8T0Z ‘2T Jequieides uo Aq Bio'sfeulno feye//:dny wouy papeojumoq

Integrative Physiology

(Pro)renin Receptor Inhibition Reprograms Hepatic Lipid
Metabolism and Protects Mice From Diet-Induced Obesity
and Hepatosteatosis

Liwei Ren,* Yuan Sun,* Hong Lu, Dien Ye, Lijuan Han, Na Wang, Alan Daugherty,
Furong Li, Miaomiao Wang, Fengting Su, Wenjun Tao, Jie Sun, Noam Zelcer, Adam E. Mullick,
A.H. Jan Danser, Yizhou Jiang, Yongcheng He, Xiongzhong Ruan, Xifeng Lu

Rationale: An elevated level of plasma LDL (low-density lipoprotein) is an established risk factor for
cardiovascular disease. Recently, we reported that the (pro)renin receptor ([P]RR) regulates LDL metabolism
in vitro via the LDLR (LDL receptor) and SORT1 (sortilin-1), independently of the renin—angiotensin system.

Objectives: To investigate the physiological role of (P)RR in lipid metabolism in vivo.

Methods and Results: We used N-acetylgalactosamine modified antisense oligonucleotides to specifically inhibit
hepatic (P)RR expression in C57BL/6 mice and studied the consequences this has on lipid metabolism. In line
with our earlier report, hepatic (P)RR silencing increased plasma LDL-C (LDL cholesterol). Unexpectedly, this
also resulted in markedly reduced plasma triglycerides in a SORT1-independent manner in C57BL/6 mice fed a
normal- or high-fat diet. In LDLR-deficient mice, hepatic (P)RR inhibition reduced both plasma cholesterol and
triglycerides, in a diet-independent manner. Mechanistically, we found that (P)RR inhibition decreased protein
abundance of ACC (acetyl-CoA carboxylase) and PDH (pyruvate dehydrogenase). This alteration reprograms
hepatic metabolism, leading to reduced lipid synthesis and increased fatty acid oxidation. As a result, hepatic (P)
RR inhibition attenuated diet-induced obesity and hepatosteatosis.

Conclusions: Collectively, our study suggests that (P)RR plays a key role in energy homeostasis and regulation of
plasma lipids by integrating hepatic glucose and lipid metabolism. (Circ Res. 2018;122:730-741. DOI: 10.1161/
CIRCRESAHA.117.312422.)
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levated plasma LDL (low-density lipoprotein) levels are a

major risk factor for developing atherosclerosis and ensuing
ischemic cardiovascular disease, a leading cause of worldwide
death. LDL, which is derived by peripheral lipolysis of VLDL
(very-low-density lipoprotein), is primarily cleared from the
circulation in the liver via the LDLR (LDL receptor) pathway.'
Hence, plasma LDL levels are determined by the dynamic bal-
ance between hepatic VLDL secretion and LDL clearance.

Editorial, see p 652

VLDL particles are formed by lipidation of apo (apoli-
poprotein) B, . the core protein of VLDL, in the endoplas-
mic reticulum and Golgi apparatus.® The assembly of VLDL
particles depends on apo B, production and cellular avail-
ability of triglycerides. Accordingly, genetic mutations in apo
B,,, are associated with altered VLDL secretion and plasma
LDL levels.*¢ Overexpression of apo B, results in increased
VLDL secretion and plasma LDL levels in rabbits.” Similarly,
the activity of enzymes involved in de novo lipid biosynthe-

sis also affects VLDL assembly and secretion.®® For example,
impaired loading of triglycerides into nascent VLDL particles,
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What Is Known?

e The (pro)renin receptor ([P]RR) regulates LDL (low-density lipoprotein)
metabolism in vitro, independent of the renin—angiotensin system.

e Regulation of cellular LDL uptake by the (P)RR is dependent on SORT1
(sortilin-1) and the LDLR (LDL receptor).

What New Information Does This Article Contribute?

e Inhibiting hepatic (P)RR lowers plasma triglyceride and cholesterol lev-
els in LDLR-deficient mice.

e Hepatic (P)RR inhibition prevents diet-induced obesity, liver steatosis,
and improves glycemic control.

e Hepatic (P)RR controls the protein abundance of PDH (pyruvate dehy-
drogenase) and ACC (acetyl-CoA carboxylase), thereby promoting fatty
acid oxidation and reducing lipid synthesis.

Novelty and Significance

Functions of the (P)RR, independent of the renin—angiotensin
system, are not yet completely understood. Previously, we ob-
served that hepatic (P)RR regulates LDL metabolism in vitro by
controlling protein abundance of LDLR and SORT1. In this study,
we evaluated the role of (P)RR in vivo and found that inhibiting
hepatic (P)RR regulates LDL metabolism, but unexpectedly de-
creases plasma triglycerides as well. These actions are, at least
in part, a result of decreased lipid synthesis and increase fatty
acid oxidation in the liver as a result of decreased protein abun-
dance of PDH and ACC. These findings identify (P)RR as a crucial
regulator of hepatic lipid metabolism and suggest that inhibition
of hepatic (P)RR may be a potential strategy for treating dyslipid-
emia and fatty liver disease.

Nonstandard Abbreviations and Acronyms
ACC acetyl-CoA carboxylase

ApoB apolipoprotein B

FA fatty acid

G-(P)PRR  N-acetylgalactosamine (P)RR antisense oligonucleotide
HDL high-density lipoprotein

HFD high-fat diet

hSORT1 human SORT1

IDL intermediate-density lipoprotein

LDL low-density lipoprotein

LDL-C low-density lipoprotein cholesterol

LDLR low-density lipoprotein receptor

LPL lipoprotein lipase

mTOR mechanistic target of rapamycin

mTORC1  mechanistic target of rapamycin complex 1
ND normal diet

PCSK9 proprotein convertase subtilisin/kexin type 9
PDH pyruvate dehydrogenase

(P)RR (pro)renin receptor

SORT1 sortilin 1

VLDL very low-density lipoprotein

caused by mutations in the MTP (microsomal triglyceride car-
rier protein), results in defective VLDL secretion.'®

Disturbed LDL clearance can increase plasma LDL levels
and risk for cardiovascular diseases. In line with this, loss-of-
function LDLR mutations are associated with elevated plasma
LDL levels and cardiovascular risk.'""* Recently, GWAS stud-
ies have identified single-nucleotide polymorphisms mapping
to 1p13.3 that strongly associated with plasma LDL levels and
coronary heart disease.'*'* Subsequent mechanistic studies re-
vealed that SORT1 (sortilin-1), located within the 1p13.3 region,
is a novel regulator of LDL metabolism.?>*> Overexpression of
SORT1 increases LDL clearance and decreases plasma LDL lev-
els,'¢2122 whereas SORT1 deficiency reduces cellular LDL up-
take in vitro and LDL clearance in vivo.”** In addition, SORT1
also plays a role in VLDL secretion. Overexpressing SORT1
promotes ApoB degradation via an endolysosome-dependent

route and hence reduces VLDL secretion and plasma triglycer-
ide levels.?? Controversially, mice deficient for SORT1 also dis-
play reduced VLDL secretion and triglyceride levels.** These
opposing results highlight the complex, and not yet fully eluci-
dated, role of SORT in lipoprotein metabolism.

The (pro)renin receptor ([P]RR) interacts with renin/prorenin
(denoted as [pro]renin) at supraphysiological concentrations that
are even several orders of magnitude higher than (patho)physi-
ological concentrations, questioning the physiological relevance
of the (P)RR—(pro)renin interaction.?** Recently, the (P)RR
was reported to play a role in Wnt/p3-catenin signaling pathway,
vacuolar H*-ATPase integrity, and T-cell development, indepen-
dently of (pro)renin.”*=* Moreover, we have recently identified
the (P)RR as a SORT l-interacting protein®' and demonstrated
that silencing (P)RR expression in hepatocytes in vitro reduces
protein abundance of SORT1 and LDLR post-transcriptionally,
and consequently cellular LDL uptake. To understand the role of
the (P)RR in lipoprotein metabolism in vivo, we studied here the
consequence of hepatic (P)RR silencing on lipoprotein metabo-
lism. We report that hepatic loss of (P)RR in mice results in a
SORT1-dependent increase in plasma LDL levels, but unexpect-
edly also in a reduction in plasma triglycerides that was SORT1
independent that resulted from altered metabolic reprogram-
ming of hepatocytes. Our study thus highlights hepatic (P)RR as
a crucial regulator of energy and lipid metabolism.

