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SUMMARY

Arrestin-dependent activation of a G-protein-coupled receptor (GPCR) triggers
endocytotic internalization of the receptor complex. We analyzed the interaction
between the pattern recognition receptor (PRR) lectin-like oxidized low-density
lipoprotein (oxLDL) receptor (LOX-1) and the GPCR angiotensin II type 1 receptor
(AT1) to report a hitherto unidentified mechanism whereby internalization of the
GPCRmediates cellular endocytosis of the PRR ligand. Using genetically modified
Chinese hamster ovary cells, we found that oxLDL activates Gai but not the Gaq
pathway of AT1 in the presence of LOX-1. Endocytosis of the oxLDL-LOX-1 com-
plex through the AT1-b-arrestin pathwaywas demonstrated by real-time imaging
of the membrane dynamics of LOX-1 and visualization of endocytosis of oxLDL.
Finally, this endocytotic pathway involving GPCR kinases (GRKs), b-arrestin,
and clathrin is relevant in accumulating oxLDL in human vascular endothelial cells.
Together, our findings indicate that oxLDL activates selective G proteins and
b-arrestin-dependent internalization of AT1, whereby the oxLDL-LOX-1 complex
undergoes endocytosis.

INTRODUCTION

Seven-transmembrane G-protein-coupled receptors (GPCRs) have long been attractive targets for drug

discovery and development, as evidenced by the fact that about one-third of all drug targets are GPCRs

(Santos et al., 2017). In addition to canonical activation by binding of the cognate ligand, recent under-

standing of the allosteric activation pathways of GPCRs has revealed the diversity in the physiological

and pathological roles of this receptor family (Gentry et al., 2015; Khoury et al., 2014; Wootten et al.,

2013). The allosteric activation of GPCRs is primarily induced by ligand binding to the allosteric

ligand-binding domains of the GPCR (Gentry et al., 2015; Khoury et al., 2014; Wootten et al., 2013).

The allosteric ligands of GPCRs trigger a cellular response distinct from that elicited by orthosteric li-

gands by differentially regulating activation of G proteins and arrestins, the latter primarily mediating

cellular trafficking of receptor complexes (Jean-Charles et al., 2017; Ranjan et al., 2017; Smith and Raja-

gopal, 2016).

We recently reported that the angiotensin II type 1 receptor (AT1), a member of the class A GPCR family,

forms a complex with the single transmembrane lectin-like oxidized low-density lipoprotein (oxLDL) recep-

tor LOX-1 on the cellular membrane and thereby mediates oxLDL-induced AT1 activation, leading to

vascular endothelial dysfunction in mice (Yamamoto et al., 2015). It has been increasingly recognized

that heterodimerization of GPCRs could bias the signaling pathway of the partner receptor (Ferre et al.,

2014; Forrester et al., 2018). It has also been reported that ligand binding to GPCRs triggers signal trans-

ductionmodified by interactions with non-GPCRs, such as ion channels (Hermosilla et al., 2017; Shenoy and

Lefkowitz, 2011; Shukla et al., 2010). However, our previous study is the only example of ligand binding to

single transmembrane receptor-induced activation of an adjacent GPCR in the oligomeric complex (Yama-

moto et al., 2015). Therefore, the precise molecular pathways that are activated upon stimulation remain

largely undetermined in this case.
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The binding of AT1 to its original ligand angiotensin II (Ang II) triggers various cellular responses, primarily

by activating specific G proteins, includingGaq/11, Gai/0, andGa12/13, with Gaq/11 being responsible for

Ang II-induced arterial contraction (Berk, 1999; Hunyady and Catt, 2006). Since oxLDL is not a potent vaso-

constrictor, it is conceivable that the G protein activation of AT1 by oxLDL is distinct from that by Ang II.

