTKG 29.94+1.1 30.2+1.3 30.6+1.6
FE" 25.3+13.4 27.812.9 20.9+3.6
FEna' 0.62+0.09 0.65+0.06 0.48+0.07
FEcr 1.15+0.17 1.39+0.15 0.98+0.15
TTKG, transtubular potassium gradient; FE, fractional excretion; *P<0.05,
1P<0.01, $P<0.001 Rrbp1-knockout (knock-out) vs. Rrbp1-WT (wild-type)
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2-13 The expression of renin is higher within the kidney section of

Rrbpl-knockout mice.

In this part of our study, we focused on investigating the expression of renin within
the kidneys of RrbpI-knockout mice compared to Rrbp-WT (wild-type) mice. Renin
is an important component of the renin-angiotensin-aldosterone system (RAAS)
involved in blood pressure regulation.

To assess the expression of renin, we employed immunohistochemical staining with
an anti-renin antibody. This staining technique allowed us to visualize and compare
the levels of renin in kidney sections of both types of mice. Figure 11A and 11B depict
representative images of the immunohistochemical staining for renin in Rrbpl-
knockout and RrbpI-WT mice, respectively.

Interestingly, our analysis revealed a surprising finding. The intensity of the renin
signal was significantly stronger in the kidney sections of RrbpI-knockout mice
compared to RrbpI-WT mice. The mean intensity of renin signal in RrbpI-knockout
mice was 15.35 £ 2.93 arbitrary units, while it was 14.51 £ 1.62 arbitrary units in
Rrbp1-WT mice. This difference in intensity was statistically significant (P<0.05), as
shown in Figure 11C.

Overall, our immunohistochemical staining results indicate that Rrbp I-knockout mice
exhibited a higher intensity of renin signal within their kidneys compared to RrbpI-
WT mice. This finding suggests a potential role of RRBP1 in the regulation of renin
expression in the kidney and provides further insights into the involvement of the

RAAS in our study.
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Figure 11. The renin intensity in the kidney sections of RrbpI-WT and Rrbpl-
knockout mice. (A)-(B) Renin immunohistochemical staining of kidneys of Rrbp1-
WT and Rrbp1-knockout mice. (C) Quantification of stain intensity in kidneys from
Rrbp1-WT and Rrbp1-knockout mice (scale bar= 20 um). WT, wild-type; knockout,
knock-out. Data in (C) were analyzed with Student unpaired 2-tailed t test. Data were

represented as mean + SEM. *P<0.05
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2-14 The higher expression of intracellular renin and lower of

secreted renin of RRBPI-KD cells.

In this particular phase of our research, we aimed to gain a better understanding of the
role of RRBP1 (Ribosome Binding Protein 1) in the expression of renin. To
accomplish this, we conducted experiments using Calu-6 cells, a well-known human
renin-producing cell model.

Firstly, we employed a knockdown approach to suppress the expression of RRBP1 in
the Calu-6 cells. This enabled us to study the impact of RRBP1 on renin expression.
Figure 12A represents the results of this knockdown experiment.

Next, we sought to characterize the effect of RRBP1 on the distribution of renin. We
examined the expression of renin within the RRBP1 knockdown (RRBP1-KD) cells
and also measured the levels of renin released into the cultured media. Figure 12B
illustrates the detection of renin expression within the RRBP1-KD cells, while Figure
12C depicts the levels of renin in the cultured media.

Remarkably, our findings revealed interesting patterns. In RRBP1-KD cells, the
expression of renin was higher compared to non-knockdown cells. However, the level
of renin released into the cultured media from RRBPI1-KD cells was lower. This
discrepancy suggests that RRBP1 may play a role in the distribution of renin within
the cells and its subsequent release into the media.

By investigating renin expression in both RRBP1-KD cells and their cultured media,
we have provided evidence for the involvement of RRBP1 in the regulation of renin.
These results contribute to a deeper understanding of the mechanisms underlying

renin production and secretion, shedding light on the role of RRBP1 in this process.
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Figure 12. Renin distribution of RRBPI-KD cells. (A) The transcript level of
RRBPI of scramble and sh-RRBP-KD of Calu-6 cells were detected by quantitative
RT-PCR (qRT-PCR). (B) experimental protocol of collecting cell lysates and cultured
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2-15 There were less renin particles near plasma membrane of

RRBPI-KD cells.

In our ongoing investigation of RRBP1's role in renin distribution within renin-
producing cells, we conducted additional experiments to gain further insights.
Specifically, we utilized immunogold labeling and transmission electron microscopy
(TEM) to examine the intracellular localization of renin in RRBPI knockdown
(RRBP1-KD) cells.

To visualize and compare the distribution of renin, we performed immunogold
labeling on the RRBPI-KD cells and a control group (scramble control cells). The
labeled cells were then examined under a transmission electron microscope. Figures
13A to 13D present representative images obtained from this analysis.

Upon analyzing the collected data, we made several noteworthy observations. First,
we discovered that there was a greater total number of intracellular particles in the
RRBPI-KD cells compared to the control cells. This increase in total intracellular
particles was found to be statistically significant (P-value<0.05), as depicted in Figure
13E.

Furthermore, we specifically assessed the distribution of renin particles located at a
considerable distance from the plasma membrane (greater than 1000 nm).
Surprisingly, the RRBPI-KD cells exhibited a higher number of these distant renin
particles compared to the control cells (Figure 13F).