Methods

The authors declare that all supporting data are available within the
article and its Online Data Supplement. A detailed description of
methods used in this study is available in the Online Data Supplement.

Results

Inhibiting Hepatic (P)RR Reduced Both Hepatic
LDL Clearance and VLDL Secretion

We have previously reported that (P)RR inhibition attenu-
ates cellular LDL uptake by reducing LDLR and SORT1
protein abundance in hepatocytes.! To understand the role
of hepatic (P)RR in lipoprotein metabolism in vivo, we
used N-acetylgalactosamine modified antisense oligonu-
cleotides to inhibit hepatic (P)RR expression. At a dose of
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3.0 mg kg™! wk!, N-acetylgalactosamine (P)RR antisense
oligonucleotide (G-[P]RR) potently reduced (P)RR expres-
sion in liver, but had no effects on its expression in other
major organs, including heart, kidney, intestine, spleen, and
different adipose tissues (Online Figure IA and IC through
IF). In line with our previous report, inhibiting the (P)RR
specifically reduced hepatic LDLR and SORT1 protein lev-
els without affecting their transcript levels (Online Figure
IB). As a result of reduced hepatic LDLR and SORT1 pro-
tein abundance, (P)RR inhibition elevated plasma choles-
terol levels in normal diet (ND)—fed mice, primarily by
increasing cholesterol content in IDL (intermediate-density
lipoprotein)/LDL fractions (Figure 1A and 1B). Because
plasma LDL-C concentrations reflect the balance between
hepatic LDL clearance and VLDL secretion, we then inves-
tigated the effects of (P)RR inhibition on LDL clearance
and hepatic VLDL output. In line with decreased LDLR
and SORTI, inhibiting hepatic (P)RR led to attenuated
clearance of injected Dil-labeled human LDL (Figure 1C).

Unexpectedly, (P)RR inhibition also significantly de-
creased plasma triglyceride concentrations (Figure 1D), a
finding that could be attributed to reduced hepatic VLDL
secretion (Figure 1E).

We then asked if silencing (P)RR in hepatocytes could ag-
gravate hypercholesterolemia in C57BL/6 mice fed a high-fat
diet (HFD). Like in ND-fed mice, 1 week after (P)RR inhibi-
tion, plasma cholesterol levels were 3- to 4- fold higher than
those measured in N-acetylgalactosamine control antisense
oligonucleotide (G-control)—injected mice (Figure 2A). This
elevation was primarily attributed to a marked increase in
cholesterol content in the IDL/LDL fraction (Figure 2B).
Notably, (P)RR inhibition also increased cholesterol contents
in the VLDL fraction and reduced cholesterol contents in the
HDL (high-density lipoprotein) fraction. Unexpectedly, with-
in 2 weeks, plasma cholesterol levels of G-(P)RR-injected
mice were normalized and similar to those in the saline-
injected or G-control-injected mice (Figure 2A and 2C;
Online Figure IG). This contrasts with the sustained increase
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Figure 1. Inhibiting hepatic (pro)renin receptor ([P]RR) induces hypercholesterolemia by reducing hepatic LDL (low-density
lipoprotein) clearance in normal diet (ND)-fed C57BL/6 mice. Eight-week-old male C57BL/6 mice were injected with either saline
(blue), G-control (magenta), or G-(P)RR (green) intraperitoneally. Mice were euthanized after 7 days, and blood samples were collected
for (A) determining circulating levels of cholesterol (n=12-18 per group). Each bar and error represent the mean+SEM; ***P<0.001, or (B)
pooled plasma samples were loaded on FPLC (fast protein liquid chromatography) for lipoprotein fractionation analysis, and cholesterol
content in each fraction was determined. C, Seven days after injection, mice (n=6 per group) were injected with 50 pg Dil-labeled human
LDL. Blood samples were drawn retro-orbitally at the indicated time points, and the Dil-LDL was determined. Each point represents the
mean+SEM, and the area under curve (AUC) was constructed for each group and used to compare the difference in LDL clearance.
***P<0.001. D, Blood was collected as in (A) and used to determine plasma triglyceride levels. n=12-18 per group; Each bar and error
represent the mean+SEM. **P<0.001. E, Seven days after injection, mice (n=6 per group) were fasted for 6 hours and injected with
Pluronic F127 to inhibit lipoprotein lipase. Blood samples were drawn retro-orbitally at the indicated time points, and the concentration
of triglycerides was determined. The mean VLDL (very-low-density lipoprotein) secretion for saline-injected, G-control-injected, or G-(P)
RR-injected mice is 474+16, 460+14, and 342+10 mg/dL-h, respectively. The AUC was calculated for individual mice and used to
compare the differences in the rate of VLDL secretion. ***P<0.001; G-control vs G-(P)RR. HDL indicates high-density lipoprotein; and IDL,
intermediate-density lipoprotein.
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Figure 2. Inhibiting hepatic (pro)renin receptor ([(P]RR) does not result in hypercholesterolemia in high-fat diet (HFD)-fed C57BL/6
mice. Eight-week-old male C57BL/6 mice were injected with either saline (blue), G-control (magenta), or G-(P)RR (green), and fed an

HFD for 4 weeks. A, Plasma cholesterol concentrations were determined weekly, and each point represents the mean+SEM. n=10 per
group; ***P<0.001; G-control vs G-(P)RR. B, C, Pooled plasma samples were collected after the (B) first week of diet, or (C) after 4 weeks
of diet, and the lipoprotein distribution was determined. The cholesterol content in each fraction was determined and is plotted. D, Two
weeks after start of HFD diet, mice (n=6 per group) were injected with 50 pg Dil-labeled human LDL, and LDL clearance was assessed.
Each point represents the mean+SEM, and the area under curve (AUC) was constructed for each treatment and used to compare the
differences in LDL (low-density lipoprotein) clearance. *P<0.05. E, Two weeks after (P)RR inhibition, mice were fasted for 6 hours, and
VLDL (very-low-density lipoprotein) secretion was assessed (n=6 per group) by injecting mice with Pluronic F127 to inhibit lipoprotein
lipase. Blood samples were drawn retro-orbitally at the indicated time points, and the concentration of triglycerides was determined,

and the AUC was calculated and used to compare the differences in the rate of VLDL secretion. **P<0.01; G-control vs G-(P)RR. F, G,
Plasma triglyceride levels were analyzed in samples collected after 4 weeks of HFD. Each bar represents the mean+SEM, n=10 per group.
***P<0.001, or (G) pooled plasma samples were analyzed by FPLC (fast protein liquid chromatography). H, Plasma LPL (lipoprotein lipase)
activity was determined for mice were injected with G-control or G-(P)RR and fed HFD for 4 weeks. n=9 per group. HDL indicates high-
density lipoprotein; IDL, intermediate-density lipoprotein; and N.S., not significant.

in plasma cholesterol levels in C57BL/6 mice fed with ND
(Online Figure IH). Nevertheless, (P)RR inhibition in HFD-

Because SORT1 deficiency in vivo reduces VLDL se-
cretions and plasma triglycerides and (P)RR silencing de-

fed mice reduced hepatic LDL clearance and VLDL secretion
(Figure 2D and 2E). Plasma triglycerides and VLDL triglyc-
erides were both lower in G-(P)RR-injected mice when
compared with saline or G-control-injected mice (Figure 2F
and 2G), thus mimicking the pattern seen under ND feeding.
Importantly, plasma LPL (lipoprotein lipase) activity was not
affected by hepatic (P)RR inhibition (Figure 2H). This ex-
cludes the possibility that increased triglyceride hydrolysis
underpins reduced levels of plasma triglycerides in (P)RR-
silenced mice.