Internalization and intracellular trafficking of AT1 mediated by its interaction with b-arrestins (ARRBs) are

the cellular responses of desensitization to prolonged Ang II stimulation (Hunyady, 1999; Hunyady et al.,

2000). However, this also functions as a transport system for molecules adjacent to the receptor. Accumu-

lation of oxLDL in atherosclerotic lesions is a major observation in the development of atherosclerosis

(Steinberg, 1997; Steinberg and Witztum, 2010). Considering the pathophysiological importance of the

intracellular accumulation of oxLDL in atherosclerosis, it is worth clarifying whether oxLDL binding to

LOX-1 can trigger AT1 internalization, translocation of the oxLDL-LOX-1-AT1 complex, and eventually

lead to intracellular accumulation of oxLDL.

In the present study, we investigated two topics: (1) whether oxLDL induces the activation of the same G

protein as Ang II and (2) whether oxLDL-induced AT1 activation causes the cellular accumulation of oxLDL.

RESULTS

oxLDL-induced activation of AT1 is G protein selective

In this study, we used five different genetically engineered Chinese hamster ovary (CHO) cells that endoge-

nously express neither LOX-1 nor AT1 to individually analyze the G protein and b-arrestin pathways of

oxLDL-induced AT1 activation. CHO cells expressing either human (h)AT1R or hLOX1 (CHO-AT1 and CHO-

LOX-1, respectively), CHO cells expressing both hLOX-1 and hAT1 (CHO-LOX-1-AT1), CHO cells expressing

both hLOX-1 and mutated hAT1 with impaired ability to activate G protein (Haendeler et al., 2000) (CHO-

LOX-1-AT1 mutant with b-arrestin-biased signaling [CHO-LOX-1-AT1mb]), and CHO cells expressing both

hLOX-1 and mutated hAT1 with impaired ability to activate b-arrestin (CHO-LOX-1-AT1 mutant with G-pro-

tein-biased signaling [CHO-LOX-1-AT1mg]) (Qian et al., 2001) (Figures 1A and 1B) were used. There was no dif-

ference in the magnitude of membrane expression of these receptors among the respective cells, as assessed

by cell-based enzyme-linked immunosorbent assay (ELISA) in non-permeabilized conditions (Figure 1C).

We previously found that the proximity between LOX-1 and AT1 on the cellular membrane was absent be-

tween LOX-1 and the Ang II type receptor (AT2), which is the isoform of AT1, in an in situ proximity ligation

assay (PLA), indicating that LOX-1 specifically binds to AT1 (Yamamoto et al., 2015). Similar red fluores-

cence intensity was observed in in situ PLA in non-permeabilized conditions in CHO-LOX-1-AT1, CHO-

LOX-1-AT1mb, and CHO-LOX-1-AT1mg, suggesting that these AT1 mutants interact with LOX-1, similar

to the interaction with intact AT1 on the cellular surface (Figure 1D).

These cells were used to investigate whether oxLDL could activate Gai andGaq, which interact with AT1, by

quantifying the reduction in Forskolin-induced cyclic adenosinemonophosphate (cAMP) accumulation and

increase in inositol monophosphate (IP1) production, respectively. As shown in Figure 2A, oxLDL and Ang II

decreased cAMP in CHO-LOX-1-AT1 in a dose-dependent manner, with an EC50 of 7.4 mg/mL and 10�8 M,

respectively. A reduction in cAMP by 40 mg/mL oxLDL was not observed in either CHO-LOX1 or CHO-LOX-

1-AT1 cells treated with the Gai inhibitor pertussis toxin (PTX) (Figure 2B). G protein dependence of this

phenomenon was also confirmed by the reduction in cAMP by oxLDL in CHO-LOX-1-AT1mg but not in

CHO-LOX-1-AT1mb (Figure 2B).