These findings suggest that in RRBPI-KD cells, there is an accumulation of renin
particles within the cells rather than their secretion. The increased total number of
intracellular particles, along with the higher proportion of distant renin particles,
supports this notion.

By utilizing immunogold labeling and TEM, we have provided evidence of altered
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renin distribution within RRBPI-KD cells. This contributes to our understanding of
the role of RRBP1 in regulating the intracellular localization and secretion of renin in

renin-producing cells.
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Figure 13. The immunogold-labeled renin staining by transmission electron

microscopy. (A)-(D) transmission electron microscopy scanning image of
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immunogold staining of Renin in control and RRBP1-KD Calu-6 cells. Dark red arrow
indicates the nanogold particle (Scale bar= 0.5 um). Nu, nucleus; IC, intracellular;
PM, plasma membrane. (E) Quantification of total intracellular renin particles (F)
Quantification of intracellular renin particles with distance more and less than 1000

nm from plasma membranes
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2-16 RRBP1 regulated renin secretion is in a cAMP-independent

pathway.

In our study, we aimed to investigate the involvement of cyclic adenosine
monophosphate (cAMP) in the regulation of renin secretion, as it is known to be a
key regulator responsive to various external stimuli [41,90].

Initially, we assessed the transcript level of adenylyl cyclase 6 (ADCY6), which is the
enzyme responsible for cAMP production [41,90]. Surprisingly, we found no
significant difference in the transcript level of ADCY6 between the control cells and
RRBPI knockdown (RRBPI-KD) Calu-6 cells, as depicted in Figure 14A.

To further explore the role of cAMP in the context of RRBP1 deficiency, we treated
the cells with forskolin, an activator of adenylyl cyclase known to elevate intracellular
cAMP levels [41,90]. Our goal was to determine whether increasing cAMP levels
could mitigate the effects of RRBP1 deficiency on renin production and secretion.
Figure 14B represents the experimental setup.

Following forskolin treatment, we observed a significant increase in intracellular
cAMP levels in both the control cells and RRBP1-KD cells, as demonstrated in Figure
14C. This indicated that forskolin effectively elevated cAMP levels in the cells,
regardless of RRBP1 status.

Furthermore, we investigated the impact of forskolin treatment on renin production
and secretion. Interestingly, forskolin treatment ameliorated the accumulation of
intracellular renin in both the control and RRBPI-KD cells. However, there remained
a lower level of renin secretion in the culture media of RRBP1-KD cells compared to
the control cells (Figure 14D).

These results led us to conclude that RRBP1-regulated renin secretion occurs through

a cAMP-independent pathway. Despite forskolin treatment increasing intracellular
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cAMP levels and partially improving the accumulation of intracellular renin in
RRBPI1-KD cells, the deficiency of RRBP1 still resulted in reduced renin secretion.

Therefore, our findings suggest the involvement of alternative mechanisms and
pathways, beyond cAMP regulation, through which RRBPI1 influences renin

production and secretion in renin-producing cells.
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Figure 14. Forskolin treatment on control and RRBPI-KD Calu-6 cells. (A) The
transcript levels of ADCY6 in control and RRBPI-KD cells were analysis by
quantitative RT-PCR. Data were measured using the 2 -AACt method with GAPDH
as the reference gene. (n=4 per group) (B) Experimental protocol of forskolin
stimulated renin production and secretion in control and RRBPI-KD cells. (C) The
level of intracellular cAMP in control and RRBPI-KD cells with or without 50 pM
forskolin treatment. Each bar represents the mean +SEM. n=8 per group. Data in (C)

were analyzed with Student unpaired 2-tailed t test. Data were represented as mean

doi:10.6342/NTU202301026

47



+ SEM. ****P_-yalue<0.0001 (D) The protein expression of RRBP1, renin, ADCY6
in control and RRBP[-KD cells with or without forskolin treatment. Lane 1 represents
control cells and lanes 2-3 represent RRBP-KD cells with DMSO control treatment.
Lane 4 represents control cells and lanes 5-6 represent RRBPI-KD cells with 50 uM

forskolin treatment.
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2-17 Deficiency of RRBP1 results in accumulation of renin in

endoplasmic reticulum.

To gain further insights into the dynamic intracellular trafficking of renin in control
and RRBPI knockdown (RRBPI-KD) cells, we conducted fluorescence microscopy
experiments using immunofluorescence-labeled renin, along with markers for the
endoplasmic reticulum (calnexin) and Golgi apparatus (GOLIM4). These
experiments were performed after forskolin induction, which is known to activate
renin production and secretion.

Using confocal microscopy, we examined the distribution of renin in both control and
RRBPI-KD cells at various time points (0, 60, 120, and 180 minutes) following
forskolin treatment. Figure 15A provides an overview of the experimental setup.
Remarkably, our observations revealed distinct patterns of renin distribution between
the control and RRBPI-KD cells over time. In the RRBPI-KD cells, renin appeared
to be retained in the endoplasmic reticulum, even after 60, 120, and 180 minutes of
forskolin treatment (Figure 15B-15E). In contrast, renin distribution in the control
cells did not exhibit such significant retention in the endoplasmic reticulum.