creases SORT1,2223! we wondered if the effect of (P)RR
inhibition on hepatic lipid output is SORT1 dependent. To
address this possibility, we studied plasma lipid levels in (P)
RR-silenced mice in which we overexpressed hSORT1 (hu-
man SORT1). Exogenous hSORT1 protein was detected in
liver, and hSORT1 partially rescued the (P)RR inhibition—
induced LDLR protein reduction (Online Figure II). Given
that SORT1 itself is a clearance receptor for LDL,?*?* it is
not surprising that hRSORT1 overexpression reversed the (P)
RR inhibition—induced increase in plasma cholesterol levels,
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Figure 3. SORT1 (sortilin-1) overexpression prevents PRR-
dependent hypercholesterolemia, but does not affect
reduction in plasma triglycerides. Eight-week-old male C57BL/6
mice were injected with G-control or G-(pro)renin receptor ([P]

RR) intraperitoneally and subsequently injected with either
adenovirus carrying GFP (green fluorescent protein; Ad-GFP) or
adenovirus carrying human SORT1 (Ad-SORT1) via the tail vein.
Mice were fed with normal diet (ND) or high-fat diet (HFD) for 1
week and (A) plasma cholesterol levels were determined. Each bar
represents the mean+SEM (n=6 per group). **P<0.01; ***P<0.001.
Alternatively, (B) lipoprotein composition in pooled plasma samples
was analyzed by fractionation. C, Plasma was collected as in (A)
and analyzed for triglyceride content. Each bar and error represent
the mean+SEM (n=6 per group). **P<0.01. HDL indicates high-
density lipoprotein; IDL, intermediate-density lipoprotein; LDL, low-
density lipoprotein; and VLDL, very-low-density lipoprotein.

primarily by decreasing the cholesterol content in the VLDL
and IDL/LDL fractions (Figure 3A and 3B). However,
hSORT1 overexpression did not prevent the reduction in
plasma triglycerides caused by (P)RR inhibition (Figure 3C),
implying that (P)RR inhibition reduced plasma triglycerides
in a SORT1-independent manner.

Hepatic (P)RR Inhibition Reduced Plasma
Cholesterol Levels in LDLR-Deficient Mice
As (P)RR affects both hepatic LDL clearance and VLDL
secretion, it is possible that (P)RR has a differential role in

governing plasma cholesterol levels under distinct diet condi-
tions. Under ND, LDL clearance may govern plasma cho-
lesterol levels, whereas under HFD, VLDL secretion may
become more prominent in determining plasma cholesterol
levels. To address this issue, we tested the effects of hepatic
(P)RR inhibition on plasma cholesterol levels in mice with
impaired LDL clearance by injecting adeno-associated virus
expressing the gain-of-function PCSK9 (proprotein conver-
tase subtilisin/kexin type 9) D377Y mutant*>* and in LDLR™~
mice. As expected, injecting C57BL/6 mice with the PCSK9
D377Y-encoding adeno-associated virus led to a marked in-
crease in the circulating levels of LDL-C (from 76.74+1.72
to 167.3+2.27 mg/dL, n=39). We subsequently injected these
mice with either saline, G-control, or G-(P)RR for 4 weeks
and fed either ND or HFD. We found that after this treatment
period, (P)RR inhibition reduced plasma cholesterol levels
in both ND- and HFD-fed mice, despite the lack of func-
tional LDLR-mediated clearance (Figure 4A through 4D).
Similarly, inhibiting hepatic (P)RR in LDLR~~ mice induced
a sustained decrease in plasma cholesterol levels independent
of diet (Online Figure IITA and IIIB). These results confirm
that LDL clearance is more dominant than VLDL secretion in
determining circulating LDL levels in mice fed ND. Similar
to the observation in wild-type C57BL/6 mice, plasma tri-
glycerides and VLDL-associated triglycerides were reduced
by (P)RR inhibition under ND or HFD feeding (Figure 4E
through 4H), in PCSK9-induced LDLR-deficient mice.
Moreover, in LDLR™" mice, hypertriglyceridemia was pre-
vented by hepatic (P)RR inhibition (Online Figure IIIC and
IIID). We reasoned that if (P)RR inhibition primarily affects
lipid export pathways, we should observe lipid accumulation
in liver, especially under HFD feeding. However, we found
that hepatic lipid levels were also reduced by (P)RR inhibi-
tion (Figure 41 through 4K; Online Figure IV), implying that
the reduced plasma lipid levels are not the result of impaired
lipid secretion.

Hepatic (P)RR Inhibition Attenuated Diet-Induced
Obesity and Improved Metabolic Disorders

(P)RR inhibition resulted in decreased hepatic VLDL secre-
tion without concomitant hepatic lipid accumulation. This
could point toward (P)RR regulating hepatic lipid biosyn-
thesis, an important facet of fatty liver disease and obesity.**
We therefore questioned whether hepatic (P)RR inhibition
can ameliorate diet-induced fatty liver disease and obesity.
To address this, we inhibited hepatic (P)RR expression in
C57BL/6 mice fed an HFD for 14 weeks. In line with our
hypothesis, loss of hepatic (P)RR attenuated diet-induced
obesity in C57BL/6 mice (Figure 5A). Body composition
analyses using EchoMRI revealed that inhibiting hepatic
(P)RR lowered fat weight of the mice, but did not affect
the weight of lean mass (Figure 5B; Online Figure VA).
Furthermore, the size of the livers and white adipose tis-
sues of G-(P)RR-injected mice were smaller than control
mice (Figure 5C and 5D). Under HFD, lipid accumulates
in liver and increases liver weight. Mean liver weight of
saline-injected or G-control-injected mice was =2 g, which
was nearly twice the mean liver weight (1.07+£0.02 g; n=12;
P<0.001) of ND-fed C57BL/6 mice at same age (22 weeks
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Figure 4. Hepatic (pro)renin receptor ([P]RR) inhibition in the absence of LDLR (low-density lipoprotein receptor) reduces plasma
lipid levels and hepatic lipid deposition. Eight-week-old male C57BL/6 mice were injected intraperitoneally with 10x10° genomic
copies of mouse PCSK9 (proprotein convertase subtilisin/kexin type 9) D377Y adeno-associated virus (AAV), and fed with normal diet
(ND) for 4 weeks. Subsequently, mice were injected with either saline (blue), G-control (magenta), or G-(P)RR (green) and fed with ND or
high-fat diet (HFD) for an additional 4 weeks. A-D, Plasma cholesterol levels and lipoprotein profiles at the end of study were determined
for ND-fed (A, B) and HFD-fed (C, D) mice. E-H, Plasma triglycerides and lipoprotein distribution were determined for ND-fed (E, G)

and HFD-fed (F, H) mice. (n=6 per group.) **P<0.01; **P<0.001; G-control vs G-(P)RR. I, Representative images of Oil Red O-stained
liver samples from above-indicated mice fed with ND or HFD for 4 weeks. Scale bar=100 pm. J, K, Lipids were extracted from liver
samples and analyzed for triglycerides and cholesterol levels. *P<0.05; G-control vs G-(P)RR. HDL indicates high-density lipoprotein; IDL,
intermediate-density lipoprotein; LDL, low-density lipoprotein; and VLDL, very-low-density lipoprotein.