In contrast to the findings regarding Gai signaling, oxLDL did not induce the activation of Gaq signaling

through the LOX-1-AT1-dependent pathway, as shown by the lack of IP1 accumulation in response to

high concentrations of oxLDL in CHO-LOX-1-AT1 (Figure 2D). As expected, Ang II dose dependently

increased IP1 production in CHO-LOX-1-AT1, and the effect was highly reduced in CHO-LOX-1-AT1mb

but not in CHO-LOX-1-AT1mg (Figures 2C and 2D). These findings suggest that oxLDL-induced activation

of AT1 is distinct from the Ang II-induced activation of AT1 in terms of G protein selectivity.

oxLDL induces cellular inflammation additively with Ang II via the AT1-G-protein-dependent

pathway

We assessed cellular inflammation by detecting the activation of NF-kB using the dual luciferase reporter

assay system in the genetically engineered CHO cells. As shown in Figure 3A, oxLDL dose dependently
2 iScience 24, 102076, February 19, 2021



Figure 1. Generation of genetically engineered CHO cells expressing LOX-1 and/or AT1 or biased AT1 mutants

(A) Overview of two biased AT1 mutants.

AT1mb, AT1 mutant with b-arrestin-biased signaling; AT1mg, AT1 mutant with G-protein-biased signaling.

(B) Immunofluorescence of CHO cells stably expressing V5-tagged LOX-1 and/or FLAG-tagged AT1 or biased AT1 mutants using anti-V5 or anti-FLAG

antibodies. Scale bar (mm).

(C) Quantification of membrane-expressing V5-tagged LOX-1 and FLAG-tagged AT1 or biased AT1 mutants by cell-based ELISA. Absorbance in CHO cells

expressing V5-tagged LOX-1 and FLAG-tagged AT1 (CHO-LOX-1-AT1) was normalized to 100% (n = 5, each). Data are represented as mean G SEM. The

differences were determined by one-way analysis of variance (ANOVA) with Bonferroni correction. *p < 0.01 vs. the other types of cells.

(D) In situ proximity ligation assay (PLA) of CHO cells stably expressing V5-tagged LOX-1 and/or FLAG-tagged AT1 or biased AT1 mutants using anti-V5 and

anti-FLAG antibodies. Scale bar (mm).

The graph indicates the fluorescence/number of nuclei (% of that in CHO-AT1) (n = 3, each) Data are represented as mean G SEM. The differences were

determined by one-way ANOVA with Bonferroni correction. *p < 0.01 vs.CHO-AT1, CHO-LOX-1, yp < 0.05 vs.CHO-AT1, p < 0.01 vs. CHO-LOX-1.
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increased the activation of NfkB in CHO-LOX-1-AT1 and CHO-LOX-1-AT1mg, and the activation was

significantly attenuated in CHO-LOX-1-AT1mb, suggesting that oxLDL-induced inflammatory response in-

volves G-protein-dependent but not b-arrestin-dependent signaling pathway of AT1. We also found that
iScience 24, 102076, February 19, 2021 3



Figure 2. Assessment of Gai and Gq signaling in genetically engineered CHO cells by quantifying reduction in

Forskolin-induced cAMP accumulation and increase in IP1 production, respectively

(A) Dose-dependent response in cyclic adenosine monophosphate (cAMP) concentration in response to oxLDL or

angiotensin II in CHO-LOX-1-AT1. Cells were treated with 1 mM forskolin to induce cAMP accumulation (n = 4, each). Data

are represented as mean G SEM.

(B) cAMP concentration in response to vehicle, 40 mg/mL oxLDL or 10�8 M angiotensin II in genetically engineered CHO

cells. Gi inhibitor pertussis toxin (PTX) was pretreated at 25 ng/mL for 12 h before stimulation. The concentration in

control-treated wells in each cell type was normalized to 100% (n = 6–8). Data are represented as mean G SEM. The

differences were determined by one-way analysis of variance (ANOVA) with Bonferroni correction. *p < 0.01.

(C) Dose-dependent response in inositol monophosphate (IP1) concentration in response to angiotensin II in CHO-LOX-

1-AT1, expressed as percentage of IP1 concentration in the absence of angiotensin II (n = 4, each). Data are represented

as mean G SEM.

(D) IP1 concentration in response to vehicle, angiotensin II (10�7M), or oxLDL in genetically engineered CHO cells. The

concentration in control wells of each cell type was normalized to 100% (n = 4, each).

Data are represented as mean G SEM. The differences were determined by one-way ANOVA with Bonferroni correction.