To quantify and compare the fluorescence signal intensity of renin overlapping with
calnexin (representing the endoplasmic reticulum), we performed an analysis.
Surprisingly, there was no significant difference in the overlapped signal between the
control and RRBP1-KD cells after 60 minutes of forskolin treatment. However, after
120 and 180 minutes of treatment, the RRBPI-KD cells exhibited a stronger
overlapped fluorescent signal compared to the control cells (Figure 15F).
Conversely, we examined the overlapped fluorescent signal between renin and
GOLIM4 (representing the Golgi apparatus). Interestingly, the RRBPI-KD cells

showed a weaker overlapped fluorescent signal of renin and GOLIM4 compared to
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the control cells at all time points (0, 60, 120, and 180 minutes) following forskolin
treatment (Figure 15G-15K). We also stain RRBP1 in Figure 15L-150.

Taken together, our fluorescence microscopy results provide evidence of altered
intracellular trafficking of renin in RRBPI-KD cells. The retention of renin in the
endoplasmic reticulum and reduced association with the Golgi apparatus suggests
impaired trafficking and secretion of renin in the absence of RRBP1. These findings
deepen our understanding of the role of RRBP1 in the intracellular transport of renin

within renin-producing cells.
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Figure 15. Intracellular renin trafficking in RRBPI-KD cells. (A) Experimental
protocol of forskolin induced renin trafficking in control and RRBP1-KD cells. (B)-(E)
Immunofluorescent images of control and RRBPI-KD cells after 50 uM forskolin
treatment for 0, 60, 120, and 180 minutes by confocal microscopy. Renin (green),
Calnexin (red), and DAPI (blue) (F) The overlap coefficients of Renin (green) and
Calnexin (red) in control and RRBPI-KD Calu-6 cells (n=8 per group) (G)-(J)
Immunofluorescent images of control and RRBPI-KD cells after 50 uM forskolin
treatment for 0, 60, 120, and 180 minutes by confocal microscopy. Renin (green),
GOLIM4 (red), and DAPI (blue) (K) The overlap coefficients of Renin (green) and
GOLIM4 (red) in control and RRBP1-KD Calu-6 cells (n=8 per group) Data in (F) and
(K) were analyzed with Student unpaired 2-tailed t test. Data were represented as mean
+ SEM. * P-value<0.05; *** P-value<0.001 (L)-(O) Immunofluorescent images of
control and RRBP1-KD cells after 50 uM forskolin treatment for 0, 60, 120, and 180

minutes by confocal microscopy. Renin (green), RRBP1 (red), and DAPI (blue)
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2-18 Deficiency of RRBP1 lead to hyporeninemic hypoaldosteronism,

hypotension, and hyperkalemia

In summary, our comprehensive findings highlight the crucial role of RRBP1 in the
intracellular trafficking of renin, specifically from the endoplasmic reticulum to the
Golgi apparatus, as well as in renin secretion. The loss of RRBP1 leads to several
significant consequences, including hyporeninemic hypoaldosteronism, hypotension,
and hyperkalemia (Figure 16).

Our research demonstrates that RRBP1 deficiency affects renin distribution and
secretion in renin-producing cells. Through various experimental approaches, we
have shown that RRBPI knockdown results in the retention of renin within the
endoplasmic reticulum, impaired association with the Golgi apparatus, and reduced
renin secretion.

These alterations in renin trafficking and secretion have important physiological
implications. The observed hyporeninemic hypoaldosteronism suggests a decreased
production of renin, which in turn leads to reduced aldosterone synthesis.
Consequently, this hormonal imbalance contributes to hypotension, a decrease in
blood pressure. Additionally, the impaired renin secretion contributes to
hyperkalemia, an elevation in blood potassium levels.

Collectively, our findings highlight the essential role of RRBP1 in the regulation of
renin trafficking and secretion, as well as its impact on physiological processes such
as blood pressure and electrolyte balance. Understanding the mechanisms underlying
these effects provides valuable insights into the intricate pathways involved in renin
production and secretion, with potential implications for the management of

conditions associated with renin dysregulation.
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3. Discussion

Our research findings have yielded robust evidence supporting the crucial
involvement of RRBP1 in the regulation of blood pressure and potassium homeostasis.
By employing a multifaceted approach encompassing genetic investigations and
animal model experiments, we have successfully elucidated a significant correlation
between RRBP1 and the modulation of blood pressure. Through our comprehensive
analysis of the SAPPHIRe cohort, which included family-based genome-wide linkage
studies and regional fine mapping, we identified specific genetic variants within the
RRBP1 gene that exhibit strong associations with systolic, diastolic, and mean blood
pressure levels [113].

The culmination of our investigation provides compelling insights into the pivotal
role of RRBP1 in maintaining blood pressure and potassium balance within the body.
Through meticulous genetic analysis techniques and rigorous animal model
experiments, we have not only established a substantial connection between RRBP1
and blood pressure regulation but also shed light on the underlying mechanisms
involved. Leveraging the diverse range of data obtained from our family-based
genome-wide linkage analysis, we successfully pinpointed distinct genetic variants
located within the RRBP1 gene that demonstrate significant correlations with systolic,
diastolic, and mean blood pressure measurements. This discovery reinforces the
importance of RRBP1 as a key player in the intricate network of pathways governing
blood pressure regulation [113].