old). Hepatic (P)RR inhibition attenuated HFD-induced
liver weight gain and prevented abnormal lipid deposition
in the liver (Figure SE and 5F). Liver/body weight ratios of
G-(P)RR-injected mice were also significantly lower than
that of G-control-injected mice and resembled the ratio of
ND-fed C57BL/6 mice at the same age (Online Figure VB).
Moreover, mice in which hepatic (P)RR was inhibited had
smaller adipocytes in inguinal white adipose tissues (Online
Figure VC), but normal brown adipose tissues weight
(Figure 5D). In agreement with reduced adipose tissues,
plasma leptin concentrations were also reduced by hepatic
(P)RR inhibition (Online Figure VD). However, plasma
adiponectin concentrations were unaltered by (P)RR inhibi-
tion despite the marked reduction in adipose tissue weight
(Online Figure VE), likely because of increased expression
of adiponectin in white adipose tissues (Online Figure IC
and IE). This suggests that hepatic (P)RR inhibition can

indirectly affect adipokine secretion by adipose tissues,
thereby contributing to improved metabolic control.
Accompanied by less body weight gain, fasting blood glu-
cose concentrations were reduced by (P)RR inhibition (Online
Figure VF), which also improved glucose tolerance and low-
ered plasma insulin levels (Online Figure VG and VH). Plasma
AST (aspartate aminotransferase), ALT (alanine aminotrans-
ferase), and AST/ALT ratio indicate that (P)RR inhibition did
not cause liver damage (Online Figure VI). In addition, H&E
(hematoxylin and eosin) staining also revealed improved liver
morphology by (P)RR inhibition (Figure SE). Cumulative food
intake of the mice during the 14-week experimental period was
also recorded. G-(P)RR—injected mice consumed slightly less
food than saline or G-control-injected mice, but when correct-
ed for their body weight, their food consumption was actually
higher (Online Figure VJ), suggesting that the reduced body
weight gain is not because of reduced food intake. In addition,
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Figure 5. Hepatic (pro)renin receptor ([P]RR) inhibition attenuates diet-induced obesity and metabolic dysregulation. Eight-week-old
mice were injected with saline (blue), G-control (magenta), or G-(P)RR (green) and fed a high-fat diet (HFD) for 14 weeks. (n=10 per group.) A,
Body weight was monitored during the study period and each point and error represent the mean+SEM. **P<0.001. Representative picture
showing that G-(P)RR-injected mice are leaner than control mice. B, Fat and lean mass were measured by EchoMRI. Each bar and error
represent the mean+SEM. **P<0.001. C, Liver weight, and representative pictures showing G-(P)RR-treated mice have less fatty liver. “*P<0.01.
D, Weight and representative picture of different adipose tissue depots. Brown fat tissue of saline and G-control-injected mice were surrounded
with white fat which was removed to give a correct estimation of the weight of the brown fat. **P<0.001. E, Representative images of Oil Red
O (ORO) and H&E (hematoxylin and eosin) staining of the livers (scale bar=200 um). F, Hepatic lipids were extracted and measured. *P<0.05;
G-control vs G-(P)RR. G, Oxygen consumption and 24-h average respiratory quotient (RQ) of G-control-injected and G-(P)RR-injected mice
was monitored with a metabolic monitoring system 4 days before euthanize. n=8 per group. BAT indicates brown adipose tissue; e WAT,
epididymal white adipose tissue; iWAT, inguinal white adipose tissue; N.S., not significant; and rWAT, retroperitoneal white adipose tissue.

we did not observe any difference in blood pressure or heart
rate among saline-injected, G-control-injected, or G-(P)RR—
injected mice (Online Figure VK and VL), suggesting that the
activity of the autonomic nervous system was not affected. We
then monitored oxygen consumption and physical activity of
the mice using metabolic cages. Inhibiting hepatic (P)RR in-
creased oxygen consumption and 24-hour respiratory quotient
of the mice, implying increased catabolism of energy sources
(Figure 5G). Yet, physical activities of the mice were not differ-
ent (Online Figure VM). Collectively, these results support the
beneficial metabolic effects of (P)RR inhibition.

Inhibiting the (P)RR Upregulated Genes Involved in
Fatty Acid Oxidation

Currently recognized functions of the (P)RR are not linked with
lipid biosynthesis and energy homeostasis. To understand how
(P)RR may regulate these processes, we transcriptionally profiled
mice after (P)RR inhibition. Male mice (8 weeks old) were in-
jected with either saline or G-(P)RR for 5 days, and liver samples
were collected and extracted for total RNA and RNAseq analysis.
We identified that (P)RR inhibition led to up- and downregula-
tion of 199 genes and 202 genes, respectively (Online Table III).
Gene ontology enrichment analysis revealed that metabolic path-
ways, including fatty acid (FA) degradation and elongation, were
strongly affected by (P)RR inhibition (Online Figure VIA and
VIB). Among the affected genes, several genes involved in FA
[-oxidation, such as Hadha, Acaa2, Acadvl, and Acadl, were up-
regulated by (P)RR inhibition, as confirmed by quantitative poly-
merase chain reaction (Online Figure VII). As such, increased FA
p-oxidation may contribute to increased oxygen consumption
and reduced hepatic lipid content.

Inhibiting (P)RR Reduced Protein Abundance of
ACC and PDH

To complement the RNA sequencing analysis and to better
understand the function(s) of the (P)RR, we next performed
comparative quantitative proteomics to identify hepatic pro-
teins which are affected by (P)RR inhibition. Through this
unbiased approach, we identified 191 and 116 proteins that
were down- and upregulated, respectively, after (P)RR inhibi-
tion during feeding of either ND or HFD (Online Table 1V).
As reported previously, LDLR protein abundance was de-
creased by (P)RR inhibition (Online Table IV), validating the
effectiveness of this approach to identify proteins with altered
abundance. Gene ontology enrichment analyses revealed that
proteins involved in lipid biosynthesis, lipid metabolism, and
cholesterol metabolism were markedly affected by (P)RR in-
hibition (Online Figure VIC and VID). Among the identified
proteins, PDH (pyruvate dehydrogenase), ACCa (acetyl-CoA
carboxylase a), and ACC[3 were markedly decreased. PDH is
the enzyme responsible for converting pyruvate to acetyl-CoA
and is a central metabolic node.”> ACC catalyzes the forma-
tion of malonyl-CoA, an essential substrate for FA synthesis
and a potent inhibitor of FA oxidation.® ACC is crucial in
determining lipid storage and overall energy metabolism.”’
Thus, reduced PDH and ACC may contribute to increased FA
oxidation and decreased lipid synthesis. To confirm this, we
examined ACCo/f and PDH protein abundance in the liver
of saline-injected, G-control-injected, or G-(P)RR-injected
C57BL/6 mice fed with HFD for 14 weeks. Corroborating the
proteomic-based approach, hepatic ACCa/f, PDHA (pyruvate
dehyrogenase E1 component subunit o), and PDHB (pyruvate
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Figure 6. Inhibiting the (pro)renin receptor ([P]RR) reduces PDH (pyruvate dehydrogenase) and ACC (acetyl-CoA carboxylase)
protein abundance and activity. A, Representative blot of liver samples from mice injected with saline, G-control, or G-(P)RR, and fed

a high-fat diet (HFD) for 14 weeks. The protein abundance of PDHA (pyruvate dehyrogenase E1 component subunit o), PDHB (pyruvate
dehydrogenase E1 component subunit §), and ACCa/f3 was quantified and normalized to the level of 3-actin in the same lysate. (n=6

per group); “P<0.05; **P<0.001. B, C57BL/6 mice were treated with antisense oligonucleotides (ASOs) and fed with HFD for 14 weeks.
Hepatic pyruvate concentrations (B), plasma pyruvate concentrations (C), plasma lactate concentrations (D), hepatic PDH activity (E), and
acetyl-CoA concentrations (F) were determined. G, Mouse primary hepatocytes were treated with G-control or G-(P)RR for 36 hours, and
cellular Acetyl-CoA concentrations were determined. Three independent experiments in triplicates were performed. **P<0.001. Oxygen
consumption rate (OCR; H) and fuel dependency (I) were measured in mouse primary hepatocytes treated with G-control or G-(P)RR for
36 hours. Arrow 1 to 3 indicates addition of oligomycin, FCCP (carbonyl cyanide-4-[trifluoromethoxy]phenylhydrazone) and the mixture of
rotenone and antimycin, respectively. n=6 per group. *P<0.05; ***P<0.001. FA indicates fatty acid; and N.S., not significant.

dehydrogenase E1 component subunit §) were reduced by
=40% to 60% after hepatic (P)RR inhibition (Figure 6A),
whereas the transcript abundance of ACCo/3, PDHA, and
PDHB remained unaltered (Online Figure VII). Inhibiting
the (P)RR in human hepatoma HepG2 cells with siRNAs also
reduced protein abundances of ACCa/f3, PDHA, and PDHB
(Online Figure VIIIA), suggesting that this outcome is con-
served in both mouse and humans. The (P)RR knockdown—
induced reduction in ACCo./f protein abundance was partially
reversed by the lysosome inhibitor bafilomycin A1, but was
not affected by the autophagy inhibitor 3-methyladenine or
the proteasome inhibitor MG-132 (Online Figure VIIIB),
suggesting accelerated lysosome-dependent degradation of
ACCoa/3 by (P)RR inhibition. In contrast, bafilomycin Al,
3-methyladenine, and MG-132 were unable to rescue (P)RR
knockdown-induced reduction in PDHA and PDHB, imply-
ing that a different mechanism underlies the control of these
proteins by (P)RR.