*p < 0.01.
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the activation of NfkB increased prominently in response to the combined treatment of Ang II with oxLDL

compared to either treatment alone in CHO-LOX-1-AT1, suggesting that the Ang II-AT1 signaling and the

oxLDL-LOX-1-AT1 signaling have additive effect on cellular inflammation in this cell condition (Figure 3B).

oxLDL induces internalization of LOX-1 and AT1 via a b-arrestin-dependent signaling

pathway of AT1

To investigate whether the activation of AT1 by oxLDL induced internalization of the LOX-1-AT1 complex,

we utilized a live cell imaging technique using a real-time spinning disk confocal super-resolution micro-

scope in CHO-K1 cells transiently transfected with LOX-1 labeled with mScarlet and AT1 labeled

with eGFP. As shown in the Video S1, we observed yellow puncta, indicating co-localization of AT1 and

LOX-1 moving on the cell surface-focused image, with some of them disappearing after application of

10 mg/mL oxLDL, implying that the complex of LOX-1 and AT1 had been internalized. To quantify the inter-

nalization of LOX-1 in response to oxLDL stimulation, we analyzed the percentage of red LOX-1 puncta that

vanished during treatment with vehicle or 10 mg/mL oxLDL, by comparing images before and 3 min after
4 iScience 24, 102076, February 19, 2021



Figure 3. Assessment of NfkB activity in genetically engineered CHO cells

(A) NfkB activity detected by a luciferase reporter assay in CHO-LOX-1-AT1, CHO-LOX-1-AT1mb, and CHO-LOX-1-

AT1mg treated with different concentration of oxLDL for 24 hr. The relative luminescence (NfkB-luciferase/control-renilla)

in each cell type treated with 0mg/ml oxLDL in each cell type was normalized to 100% (n = 5). Data are represented as

mean G SEM. The differences were determined by one-way analysis of variance (ANOVA) with Bonferroni correction.

*p < 0.05 vs. 0mg/ml oxLDL.

yp < 0.05 vs. concentration-matched oxLDL in CHO-LOX-1-AT1mb.

(B) NfkB activity detected by a luciferase reporter assay in CHO-LOX-1-AT1 treated with vehicle, 2.5, 5mg/ml oxLDL, 10�8

M Ang II, or oxLDL in combination with Ang II for 24 hr. The relative luminescence (NfkB-luciferase/control-renilla) in each

cell type treated with 0mg/ml oxLDL in each cell type was normalized to 100% (n = 5). Data are represented as mean G

SEM. The differences were determined by one-way ANOVA with Bonferroni correction. *p < 0.01 vs. vehicle treatment.
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application of each reagent in CHO cells expressing fluorescent-labeled receptors (Figures 4A and 4B). We

found that oxLDL increased the number of vanished puncta in cells transfected with LOX-1 and AT1 but not

in cells transfected with LOX-1 alone (Figure 4C). This phenomenon appeared to be b-arrestin dependent,

as the increase in vanished LOX-1 puncta was similarly observed in response to oxLDL in cells transfected

with LOX-1 and AT1mb, but was totally dampened in cells transfected with LOX-1 and AT1mg (Figure 4C).

Intracellular accumulation of oxLDL depends on the concurrent presence of LOX-1 and AT1

We used fluorescent oxLDL (Dil-oxLDL) to monitor cellular accumulation of oxLDL as a consequence of

LOX-1 internalization. The binding of oxLDL to the cellular membrane was monitored after 30 min incuba-

tion with Dil-oxLDL at 4�C (Figure 5A). As shown in Figure 5B, oxLDL binds to LOX-1 at the cellular mem-

brane in a similar manner between CHO-LOX-1 and CHO-LOX-1-AT1. Endocytic traffic of oxLDL was

detected in CHO-LOX-1-AT1, where co-localization of oxLDL with early and late endosomes and lyso-

somes was observed, and the co-localization with lysosomes increased over time following 30 min of

Dil-oxLDL treatment (Figure S1). Cellular accumulation of oxLDL was monitored in CHO cells after applica-

tion of Dil-oxLDL for 30 min followed by washing of membrane-bound oxLDL for 24 h at 37�C (Figure 5A).