Our comprehensive approach, integrating genetic investigations and animal model
studies, has provided a comprehensive framework for understanding the significance
of RRBP1 in blood pressure and potassium homeostasis regulation. Through rigorous

examination of the SAPPHIRe cohort, we meticulously conducted family-based
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genome-wide linkage analyses and region-specific fine mapping, enabling us to
identify specific genetic variants residing within RRBP1 that display remarkable
associations with systolic, diastolic, and mean blood pressure levels. These findings
contribute valuable knowledge to the field and lay the groundwork for further
exploration of the intricate interplay between RRBP1 and blood pressure regulation
[113].

In summary, our research findings underscore the crucial role of RRBP1 in the
intricate orchestration of blood pressure regulation and potassium homeostasis. Our
extensive investigations, incorporating genetic and animal model studies, have
successfully elucidated the profound impact of RRBP1 on blood pressure control
[113]. By leveraging advanced genetic analysis techniques and thorough examination
of the SAPPHIRe cohort, we have identified specific genetic variants within the
RRBP1 gene that exhibit robust associations with systolic, diastolic, and mean blood
pressure measurements. These significant findings pave the way for future studies
aimed at unraveling the intricate molecular mechanisms underlying blood pressure
regulation, ultimately leading to the development of novel therapeutic interventions
[113].

To further investigate the functional implications of RRBP1, we conducted studies
using mouse models. The deficiency of RRBP1 in mice resulted in lower blood
pressure, severe hyperkalemia, and sudden arrhythmic death. These mice exhibited
hyporeninemic hypoaldosteronism, a condition characterized by reduced renin levels
and impaired aldosterone synthesis. However, treatment with fludrocortisone, a
synthetic mineralocorticoid, was able to rescue the typical features of hyporeninemic
hypoaldosteronism in these mice [113].

Our investigation into the cellular mechanisms revealed that RRBP1 deficiency leads
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to the accumulation of renin within the endoplasmic reticulum, resulting in decreased
renin secretion. Immunofluorescence imaging and electron microscopy analysis
confirmed the retention of renin in the endoplasmic reticulum and reduced transport
to the Golgi apparatus in RRBP1-deficient cells [113].

In addition to its role in blood pressure regulation, RRBP1 has been implicated in
various cardiac vascular diseases, including intracranial arterial aneurysm and
coronary artery diseases. Genetic studies have also identified associations between
RRBP1 variants and lipoprotein levels. Furthermore, functional studies have
demonstrated the involvement of RRBP1 in the modulation of lipid synthesis and ER-
mitochondria contacts, which impact VLDL synthesis.

The physiological consequences of RRBP1 deficiency in mice were consistent with
our observations in humans. Rrbp-knockout mice displayed lower blood pressure,
increased susceptibility to sudden death, and abnormal electrocardiogram patterns
indicative of hyperkalemia. These findings suggest that severe hyperkalemia is a
major contributor to the sudden death observed in Rrbpl-knockout mice.
Fludrocortisone treatment improved survival rates by addressing the hyperkalemia
and associated renal tubular potassium excretion defect [113].

Notably, despite the accumulation of renin within the kidney tissue of Rrbpl-
knockout mice, there was a lower level of renin in the circulation, indicating impaired
secretion from juxtaglomerular (JG) cells, the primary producers of renin. This
discrepancy highlights the importance of RRBP1 in the intracellular trafficking and
secretion of renin [113].

Furthermore, our investigations into renin production using the Calu-6 cell line, a
renin-producing cell model, revealed that RRBPI deficiency led to increased

intracellular renin levels but reduced renin secretion. Transmission electron
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microscopy images further demonstrated the accumulation of renin within the
endoplasmic reticulum and decreased localization near the plasma membrane in
RRBPI1-deficient cells [113].

RRBPI1, an essential ribosomal binding protein, resides in the membranes of the
endoplasmic reticulum (ER). Its pivotal function lies in facilitating the association
between ribosomes and transcripts that encode proteins intended for the secretory
pathway. By establishing this crucial connection, RRBP1 plays a vital role in the
proper processing and transportation of proteins within the cell. Moreover, this
multifaceted protein exerts its influence on ER morphology by binding to
microtubules, thereby influencing protein trafficking and secretion processes [113].
The involvement of RRBP1 in various cellular processes has been well-documented.
Its deficiency has been shown to have significant implications on the synthesis and
secretion of important biomolecules. For instance, studies have revealed that the
absence or reduced expression of RRBP1 leads to disruptions in the production and
release of apolipoproteins, which are crucial components of lipoprotein particles
involved in lipid metabolism. This deficiency also impairs the synthesis and secretion
of collagen, a major structural protein that provides strength and support to various
tissues in the body. Additionally, the absence of RRBP1 has been linked to
abnormalities in very low-density lipoprotein (VLDL) synthesis and secretion,
contributing to disruptions in lipid transport and metabolism.

Through its pivotal role in the association of ribosomes with transcripts and its impact
on ER morphology, RRBP1 serves as a key regulator of protein synthesis, processing,
and secretion. Its deficiency disrupts the finely tuned balance of these cellular
processes, leading to impaired production and secretion of crucial biomolecules like

apolipoproteins, collagen, and VLDL. Understanding the intricate functions of
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RRBP1 provides valuable insights into the fundamental mechanisms underlying
protein trafficking and secretion, and sheds light on the potential implications of its
deficiency in various physiological and pathological conditions. Further
investigations into the molecular mechanisms governing RRBP1's activities will
deepen our understanding of its biological significance and may uncover new avenues
for therapeutic interventions targeting protein synthesis and secretion disorders.
While our study has yielded valuable insights into the involvement of RRBP1 in renin
regulation and blood pressure control, there remain intriguing questions that warrant
further investigation. Future research endeavors should aim to unravel the
contribution of additional tissues and organs in the complex regulation of blood
pressure, considering that RRBP1 exhibits universal expression rather than exclusive
localization in juxtaglomerular (JG) cells. The exploration of these aspects will
provide a more comprehensive understanding of the multifaceted role of RRBP1 in
maintaining blood pressure homeostasis [113].