(P)RR Inhibition Reduced Cellular Acetyl-CoA
Abundance and FA Synthesis in Hepatocytes
Collectively, our results suggest that by reducing protein
abundance of PDH, (P)RR inhibition reduces pyruvate to
acetyl-CoA conversion and therefore reduces cellular ace-
tyl-CoA production from glucose. Lower cellular acetyl-
CoA levels will limit cellular FA and cholesterol synthesis.
This biosynthetic block will be compounded by reduced
ACC abundance, which will further limit FA synthesis. To
test this hypothesis, we first measured relevant hepatic me-
tabolites in mice injected with saline, G-control, or G-(P)
RR and fed with HFD for 14 weeks. As expected, G-(P)
RR-injected mice displayed hepatic pyruvate accumulation
(Figure 6B), increased plasma pyruvate and lactate concen-
trations (Figure 6C and 6D), and decreased hepatic PDH
activity (Figure 6E). Nevertheless, despite these changes,
hepatic acetyl-CoA concentrations were unaltered by (P)RR
inhibition (Figure 6F). Yet importantly, cellular acetyl-CoA
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levels in isolated mouse primary hepatocytes in which (P)RR
was inhibited using G-(P)RR antisense oligonucleotide were
reduced (Figure 6G). Similarly, acetyl-CoA levels were de-
creased by (P)RR inhibition in HepG2 cells, combined with
a decrease in cellular PDH activity, increased cellular pyru-
vate concentrations and medium lactate concentrations, and
reduced cellular lipid levels (Online Figure VIIIC through
VIIIG). These data support our hypothesis and simultane-
ously suggest that in vivo, alternative sources, especially FAs
supply, are available to overcome reduced pyruvate to acetyl-
CoA conversion. This may also explain why acetyl-CoA lev-
els were not reduced in the liver, as they were in HepG2 cells
and primary hepatocytes. It is plausible that increased FA
oxidation provides additional acetyl-CoA to compensate the
increased energetic demand, which could also explain the in-
creased oxygen consumption observed in G-(P)RR—injected
mice. Therefore, we examined if (P)RR inhibition affects the
oxygen consumption rate in mouse primary hepatocytes and
HepG2 cells. As expected, inhibiting the (P)RR significantly
increased basal oxygen consumption rate by =50% in mouse
primary hepatocytes (Figure 6G) and =30% in HepG2 cells
(Online Figure VIIIH), and implying increased energy expen-
diture and utilization of high oxygen—consuming fuels such
as FA. To fully understand the mechanism, we further ex-
amined cellular fuel dependency on long-chain FA in mouse
primary hepatocytes and HepG2 cells. In the presence of 50
pmmol/L oleic acid, long-chain FA accounted for =20% to
30% oxidized fuels (glucose, glutamine, and long-chain FA
together) in control cells, whereas it accounted for >40% oxi-
dized fuels in primary mouse hepatocytes and HepG2 cells
with (P)RR inhibited (Figure 6H; Online Figure VIIII). These
data suggest that reduced acetyl-CoA supply from pyruvate
is compensated by increased FA oxidation, as a mechanism to
sustain cellular energy needs.

Discussion
We recently reported that the (P)RR is a novel modulator of
LDL metabolism in vitro.?! In the current study, we demon-
strate that also in vivo, inhibiting the (P)RR in hepatocytes
leads to defective LDL clearance as a result of reduced
SORT1 and LDLR protein abundance. SORT1 is a recently
identified hepatic clearance receptor for LDL, which also
regulates VLDL secretion and plasma triglycerides.'6-20-2238
SORT1 deficiency reduces VLDL secretion and plasma tri-
glycerides, and in line with this, we found that (P)RR in-
hibition reduced VLDL secretion and plasma triglycerides,
likely as a consequence of reduced SORT 1. However, hepatic
overexpression of hSORT1 in mice with (P)RR silencing was
unable to prevent the reduction in plasma triglycerides, de-
spite completely preventing the increase in plasma LDL-C.
This implies that the (P)RR regulates plasma triglycerides
via a SORTI-independent manner. Furthermore, plasma
LPL activity was not affected by (P)RR inhibition, exclud-
ing the possibility that increased triglyceride hydrolysis ac-
counts for the reduced plasma triglycerides. In fact, hepatic
lipid concentrations, including triglycerides and cholesterol,
were both markedly reduced by (P)RR inhibition, indicating
that lipid synthesis is diminished. Indeed, we found that the
protein abundance of ACC, the crucial enzyme catalyzing the

first step in FA synthesis, was markedly reduced by (P)RR
inhibition. As a consequence, limited amounts of lipid be-
ing available for ApoB lipidation likely caused the reduction
in plasma triglycerides. This may also explain why (P)RR
inhibition even reduced plasma cholesterol levels in LDLR-
deficient mice, in whom SORT1-dependent LDL clearance
is impaired.

Our results raise the question of how the (P)RR regulates
cellular lipid levels. Intriguingly, vacuolar H*-ATPase has re-
cently been identified as a component of the mTORC1 (mech-
anistic target of rapamycin complex 1) pathway.* Indeed,
acidification of lysosomes by vacuolar H*-ATPase is crucial
for mTOR activation and function.** Increased mTORCI1
activity is observed in genetic and HFD-induced obesity
and has been implicated in the regulation of lipogenesis and
VLDL secretion.* Knocking down the (P)RR reduces the
protein levels of several subunits of the vacuolar H*-ATPase
complex.”3%4 Consequently, (P)RR inhibition may prevent
mTORCI activation. Nevertheless, this seems unlikely as a
recent report found that mTORCI signaling was unaffected
by (P)RR.¥

An alternative explanation for the effect of (P)RR on he-
patic lipid metabolism may be related to the renin—angio-
tensin system, which has been linked with obesity and lipid
metabolism.*® However, this too seems unlikely, as the affin-
ity of (P)RR to (pro)renin is very low, and in fact, their in-
teraction requires supraphysiological concentrations of (pro)
renin. Rather, by using a combined unbiased transcriptome
and proteomic approach, we now identified PDH and ACC
as downstream effectors of (P)RR inhibition. (P)RR inhibi-
tion has previously been reported to reduce PDHB protein
levels via a tyrosine-phosphorylation—dependent manner in
mouse retina and human retinal pigment epithelium cells.*’
We found that both PDHA and PDHB were reduced by (P)
RR inhibition. PDH is a ubiquitously expressed enzyme
complex that catalyzes the conversion of pyruvate to acetyl-
CoA,*4 acting as a central node that links lipid metabolism,
glucose metabolism, and the tricarboxylic acid cycle. We
thus speculated that by reducing PDH protein abundance and
activity, (P)RR inhibition would reduce acetyl-CoA produc-
tion from glucose and consequently diminish FA synthesis
and increase FA oxidation (Figure 7).°° Indeed, this is what
we observe in the livers of (P)RR-silenced mice. In addi-
tion, (P)RR inhibition also reduced ACC protein abundance.
ACC plays an essential role in regulating FA synthesis and
degradation.”” Genetic deletion, or inhibition, of ACC reduc-
es body weight gain and fat mass, suppresses triglycerides
synthesis, and increases FA oxidation and energy expen-
diture,’* which resembles the phenotype of hepatic (P)
RR inhibition. Moreover, PPARY (peroxisome proliferator-
activated receptor gamma) expression was reduced by (P)
RR inhibition by =50% (Online Figure VII), and this may
also have contributed to the reduced hepatic lipogenesis, as
hepatic PPARY plays important roles in HFD-induced up-
regulation of lipogenic genes and de novo lipogenesis.’*
Recent studies have reported that genetically deleting adi-
pose (P)RR in mice resulted in resistance to diet-induced
obesity” and accelerated oxygen consumption,” yet causing
severe hepatosteatosis.’ Unaltered (P)RR expression in both