Cellular accumulation of Dil-oxLDL was competitively blocked by co-treatment with non-fluorescent

oxLDL, suggesting that the accumulation is not induced by the non-specific accumulation of Dil fluorescent

dye (Figure S2). We found that cellular (fluorescent) oxLDL content was consistently higher in CHO-LOX-1-

AT1 than in CHO-AT1 and CHO-LOX-1 after application of 0.4, 2, and 10 mg/mL oxLDL (Figure 5C). While

cellular oxLDL content was similar between CHO-AT1 and CHO-LOX-1 after the application of 2 mg/mL

oxLDL, 10 mg/mL oxLDL accumulated more vigorously in CHO-LOX-1 than in CHO-AT1, suggesting the

presence of AT1-independent uptake of oxLDL via LOX-1 (Figure 5C). Pretreatment with the LOX-1 anti-

body dampened the increased uptake of oxLDL in the LOX-1-expressing CHO cells (Figure 5C).

Intracellular accumulation of oxLDL in the presence of LOX-1 is stimulated by the activation

of a b-arrestin-dependent signaling pathway of AT1

We found that oxLDL binding to LOX-1 on the cellular membrane was similarly observed in CHO-LOX-1-AT1,

CHO-LOX-1-AT1mb, and CHO-LOX-1-AT1mg cells (Figure 5D). As shown in Figure 5E, the cellular oxLDL con-

tent after the application of 2 mg/mLDil-oxLDLwas higher in CHO-LOX-1-AT1 andCHO-LOX-1-AT1mb than in

CHO-LOX-1-AT1mgandCHO-LOX-1, suggesting that the uptake of oxLDL throughAT1was b-arrestin depen-

dent (Figure 5E). Themechanismwas further confirmed using transfection of dominant negative (DN) b-arrestin

(Krupnick et al., 1997) as compared to that of the negative control vector harboring mutated DN-b-arrestin, in
iScience 24, 102076, February 19, 2021 5



Figure 4. AT1-b-arrestin-dependent internalization of membrane LOX-1 in response to oxLDL treatment

(A) Calculation of change in red puncta of LOX-1. Real-time membrane imaging of CHO-K1 cells co-transfected with LOX-

1-mScarlet and control, AT1, AT1mb, or AT1mg labeled with eGFP (Video S1). A count of puncta was performed using

separated images visualizing LOX-1-scarlet just before and 3 min after ligand application.

(B) Example of counting red puncta in CHO-K1 cells co-expressing LOX-1-scarlet and AT1-GFP applied with oxLDL. In this

case, the change in LOX-1 puncta is (228 � 188)/288 3 100 = 17.5%.

(C) Change in LOX-1 puncta in CHO-K1 cells expressing the indicated receptors (n = 6–9).

Data are represented as mean G SEM. The difference between the application of vehicle and oxLDL was determined by

Student’s t-test. *p < 0.01.
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which theclathrin-bindingdomainwasdeleted (Kanget al., 2009), or barbadin, an inhibitor of theb-arrestin/AP2

endocytic complex (Beautrait et al., 2017) (Figures 5F and 5G). Transfection of DN b-arrestin decreased the

uptake of 2 mg/mL oxLDL in CHO-LOX-1-AT1 compared to that in cells transfected with the negative control

vector, while no difference was observed in similarly treated CHO-LOX-1, further supporting the b-arrestin-

dependent uptakeof oxLDL throughAT1 (Figure 5F). A similar effect ofDN-b-arrestinwasobservedupon treat-

ment with 10 mg/mL oxLDL in CHO-LOX-1-AT1 but not CHO-LOX-1, suggesting that the AT1-independent

uptake of a higher concentration of oxLDL via LOX-1 (Figure 5C) was b-arrestin independent (Figure S3). The

b-arrestin-induced endocytosis of oxLDL was also supported by barbadin, which inhibits the accumulation of

oxLDL in CHO-LOX-1-AT1 but not in CHO-LOX-1 (Figure 5G). We confirmed that the cellular accumulation

of oxLDL does not depend on Gai or Gaq-dependent pathways, as pharmacological inhibitors of Gaq and

Gai had no effect on oxLDL accumulation in CHO-LOX-1-AT1 (Figure S4).