To delve deeper into the phenotypic effects of RRBP1 deficiency, it would be
beneficial to utilize cell- or tissue-specific knockout mouse models. By selectively
targeting RRBP1 in specific cell types or tissues, researchers can assess the specific
impact of its deficiency on blood pressure regulation and related physiological
processes. These models will offer valuable insights into the distinct roles of RRBP1
in various cellular contexts, enabling a more nuanced understanding of its
contributions to overall blood pressure control [113].

Furthermore, the precise mechanisms through which RRBPI1 regulates protein
trafficking from the endoplasmic reticulum (ER) to the Golgi apparatus remain
incompletely defined. While RRBP1's role in facilitating ribosome association and its

influence on ER morphology are known, there may be additional molecular players
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involved in the intricate protein trafficking process elicited by RRBP1. Investigating
the potential involvement of other molecules or pathways in this process will deepen
our understanding of the underlying mechanisms and unveil novel facets of RRBP1's
function [113].

By addressing these outstanding questions, future studies can enhance our
comprehension of the broader regulatory network governing blood pressure and shed
light on the specific roles and molecular interactions of RRBP1. This expanded
knowledge may have implications for the development of targeted therapeutic
approaches aimed at manipulating RRBP1 or its associated pathways for the
management of blood pressure disorders and related conditions [113].

In summary, our research establishes RRBP1 as a novel and important regulator of
renin trafficking, intracellular protein secretion, and blood pressure. The findings
from our studies in humans and mice support the potential use of RrbpI-knockout
mice as a valuable model for investigating the regulation of renin synthesis and
secretion, as well as the pathogenesis of hyporeninemic hypoaldosteronism.
Moreover, the identification of RRBP1 as a regulator of blood pressure and potassium
homeostasis offers new avenues for understanding and potentially targeting these

physiological processes in various cardiovascular and renal disorders [113].
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4. Material and methods
4-1 The Stanford Asia-Pacific Program for Hypertension and Insulin

Resistance (SAPPHIRe) cohort

The Stanford Asia-Pacific Program for Hypertension and Insulin Resistance
(SAPPHIRe) is a collaborative family study funded by the Family Blood Pressure
Program of the National Heart, Lung, and Blood Institute. This study aimed to identify
the genetic factors underlying hypertension and insulin resistance in individuals of
Chinese ancestry. The cohort consisted of over 1,144 participants, including sibling
pairs who were either concordant or discordant for high blood pressure. Detailed
information about the study cohort can be found in our previous publication [91].
High blood pressure was defined as systolic blood pressure >140 mm Hg and diastolic
blood pressure >90 mm Hg or the use of two hypertension medications. Low-normal
blood pressure was defined as blood pressure in the bottom 30% of the age- and sex-
adjusted distribution. Participants with heart, liver, kidney diseases, or chronic
conditions such as diabetes or cancer were excluded from the study. The study
protocol was approved by the Institutional Review Boards/Research Ethics Review
Committees, including those at National Taiwan University Hospital, National Health
Research Institutes, Taichung Veterans General Hospital, Taipei Veterans General
Hospital, and Tri-Service General Hospital. All participants provided informed
consent, and the study followed the principles outlined in the Declaration of Helsinki.

Further details of the analysis can be found in the Supplementary information online.

4-2 Genome-wide linkage and family-based association analyses for

identification of blood pressure regulation genes
Initially, genome-wide linkage analysis was conducted on the SAPPHIRe cohort,

which included 1,144 subjects of Chinese origin from 360 nuclear families. This
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analysis revealed a quantitative trait locus (QTL) associated with blood pressure
variations located on chromosome 20 between 14.7-18.3 Mb. More information about
the linkage analysis can be found in our previous work [91, 92]. Subsequently, fine-
mapping was performed within this QTL region using 51 single nucleotide
polymorphisms (SNPs) in six genes: PCSK2, BFSP1, RRBP1, SNX5, OVOL2, and
CSRP2BP. Family-based association tests (FBAT) were applied to analyze single-
SNP and SNP-haplotype associations [92]. Sliding window approaches were used to
identify haplotypes associated with blood pressure. Haplotype analyses and
permutation procedures were performed using the "hbat" module in FBAT.

4-3 Generation of Rrbpl-knockout mice

To generate Rrbp1-knockout mice, we employed the recombineering-based method
and created two targeting vectors. The purpose was to delete exons 4-24 of the Rrbp1
gene [93]. First, LoxP sites were inserted upstream of exon 4 and downstream of exon
24 within the Rrbp1 gene using DNA fragments retrieved from the 129/Sv-derived
bacterial artificial chromosome clones. These DNA fragments were separately
inserted into a retrieving vector, PL253, which includes a thymidine kinase cassette
for negative selection of embryonic stem (ES) cells. The vectors were designed to
insert a neomycin resistance cassette flanked by LoxP sites upstream of exon 4 and a
neomycin cassette flanked by Frt sites and a LoxP site downstream of exon 24.