8T0Z ‘2T Jequieides uo Aq Bio'sfeulno feye//:dny wouy papeojumoq

Ren et al (Pro)renin Receptor Regulates Lipid Metabolism 739
/,//// .
. / Glucose Fatty acid Triglyceride :
/ A A\
) | Glycolysis | E Gluconeogenesis \
/ Sy
'/ i\ -2NADH \ Glycerol - \
+2NADH : NS 4ATP Fatty acyl-CoA Fatty acid Triglyceride
+2ATP C -2GTP 4 Y | biosynthesis \
[ A Vi _ () | |
\ Lactate ; €«=—2 Pyruvate ; == Alanine /- Carnitine A \
L —-- Malonyl—CoAé
Fatty acyl-
Pyruvate carnitine
Carnitin O T
Fatty acyl-CoA ACC v (P)RR inhibition
--> PDH Y B-oxidAation?
Acetyl-CoA v Acet)i-CoA v
Citrate Mevalonate
Oxaloacetate Isocitrate i
| | |
‘\‘ ‘ Malate TCA cycle a-Ketoglutarate Cholesterol ‘
“ Lanosterol biosynthesis [
! Fumarate Succinyl-CoA i .
\ \ Cholesterol v
Succinate
Mitochondria
Hepatic cell
Cytoplasm / '
PDH Pyruvate dehydrogenase complex Ij Carnitine acyltransferase | ‘ Carnitine:aclcarnitine translocase
ACC Acetyl-CoA carboxylase & Carnitine acyltransferase I

Figure 7. Model for reprogrammed hepatic metabolism by (pro)renin receptor ([P]RR) inhibition. Inhibiting hepatic (P)RR reduces
PDH (pyruvate dehydrogenase) activity, impairing pyruvate metabolism and reducing acetyl-CoA supply from pyruvate, which limits fatty
acid (FA) biosynthesis. (P)RR inhibition further limits FA biosynthesis by reducing protein abundance of ACC (acetyl-CoA carboxylase), the
crucial enzyme in FA biosynthesis. It further signals to increase FA oxidation via reduced malonyl-CoA, an inhibitor of FA oxidation that
blocks the transportation of long-chain fatty acylcarnitine by carnitine acyltransferase | (CAT1). TCA indicates tricarboxylic acid.

white adipose tissues and brown adipose tissues excluded the
possibility that adipose (P)RR deficiency also contributed to

of the (P)RR in this process. TRB3 (tribbles-related protein
3) has been reported to control ACC degradation under fast-

the observed phenotype in our study. However, it raises the
question whether inhibiting the (P)RR in both adipose tissue
and liver would provide additional beneficial effects in treat-
ing metabolic disorders.

Post-transcriptional regulation of ACC and PDH is not
well understood, and thus, novel studies are required to fully
understand their protein degradational regulation and the role

ing conditions by coupling ACC to the E3 ligase COP1 (con-
stitutive photomorphogenic protein 1).5® Interestingly, (P)RR
inhibitions upregulated the expression of several E3 ligases,
including HECTD1 (HECT domain E3 ubiquitin protein li-
gase 1; Online Table III), and both ACCa and ACC[} have
been reported to interact with HECTD1.% It is therefore con-
ceivable that (P)RR inhibition accelerates ACC degradation



8T0Z ‘2T Jequieides uo Aq Bio'sfeulno feye//:dny wouy papeojumoq

740 Circulation Research March 2, 2018

via lysosomes by upregulating HECTDI. Simultaneously,
the (P)RR inhibition—induced reduction in PDH abundance is
more difficult to understand. Inhibiting either autophagy, the
lysosome or the proteasome, did not rescue this reduction, nor
did inhibit mitophagy, a special form of autophagy involved in
degradation of mitochondrial proteins (data not shown). This
may suggest that (P)RR inhibition regulates PDH abundance
via an as yet unsolved mechanism, as seems to be the case
with SORT1 as well.*!

In conclusion, we report that hepatic (P)RR is a cru-
cial regulator of lipid metabolism. Inhibiting hepatic (P)
RR reduced ACC and PDH protein levels and consequently
increases FA oxidation and reduces lipid synthesis, thus at-
tenuating diet-induced obesity and liver steatosis, as well
as improving glycemic controls in C57BL/6 mice. Taken
together, our study highlights the potential of inhibit-
ing hepatic (P)RR as a therapeutic treatment for meta-
bolic disorders such as fatty liver diseases and familial
hypercholesterolemia.

Sources of Funding

X. Lu is supported by National Natural Science Foundation of China
(grant no. 81500667), Shenzhen Municipal Science and Technology
Innovation Council (grant no. JCYJ20160307160819191), and
Shenzhen Peacock Plan (start-up fund). Y. Jiang is supported by
National Natural Science Foundation of China (grant no. 81500354).
X. Ruan is supported by Shenzhen Peacock Plan (grant no.
KQTD20140630100746562), National Natural Science Foundation
of China (Key Program, grant no. 81390354 and 81270789), and
Shenzhen Municipal Science and Technology Innovation Council
(grant no. JCYJ20140509172719310, CXZZ20150601140615135).
N. Zelcer is supported by a European Research Council Consolidator
grant (617376) and is an Established Investigator of the Dutch Heart
Foundation (2013T111). A.H.J. Danser is supported by the Top
Institute Pharma (T2-301). F. Li is supported by National Natural
Science Foundation of China (grant no. 81670702, 8170683),
and the Natural Science Foundation of Guangdong (grant no.
2017030310646 and 2015A030313762), and the Science and
Shenzhen Municipal Science and Technology Innovation Council
(grant no. JCYJ20170307100154602).

Disclosures

A .E.Mullick is an employee and shareholder of Ionis Pharmaceuticals.
The other authors report no conflicts.

References

1. Brown MS, Goldstein JL. A receptor-mediated pathway for cholesterol
homeostasis. Science. 1986;232:34-47.

2. Spady DK. Hepatic clearance of plasma low density lipoproteins. Semin
Liver Dis. 1992;12:373-385. doi: 10.1055/s-2008-1040407.

3. Olofsson SO, Stillemark-Billton P, Asp L. Intracellular assembly of
VLDL: two major steps in separate cell compartments. Trends Cardiovasc
Med. 2000;10:338-345.

4. Hooper AJ, van Bockxmeer FM, Burnett JR. Monogenic hypocholesterol-
aemic lipid disorders and apolipoprotein B metabolism. Crit Rev Clin Lab
Sci. 2005;42:515-545. doi: 10.1080/10408360500295113.

5. Innerarity TL, Mahley RW, Weisgraber KH, Bersot TP, Krauss RM, Vega
GL, Grundy SM, Friedl W, Davignon J, McCarthy BJ. Familial defective
apolipoprotein B-100: a mutation of apolipoprotein B that causes hyper-
cholesterolemia. J Lipid Res. 1990;31:1337-1349.

6. Young SG, Hubl ST, Smith RS, Snyder SM, Terdiman JF. Familial hypo-
betalipoproteinemia caused by a mutation in the apolipoprotein B gene
that results in a truncated species of apolipoprotein B (B-31). A unique
mutation that helps to define the portion of the apolipoprotein B molecule
required for the formation of buoyant, triglyceride-rich lipoproteins. J Clin
Invest. 1990;85:933-942. doi: 10.1172/JCI1114522.

10.

13.

14.

15.

18.

19.

20.

21.

22.

23.

24.

25.

26.

. Fan J, McCormick SP, Krauss RM, Taylor S, Quan R, Taylor JM, Young

SG. Overexpression of human apolipoprotein B-100 in transgenic rab-
bits results in increased levels of LDL and decreased levels of HDL.
Arterioscler Thromb Vasc Biol. 1995;15:1889-1899.

. Bou Khalil M, Sundaram M, Zhang HY, Links PH, Raven JF, Manmontri

B, Sariahmetoglu M, Tran K, Reue K, Brindley DN, Yao Z. The level and
compartmentalization of phosphatidate phosphatase-1 (lipin-1) control the
assembly and secretion of hepatic VLDL. J Lipid Res. 2009;50:47-58.
doi: 10.1194/j1r.M800204-JLR200.