LOX-1-AT1-b-arrestin-dependent oxLDL uptake is relevant in human vascular endothelial

cells

We explored the biological relevance of the LOX-1-AT1-b-arrestin-dependent uptake of oxLDL in human

vascular endothelial cells (Figure 6A). Similar to the findings in CHO-LOX-1-AT1 (Figure S1), endocytic traffic
6 iScience 24, 102076, February 19, 2021
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Figure 5. LOX-1-AT1-b-arrestin-dependent uptake of oxLDL in genetically engineered CHO cells

(A) Protocol of visualization of membrane binding and intracellular uptake of Dil-labeled oxLDL in genetically engineered

CHO cells.

(B) Binding of 2 mg/mL Dil-labeled oxLDL in the indicated genetically engineered CHO cells (n = 4, each). Scale bar, mm.

The graph indicates the fluorescence/number of nuclei, and the average value of the group at the far left was normalized

to 100%. Data are represented as mean G SEM. The differences were determined by one-way analysis of

variance (ANOVA) with Bonferroni correction. *p < 0.01.

(C) Intracellular uptake of the indicated concentration of Dil-labeled oxLDL in the indicated genetically engineered CHO

cells. LOX-1 neutralizing antibody, TS92, was used to pretreat the cells at 10 mg/mL for 30 min before stimulation (n = 4,

each). Scale bar, mm. The graph indicates the fluorescence/number of nuclei, and the average value of the group at the far

left was normalized to 100%. Data are represented as mean G SEM. The differences were determined by one-way

ANOVA with Bonferroni correction. *p < 0.01, yp < 0.05.

(D) Binding of 2 mg/mL Dil-labeled oxLDL in the indicated genetically engineered CHO cells (n = 5, each). Scale bar, mm.

The graph indicates the fluorescence/number of nuclei, and the average value of the group at the far left was normalized

to 100%. Data are represented as mean G SEM. The differences were determined by one-way ANOVA.

(E) Intracellular uptake of 2 mg/mL Dil-labeled oxLDL in the indicated genetically engineered CHO cells (n = 5, each). Scale

bar, mm. The graph indicates the fluorescence/number of nuclei, and the average value of the group at the far left was

normalized to 100%. Data are represented as mean G SEM. The differences were determined by one-way ANOVA with

Bonferroni correction. *p < 0.01.

(F) Intracellular uptake of 2 mg/mL Dil-labeled oxLDL in the indicated genetically engineered CHO cells transfected with

dominant negative vector of b-arrestin (barre-DN) or negative control vector (N.C.) (n = 5, each). The vectors were

transfected 24 h before stimulation with Dil-labeled oxLDL.

Schematics of barre-DN and N.C. are shown in Figure 3 (E). Scale bar, mm.

The graph indicates the fluorescence/number of nuclei, and the average value of the group at the far left was normalized

to 100%. Data are represented as mean G SEM. The differences were determined by one-way ANOVA with Bonferroni

correction. *p < 0.01.

(G) Intracellular uptake of 2 mg/mL Dil-labeled oxLDL in the indicated genetically engineered CHO cells pretreated with

vehicle or the b-arrestin-specific inhibitor barbadin at 10 mM for 30min (n = 5, each). Scale bar, mm. The graph indicates the

fluorescence/number of nuclei, and the average value of the group at the far left was normalized to 100%.

Data are represented as mean G SEM. The differences were determined by one-way ANOVA with Bonferroni correction.