The first targeting vector, targeting exon 4, was linearized and introduced into 129/Sv-
derived ES cells (R1) through electroporation. Correctly targeted clones were
confirmed using Southern blotting, and the neomycin resistance gene was removed
through the expression of Cre recombinase. Subsequently, the second targeting vector,
targeting exon 24, was introduced into the resulting ES cells, followed by

confirmation using Southern blotting. After the deletion of the Rrbpl gene mediated
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by Cre, the selected ES cells were injected into C57BL/6 blastocysts to generate
chimeric mice. The male chimeras were crossed into a C57BL/6 background to
establish the Rrbp1-knockout mouse line.

For genotyping, genomic DNA was extracted from mouse tails, and PCR
amplification was performed using specific primer sets. The wild-type primer set
amplified the region with forward primer 5’- AGAGAATGGTTGGGATAGAG -3’
and reverse primer 5’- CAAACCCTTGTCATGAGCAT -3°. The knockout primer
set amplified the region with forward primer 5’- CACTACATGTGTAGCTGAAC -
3’ and reverse primer 5’- CAAACCCTTGTCATGAGCAT -3°.

To conduct a high-potassium loading mouse survival test, mice were subjected to a
high potassium intake regimen and received intraperitoneal injections of
fludrocortisone acetate every two days for a total of 30 days. The occurrences of death
were recorded. For tissue analysis or euthanasia, mice were sacrificed following the
guidelines of the Institutional Animal Care and Utilization Committee and in
accordance with the National Institutes of Health (NIH) guidelines for the Care and

Use of Laboratory Animals.
4-4 Western blot analysis

To perform Western blot analysis, mouse tissues and cell lysates were extracted using
RIPA lysis buffer (Millipore, 20-188) following the manufacturer's protocol. Culture
medium from cells was collected and concentrated using Amicon Ultra-15 tubes
(Millipore, 10 KDa). The following antibodies were used for detection: anti-RRBP1
(Invitrogen, PAS5-21392; Abcam, ADb95983; Sigma, HPAO011924), anti-Hsp70
(Affinity, DF2698), anti-B-actin (Genetex, GTX109697), anti-renin (Abnova,
H0005972-M01), anti-ACE (Invitrogen, MAS5-32741), anti-B-tubulin (Taiclone,

tcaba2), anti-SGK1 (Abcam, ab32374), anti-ADCY5/6 (Abnova, PA5-75274), and
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anti-calnexin (Abcam, ab22595). The blots were visualized using Trident pico
Western HRP Substrate solution (Genetex, GTX17435) and analyzed using a UVP
BioSpectrum Auto Imaging System.

4-5 Body composition analysis

The body compositions of 16-week-old mice were determined using the SkyScan1076
high-resolution micro-CT system. Mice were anesthetized with 1% isoflurane
inhalation. We acknowledge the technical support in standard body composition
analysis provided by the Taiwan Mouse Clinic, Academia Sinica, and Taiwan Animal
Consortium.

4-6 Intracranial vessel scanning by magnetic resonance angiography

All imaging was conducted using a 7-T scanner (PharmaScan 70/16, Bruker Biospin
GmbH, Germany) equipped with an actively shielded gradient capable of producing
a maximum gradient amplitude of 300 mT/m with an 80 ps. The mice were initially
anesthetized with 5% isoflurane in air at a flow rate of 1 L/min. Once fully
anesthetized, the mice were placed in a prone position and positioned with a custom-
designed head holder inside the magnet. Anesthesia was maintained with 1.0-1.2%
isoflurane in air at a flow rate of 1 L/min throughout the experiments. Images were
acquired using a 38-mm birdcage transmitter coil and a separate quadrature surface
coil for signal detection.

To determine 3-dimensional AR2 micro magnetic resonance angiography (3DAR2-
UMRA), T2-weighted images (T2WIs) were acquired before and after the injection of
superparamagnetic iron oxide nanoparticles at a dose of 20 mg/kg. The acquisition of
post-contrast images was delayed by 1-2 minutes to ensure that the distribution of the
contrast agent in the vascular network reached a steady state. T2WIs were obtained

using a 3D fast spin echo (FSE) sequence with the following parameters: repetition
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time of 1,800 ms, effective echo time (TE) of 80 ms, 2 averages, a field of view of
2.0 x 2.0 x 1.0 cm, an acquisition matrix of 512 X 192 x 96, and a total acquisition

time of 1 hour and 9 minutes.

4-7 Telemetry ECG and blood pressure measurements

For non-invasive ECG recording, 12-16-week-old mice were anesthetized with 2.5%
isoflurane in pure oxygen at a flow rate of 0.5 L/min. Mouse ECGs were recorded and
analyzed using Powerlab8/30 and Animal Bio Amp. Telemetry ECG recording was
performed on the same age group of mice. They were anesthetized with 2.5%
isoflurane in pure oxygen at a flow rate of 0.5 L/min. Telemetric transmitters (ETA-
F10, Data Sciences International) were implanted in the neck with electrodes, as
previously described [96], and tunneled subcutaneously. Two-hour ECG recordings
were obtained from conscious mice before and during high potassium intake for 2
days. The recordings were analyzed using Dataquest A.R.T. Software (Data Sciences
International).