. Yamazaki T, Sasaki E, Kakinuma C, Yano T, Miura S, Ezaki O. Increased

very low density lipoprotein secretion and gonadal fat mass in mice over-
expressing liver DGAT1. J Biol Chem. 2005;280:21506-21514. doi:
10.1074/jbc.M412989200.

Sharp D, Blinderman L, Combs KA, Kienzle B, Ricci B, Wager-Smith K,
Gil CM, Turck CW, Bouma ME, Rader DJ. Cloning and gene defects in
microsomal triglyceride transfer protein associated with abetalipoprotein-
aemia. Nature. 1993;365:65-69. doi: 10.1038/365065a0.

. Hobbs HH, Brown MS, Goldstein JL. Molecular genetics of the LDL re-

ceptor gene in familial hypercholesterolemia. Hum Mutat. 1992;1:445—
466. doi: 10.1002/humu.1380010602.

. Khachadurian AK, Uthman SM. Experiences with the homozygous cases

of familial hypercholesterolemia. A report of 52 patients. Nutr Metab.
1973;15:132-140.

Soutar AK, Naoumova RP. Mechanisms of disease: genetic causes of fa-
milial hypercholesterolemia. Nat Clin Pract Cardiovasc Med. 2007;4:214—
225. doi: 10.1038/ncpcardio0836.

Kathiresan S, Willer CJ, Peloso GM, et al. Common variants at 30 loci
contribute to polygenic dyslipidemia. Nar Genet. 2009;41:56-65. doi:
10.1038/ng.291.

Kathiresan S, Melander O, Guiducci C, et al. Six new loci associated
with blood low-density lipoprotein cholesterol, high-density lipoprotein
cholesterol or triglycerides in humans. Nat Genet. 2008;40:189-197. doi:
10.1038/ng.75.

. Linsel-Nitschke P, Heeren J, Aherrahrou Z, et al. Genetic variation at

chromosome 1p13.3 affects sortilin mRNA expression, cellular LDL-
uptake and serum LDL levels which translates to the risk of coronary
artery disease. Atherosclerosis. 2010;208:183-189. doi: 10.1016/j.
atherosclerosis.2009.06.034.

. Muendlein A, Geller-Rhomberg S, Saely CH, Winder T, Sonderegger G,

Rein P, Beer S, Vonbank A, Drexel H. Significant impact of chromosomal
locus 1p13.3 on serum LDL cholesterol and on angiographically charac-
terized coronary atherosclerosis. Atherosclerosis. 2009;206:494-499. doi:
10.1016/j.atherosclerosis.2009.02.040.

Sandhu MS, Waterworth DM, Debenham SL, et al; Wellcome Trust
Case Control Consortium. LDL-cholesterol concentrations: a genome-
wide association study. Lancet. 2008;371:483-491. doi: 10.1016/
S0140-6736(08)60208-1.

Willer CJ, Sanna S, Jackson AU, et al. Newly identified loci that influ-
ence lipid concentrations and risk of coronary artery disease. Nat Genet.
2008;40:161-169. doi: 10.1038/ng.76.

Kjolby M, Andersen OM, Breiderhoff T, Fjorback AW, Pedersen
KM, Madsen P, Jansen P, Heeren J, Willnow TE, Nykjaer A. Sortl,
encoded by the cardiovascular risk locus 1p13.3, is a regulator of he-
patic lipoprotein export. Cell Metab. 2010;12:213-223. doi: 10.1016/j.
cmet.2010.08.006.

Musunuru K, Strong A, Frank-Kamenetsky M, et al. From noncoding
variant to phenotype via SORT1 at the 1p13 cholesterol locus. Nature.
2010;466:714-719. doi: 10.1038/nature09266.

Strong A, Ding Q, Edmondson AC, et al. Hepatic sortilin regulates
both apolipoprotein B secretion and LDL catabolism. J Clin Invest.
2012;122:2807-2816. doi: 10.1172/JC163563.

Tveten K, Strgm TB, Cameron J, Berge KE, Leren TP. Mutations in
the SORTI1 gene are unlikely to cause autosomal dominant hyper-
cholesterolemia. Atherosclerosis. 2012;225:370-375. doi: 10.1016/j.
atherosclerosis.2012.10.026.

Batenburg WW, Lu X, Leijten F, Maschke U, Miiller DN, Danser AH.
Renin- and prorenin-induced effects in rat vascular smooth muscle cells
overexpressing the human (pro)renin receptor: does (pro)renin-(pro)renin
receptor interaction actually occur? Hypertension. 2011;58:1111-1119.
doi: 10.1161/HYPERTENSIONAHA.111.180737.

Batenburg WW, Danser AH. (Proj)renin and its receptors: pathophysi-
ological implications. Clin Sci (Lond). 2012;123:121-133. doi: 10.1042/
CS20120042.

Cruciat CM, Ohkawara B, Acebron SP, Karaulanov E, Reinhard C,
Ingelfinger D, Boutros M, Niehrs C. Requirement of prorenin receptor and



8T0Z ‘2T Jequieides uo Aq Bio'sfeulno feye//:dny wouy papeojumoq

27.

28.

29.

30.

31.

32.

33.

34.

35.

37.

38.

40.

41.

42.

43.

Ren et al

vacuolar H+-ATPase-mediated acidification for Wnt signaling. Science.
2010;327:459-463. doi: 10.1126/science.1179802.

Geisberger S, Maschke U, Gebhardt M, Kleinewietfeld M, Manzel A,
Linker RA, Chidgey A, Dechend R, Nguyen G, Daumke O, Muller DN,
‘Wright MD, Binger KJ. New role for the (pro)renin receptor in T-cell devel-
opment. Blood. 2015;126:504-507. doi: 10.1182/blood-2015-03-635292.
Kinouchi K, Ichihara A, Sano M, Sun-Wada GH, Wada Y, Kurauchi-Mito
A, Bokuda K, Narita T, Oshima Y, Sakoda M, Tamai Y, Sato H, Fukuda
K, Itoh H. The (pro)renin receptor/ATP6AP?2 is essential for vacuolar H+-
ATPase assembly in murine cardiomyocytes. Circ Res. 2010;107:30-34.
doi: 10.1161/CIRCRESAHA.110.224667.

Oshima Y, Kinouchi K, Ichihara A, Sakoda M, Kurauchi-Mito A, Bokuda
K, Narita T, Kurosawa H, Sun-Wada GH, Wada Y, Yamada T, Takemoto M,
Saleem MA, Quaggin SE, Itoh H. Prorenin receptor is essential for normal
podocyte structure and function. J Am Soc Nephrol. 2011;22:2203-2212.
doi: 10.1681/ASN.2011020202.

Riediger F, Quack I, Qadri F, et al. Prorenin receptor is essential for podo-
cyte autophagy and survival. J Am Soc Nephrol. 2011;22:2193-2202. doi:
10.1681/ASN.2011020200.

Lu X, Meima ME, Nelson JK, Sorrentino V, Loregger A, Scheij S,
Dekkers DH, Mulder MT, Demmers JA, M-Dallinga-Thie G, Zelcer N,
Danser AH. Identification of the (pro)renin receptor as a novel regulator
of low-density lipoprotein metabolism. Circ Res. 2016;118:222-229. doi:
10.1161/CIRCRESAHA.115.306799.

Lu H, Howatt DA, Balakrishnan A, Graham MJ, Mullick AE, Daugherty
A. Hypercholesterolemia induced by a PCSK9 gain-of-function mutation
augments angiotensin II-induced abdominal aortic aneurysms in C57BL/6
mice-brief report. Arterioscler Thromb Vasc Biol. 2016;36:1753-1757.
doi: 10.1161/ATVBAHA.116.307613.

Goettsch C, Hutcheson JD, Hagita S, Rogers MA, Creager MD, Pham
T, Choi J, Mlynarchik AK, Pieper B, Kjolby M, Aikawa M, Aikawa E.
A single injection of gain-of-function mutant PCSK9 adeno-associated
virus vector induces cardiovascular calcification in mice with no ge-
netic modification. Atherosclerosis. 2016;251:109-118. doi: 10.1016/j.
atherosclerosis.2016.06.011.