To ensure adaptability and reduce stress during the measurements, mice weighing 25-
30 g and aged 10-16 weeks were placed in plastic tube restrainers for over 10 minutes.
This adaptive training step was performed daily for one week before recording. Each
mouse underwent more than 60 measurements. Between 1:00 pm and 3:00 pm,
systolic blood pressure (SBP), diastolic blood pressure (DBP), and mean blood
pressure (MBP) were measured using a noninvasive tail-cuff blood pressure monitor
(MOORLAB NIBP, MOOR).

4-8 Blood and urine analysis

Male and female mice aged 10-16 weeks were used for the following assays. For the
high potassium loading test or fludrocortisone acetate treatment assay, mice were

placed in metabolic cages at 11:00 am. They were initially fed a control diet
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(D10012Mi, Research Diets) and normal water for 24 hours, followed by a high-K+
diet (5% potassium added as potassium chloride) and water containing 5% KCI for an
additional 48 hours. In the fludrocortisone acetate treatment assay, mice received
intraperitoneal injections of either saline or 100 mg/kg fludrocortisone acetate (F6127,
Sigma) after 24 hours of high-K+ intake. After another 24 hours, urine and blood
samples were collected from the submandibular vein for analysis.

The electrolyte profile was determined using different kits on a cobas c11 analyzer
(Roche). Plasma samples with a hemolysis index ranging from zero to "++"
(indicating a very mild level of hemolysis) were used for electrolyte measurement and
ELISA assays. Commercial ELISA kits were used to measure the levels of renin
(Elabscience, E-EL-M0061), angiotensinogen (Cusabio, CSB-E08566m), Ang-I
(Cusabio, CSB-E08529m), Ang-II (Cusabio, CSB-E04495m), aldosterone (Enzo Life,
ADI-900-173), and noradrenaline (Cusabio, CSB-E07870m). Renin activity was
determined using the SensoLyte®520 Mouse Renin Assay Kit (AnaSpec, AS-72161).
Ten pl of serum sample was used to measure mouse renin activity by monitoring the
fragments of 5-FAM at excitation/emission = 490/520 nm using a 5-FAM/QXL™
520 fluorescence resonance energy transfer peptide.

4-9 ACTH stimulation test

At 16 weeks of age, mice were intraperitoneally injected with Adrenocorticotropic
Hormone (ACTH 1-24; A0928, Sigma) at a dose of 50 ng/g body weight at 11:00.
Blood samples were collected at 0, 30, 60, and 90 minutes after ACTH treatment. The
levels of corticosterone were measured using commercial ELISA kits (Cusabio, CSB-

E07969m).

4-10 Real-time quantitative PCR (RT-qPCR)

RNA samples were extracted from the experimental samples using TRIzol® reagent
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(Life Technologies). A total of 2 ng of total RNA was reverse transcribed into cDNA
using a reverse transcriptase kit (HD life science). The RT-qPCR assay was performed
on a LightCycler® 480 System Real-Time PCR System (Roche) using SYBR-Green
qPCR mix (HD life science). The primer sequences used for amplification were as

follows:

- RRBP1:

- Forward: 5 ' -TACGACACTCAAACCTTGGGG-3 '

-Reverse: 5 ' -GGTTGGCTAGGGCTTCTTCATA-3 '

- ADCY6:

- Forward: 5 ' -GCTCATGGTGGTGTGTAACC-3 '

-Reverse: 5 ' -GCGTGTAGGCGATGTAGACAAA-3 '

- Scnnla:

- Forward: 5 ' -CCTTCTCCTTGGATAGCCTGG-3 '

- Reverse: 5 ' -CAGACGGCCATCTTGAGTAGC-3 '

- Scnnlb:

- Forward: 5 ' -GGCCCAGGCTACACCTACA-3 '

- Reverse: 5 ' ~-AGCAGCGTAAGCAGGAACC-3 '

- Sennlg:

- Forward: 5 ' -GCACCGACCATTAAGGACCTG-3 '

-Reverse: 5 ' -GCGTGAACGCAATCCACAAC-3 '

doi:10.6342/NTU202301026
71



- GAPDH:

- Forward: 5 ' -CTGGGCTACACTGAGCACC-3 '

- Reverse: 5 ' ~-AAGTGGTCGTTGAGGGCAATG-3 '

The amplification reactions were carried out according to the manufacturer's
instructions, and the relative expression levels of the target genes were analyzed using
the LightCycler® 480 System software.

4-11 Renal Immunohistochemistry

Mouse kidneys and adrenal glands were embedded in paraffin, and 4-um tissue
sections were cut from the paraffin blocks and placed on slides. Hematoxylin and
eosin staining was performed on the adrenal gland sections as per standard protocol.
For the kidney sections, the following steps were carried out:
1. The sections were rehydrated by sequential immersion in xylene, followed by
100%, 95%, 70%, and 50% alcohol solutions.
2. Antigen retrieval was performed by immersing the sections in a 1 mM Citrate
acid buffer (pH 6.0) with tween 20 and heating them to 92-95 °C.
3. To block endogenous peroxidase activity, the sections were incubated in 3%
H202 for 20 minutes.
4. Tissue blocking was performed using 3% BSA/PBST.
5. Immunohistochemistry staining was conducted using a primary antibody for
renin (dilution: 1:20; H0005972-M01, Abnova), secondary antibodies HRP-anti-
rabbit/mouse (K5007, Dako), and DAB chromogen solution.
6. The stained sections were digitized using an advanced microscope (Axio Imager.

Al, Zeiss).

doi:10.6342/NTU202301026
72



4-12 Calu-6 Cell Culture

The human renin-secreting Calu-6 cell line (ATCC, HTB-56TM) was cultured in
Dulbecco's modified Eagle medium/nutrient mixture F12 supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin (p4333, Sigma). The cells
were maintained at 37°C in a humidified incubator with 5% CO2. Routine culturing
was performed in 10-cm plastic tissue culture dishes (430167, Corning Inc.), and the
cells were harvested with trypsin when they reached the logarithmic growth phase.

4-13 Lentiviral Transfection

Lentiviral knockdown particles targeting RRBP1 and lentiviral scramble control
particles were obtained from the RNAi core at Academia Sinica, Taiwan. The
following steps were performed for cell infection:
1. Calu-6 cells at 45-55% confluency were incubated with lentiviral particles and
24 ug polybrene in 3 ml of growth medium at a multiplicity of infection of 10.
2. After 24 hours, the medium was replaced with 4 ml of fresh growth medium.
3. After 48 hours, the medium was again replaced with 4 ml of fresh growth
medium, supplemented with 8 pg puromycin (A1113802, Thermo Fisher) for cell
selection.
4. After five days, all transfected Calu-6 cells were passaged for further
experiments. The efficiency of RRBP1 knockdown was examined using qPCR and

western blotting analyses.
4-14 Immuno-electron Microscopy

Calu-6 cells were plated on plastic coverslips in 60-mm tissue culture plates and
incubated for two days. The following steps were carried out for immuno-electron
microscopy:

1. Cells were fixed with a solution of 2% paraformaldehyde and 1% glutaraldehyde
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in 0.1 M phosphate buffer (pH 7.4) for 40 minutes.

2. Samples were blocked and permeabilized with PBS containing 5% BSA and
0.1% saponin for 30 minutes.

3. Incubation with primary antibodies for renin (dilution: 1:20; H0005972-MO01,
Abnova) was performed in PBS containing 5% BSA and 0.05% saponin for 2 hours
at room temperature.

4. After washing the samples with PBS four times, they were incubated with a
secondary antibody (dilution: 1:100; 2002 Nanogold®-Fab, Nanoprobed) in PBS
containing 5% BSA and 0.05% saponin for 1 hour at room temperature.

5. The samples were fixed with 2% glutaraldehyde in PBS for 30 minutes at room
temperature.

6. Silver enhancement of the samples was conducted using the HQ kit from
Nanoprobes.

7. The samples were washed twice with deionized water, postfixed with 1%
osmium tetroxide, dehydrated using increasing concentrations of ethanol, and
embedded in 100% epoxy resin.

8. Ultrathin sections (70 nm thickness) were cut and stained with 1% uranyl acetate
for 15 minutes and 3% lead citrate for 5 minutes.

9. Sections were examined using a Philips CM 100 Transmission Electron
Microscope at 80 KV, and images were captured using the Gatan Orius CCD

camera.
4-15 Immunofluorescence Stain
For immunofluorescence staining, the following steps were performed:

1. The cultured cells on cover slips were fixed with a 10% formaldehyde solution

(HT501128, Sigma) for 10 minutes at room temperature.
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2. The fixed cells were washed three times with PBS for 5 minutes each.

3. Permeabilization of the cells was done using 0.1% Triton X-100 (108603,
Merck) for 10 minutes at room temperature, followed by another three washes
with PBS for 5 minutes each.

4. The cells were blocked in PBS containing 1% BSA for 30 minutes.

5. Primary antibodies were incubated with the cells overnight at 4°C in the
blocking buffer. The primary antibodies used were: mouse anti-renin (dilution:
1:50, HO0005972-M01, Abnova); rabbit anti-calnexin (ab22595, Abcam); rabbit
anti-GOLIM4 (PAB28477, Abnova); rabbit anti-TGN46 (NBP1-49643,
NovusBio).

6. After incubation with the primary antibodies, the cells were washed three times
with PBS for 5 minutes each.

7. Secondary antibodies were applied to the cells for 1.5 hours at room
temperature. The secondary antibodies used were: Alexa Fluor® 488 goat anti-
mouse [gG(H+L) (dilution: 1:100, A11029, Thermo Fisher) or Alexa FluorTM
555 goat anti-rabbit [gG(H+L) (dilution: 1:100, A21428, Thermo Fisher).

8. Slides were mounted with a drop of DAPI Fluoromount-G® (0100-20,
Southern Biotech) for nuclear staining.

9. Samples were examined using a laser scanning confocal microscope Zeiss LSM
700. Confocal images were acquired with a 63x oil objective lens in a 1024 X

1024 pixels format at a 12-bit intensity resolution.

4-16 Statistics

Statistical analyses were performed using the following methods:

1. Mean = standard error of the mean (SEM) was used to represent all data.
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2. For data sets comparing three independent groups (blood pressure of Rrbp1-
WT, HE, and knockout mice), ordinary one-way ANOVA test was applied.

3. Survival analysis was conducted using the Kaplan-Meier survival curve and
log-rank test.

4. For data sets that followed a normal distribution, unpaired, two-tailed Student's

t-test (p < 0.05) was used for comparisons.

5. For data sets that did not follow a normal distribution, nonparametric tests,

specifically the two-tailed Mann-Whitney U test (p < 0.05), were used for

comparisons.
6. Representative images were selected from one of the repeat experiments that

best matched the average data in each assay.
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