Postic C, Girard J. Contribution of de novo fatty acid synthesis to hepatic
steatosis and insulin resistance: lessons from genetically engineered mice.
J Clin Invest. 2008;118:829-838. doi: 10.1172/JCI34275.

Sugden MC, Holness MJ. Recent advances in mechanisms regulating
glucose oxidation at the level of the pyruvate dehydrogenase complex
by PDKs. Am J Physiol Endocrinol Metab. 2003;284:E855-E862. doi:
10.1152/ajpendo.00526.2002.

. Foster DW. Malonyl-CoA: the regulator of fatty acid synthesis and oxida-

tion. J Clin Invest. 2012;122:1958-1959.

Tong L. Acetyl-coenzyme A carboxylase: crucial metabolic enzyme and
attractive target for drug discovery. Cell Mol Life Sci. 2005;62:1784—-1803.
doi: 10.1007/s00018-005-5121-4.

Teslovich TM, Musunuru K, Smith AV, et al. Biological, clinical and pop-
ulation relevance of 95 loci for blood lipids. Nature. 2010;466:707-713.
doi: 10.1038/nature09270.

. Zoncu R, Bar-Peled L, Efeyan A, Wang S, Sancak Y, Sabatini DM.

mTORCTI senses lysosomal amino acids through an inside-out mechanism
that requires the vacuolar H(+)-ATPase. Science. 2011;334:678-683. doi:
10.1126/science.1207056.

Hu Y, Carraro-Lacroix LR, Wang A, Owen C, Bajenova E, Corey PN,
Brumell JH, Voronov I. Lysosomal pH plays a key role in regulation of
mTOR activity in osteoclasts. J Cell Biochem. 2016;117:413-425. doi:
10.1002/jcb.25287.

Li S, Brown MS, Goldstein JL. Bifurcation of insulin signaling pathway in
rat liver: mTORCI required for stimulation of lipogenesis, but not inhibi-
tion of gluconeogenesis. Proc Natl Acad Sci USA. 2010;107:3441-3446.
doi: 10.1073/pnas.0914798107.

Peterson TR, Sengupta SS, Harris TE, Carmack AE, Kang SA, Balderas E,
Guertin DA, Madden KL, Carpenter AE, Finck BN, Sabatini DM. mTOR
complex 1 regulates lipin 1 localization to control the SREBP pathway.
Cell. 2011;146:408-420. doi: 10.1016/j.cell.2011.06.034.

Ai D, Baez JM, Jiang H, Conlon DM, Hernandez-Ono A, Frank-
Kamenetsky M, Milstein S, Fitzgerald K, Murphy AJ, Woo CW, Strong

(Pro)renin Receptor Regulates Lipid Metabolism

44,

45.

46.

47.
48.
49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

741

A, Ginsberg HN, Tabas I, Rader DJ, Tall AR. Activation of ER stress and
mTORCI suppresses hepatic sortilin-1 levels in obese mice. J Clin Invest.
2012;122:1677-1687. doi: 10.1172/JCI61248.

Lu X, Garrelds IM, Wagner CA, Danser AH, Meima ME. (Pro)renin
receptor is required for prorenin-dependent and -independent regula-
tion of vacuolar H*-ATPase activity in MDCK.C11 collecting duct
cells. Am J Physiol Renal Physiol. 2013;305:F417-F425. doi: 10.1152/
ajprenal.00037.2013.

Kissing S, Rudnik S, Damme M, Liillmann-Rauch R, Ichihara A,
Kornak U, Eskelinen EL, Jabs S, Heeren J, De Brabander JK, Haas
A, Saftig P. Disruption of the vacuolar-type H+-ATPase complex
in liver causes MTORCI-independent accumulation of autopha-
gic vacuoles and lysosomes. Autophagy. 2017;13:670-685. doi:
10.1080/15548627.2017.1280216.

Engeli S, Negrel R, Sharma AM. Physiology and pathophysiology of the ad-
ipose tissue renin-angiotensin system. Hypertension. 2000;35:1270-1277.
Kanda A, Noda K, Ishida S. ATP6AP2/(pro)renin receptor contributes to
glucose metabolism via stabilizing the pyruvate dehydrogenase E1 {3 sub-
unit. J Biol Chem. 2015;290:9690-9700. doi: 10.1074/jbc.M114.626713.
Patel MS, Nemeria NS, Furey W, Jordan F. The pyruvate dehydroge-
nase complexes: structure-based function and regulation. J Biol Chem.
2014;289:16615-16623. doi: 10.1074/jbc.R114.563148.

Harris RA, Bowker-Kinley MM, Huang B, Wu P. Regulation of the
activity of the pyruvate dehydrogenase complex. Adv Enzyme Regul.
2002;42:249-259.

Sun 'Y, Danser AHJ, Lu X. (Pro)renin receptor as a therapeutic target for
the treatment of cardiovascular diseases? Pharmacol Res. 2017;125(pt
A):48-56.

Choi CS, Savage DB, Abu-Elheiga L, Liu ZX, Kim S, Kulkarni A,
Distefano A, Hwang YJ, Reznick RM, Codella R, Zhang D, Cline GW,
Wakil SJ, Shulman GI. Continuous fat oxidation in acetyl-CoA car-
boxylase 2 knockout mice increases total energy expenditure, reduces
fat mass, and improves insulin sensitivity. Proc Natl Acad Sci USA.
2007;104:16480—16485. doi: 10.1073/pnas.0706794104.

Abu-Elheiga L, Matzuk MM, Abo-Hashema KA, Wakil SJ. Continuous
fatty acid oxidation and reduced fat storage in mice lacking acetyl-CoA car-
boxylase 2. Science. 2001;291:2613-2616. doi: 10.1126/science.1056843.
Inoue M, Ohtake T, Motomura W, Takahashi N, Hosoki Y, Miyoshi S, Suzuki
Y, Saito H, Kohgo Y, Okumura T. Increased expression of PPARgamma
in high fat diet-induced liver steatosis in mice. Biochem Biophys Res
Commun. 2005;336:215-222. doi: 10.1016/j.bbrc.2005.08.070.
Gavrilova O, Haluzik M, Matsusue K, Cutson JJ, Johnson L, Dietz KR,
Nicol CJ, Vinson C, Gonzalez FJ, Reitman ML. Liver peroxisome prolifer-
ator-activated receptor gamma contributes to hepatic steatosis, triglyceride
clearance, and regulation of body fat mass. J Biol Chem. 2003;278:34268—
34276. doi: 10.1074/jbc.M300043200.

Zhang YL, Hernandez-Ono A, Siri P, Weisberg S, Conlon D, Graham MJ,
Crooke RM, Huang LS, Ginsberg HN. Aberrant hepatic expression of
PPARgamma2 stimulates hepatic lipogenesis in a mouse model of obe-
sity, insulin resistance, dyslipidemia, and hepatic steatosis. J Biol Chem.
2006;281:37603-37615. doi: 10.1074/jbc.M604709200.

Wu CH, Mohammadmoradi S, Thompson J, Su W, Gong M,
Nguyen G, Yiannikouris F. Adipocyte (pro)renin-receptor deficien-
cy induces lipodystrophy, liver steatosis and increases blood pres-
sure in male mice. Hypertension. 2016;68:213-219. doi: 10.1161/
HYPERTENSIONAHA.115.06954.

Shamansurova Z, Tan P, Ahmed B, Pepin E, Seda O, Lavoie JL. Adipose
tissue (P)RR regulates insulin sensitivity, fat mass and body weight. Mol
Metab. 2016;5:959-969. doi: 10.1016/j.molmet.2016.08.009.

Qi L, Heredia JE, Altarejos JY, Screaton R, Goebel N, Niessen S,
Macleod IX, Liew CW, Kulkarni RN, Bain J, Newgard C, Nelson M,
Evans RM, Yates J, Montminy M. TRB3 links the E3 ubiquitin ligase
COP1 to lipid metabolism. Science. 2006;312:1763-1766. doi: 10.1126/
science.1123374.

Rouillard AD, Gundersen GW, Fernandez NF, Wang Z, Monteiro CD,
McDermott MG, Ma’ayan A. The harmonizome: a collection of processed
datasets gathered to serve and mine knowledge about genes and proteins.
Database (Oxford). 2016;2016:baw100.