*p < 0.01.
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of oxLDL was detected in human umbilical vein endothelial cells (HUVECs). In these cells, co-localization of

oxLDL with early and late endosomes and lysosomes was observed, which increased over time after 30 min

of Dil-oxLDL treatment for late endosomes and lysosomes (Figure S5).We found that oxLDL accumulated in

HUVECs and human aortic endothelial cells (HAECs) after the application of 2 mg/mL Dil-oxLDL for 6 h fol-

lowed by washing for 24 h (Figure 6B). Genetic knockdown ofAT1 or LOX-1 by small interfering RNA (siRNA)

prior to Dil-oxLDL application similarly inhibited the accumulation of oxLDL in these cells (Figure 6B, knock-

down efficiency shown in Figure S6A). Simultaneous knockdown of AT1 and LOX-1 had no additional effect

compared to the knockdown of each gene alone, suggesting that both receptors share the same pathway

for oxLDL uptake (Figure 6B). The inhibitory effect of siRNA againstAT1 or LOX-1was also observed in these

cells, even after a quickDil-oxLDL treatment (10min or 30min), suggesting the rapid kinetics of this phenom-

enon (Figure S7). It was recently reported that SR-B1 promotes transcytosis of both native LDL and oxLDL in

endothelial cells (Huang et al., 2019). Consistently, we found that siRNA targeting SCARB1, the gene encod-

ing SR-BI, inhibited the accumulation of Dil-oxLDL to a similar to siRNA targeting AT1 or LOX-1 (Figure 6C,

knockdown efficiency shown in Figure S6B). In contrast, pre- and co-treatment with 20 mg/mL native LDL

hampered this inhibitory effect of siRNA on SCARB1, whereas such treatments did not influence the effect

of siRNAonAT1 or LOX-1 (Figure 6C). This result is consistent with the binding specificity of LOX-1 formodi-

fied LDL. We also found that knockdown of b-arrestin 1 (ARRB1) and/or b-arrestin 2 (ARRB2) inhibited the

accumulation of oxLDL in HUVECs and HAECs to a similar extent as observed in cells with knockdown of

AT1 (Figure 6D). b-arrestin-dependent uptake of oxLDL in endothelial cells was further supported by DN

or pharmacological inhibition of b-arrestin, both of which inhibited the uptake of oxLDL in HUVECs and

HAECs (Figures 6E and 6F). b-arrestin is known tomediateG-protein-independent activation of extracellular

signal-regulated kinase 1/2 by Ang II (Lee et al., 2008). In line with the literature, we found that the activation

of ERK1/2 in HUVECs, triggered by a 10-min treatment with oxLDL, was inhibited, at least partially, by treat-

ment with barbadin, while this phenomenon did not occur in presence of the Gai inhibitor PTX, consistent

with our previous study (Yamamoto et al., 2015) (Figure S8). We also found that the activation of ERK 1/2 by

the co-treatment of 20mg/ml oxLDL with 10�7MAng II was equivalent to that by Ang II alone and lower than

that by oxLDL alone in HUVECs, suggesting that the effect of Ang II and oxLDL on cellular signaling is not

additive but rather competitive in certain experimental condition in endothelial cells (Figure S9).
8 iScience 24, 102076, February 19, 2021
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Figure 6. LOX-1-AT1-b-arrestin-dependent uptake of oxLDL in human endothelial cells

(A) Protocol for visualization of intracellular uptake of Dil-labeled oxLDL in human umbilical vein endothelial cells

(HUVECs) and human aortic endothelial cells (HAECs).

(B) Intracellular uptake of 2 mg/mL Dil-labeled oxLDL in cells with siRNA knockdown of indicated genes (n = 5, each). Scale

bar, mm. The graph indicates the fluorescence/number of nuclei, and the average value of the group at the far left was

normalized to 100%. Data are represented as mean G SEM. The differences were determined by one-way analysis of

variance (ANOVA) with Bonferroni correction. *p < 0.01 vs. control. The knockdown efficiency of each gene was

demonstrated in Figure S6.

(C) Intracellular uptake of 2 mg/mL Dil-labeled oxLDL in cells with siRNA-mediated knockdown of the indicated genes,

pre- and co-treated or not with non-labeled native LDL at 20 mg/mL (n = 10, each). Pretreatment with native LDL was

carried out for 1 hr. Scale bar, mm. The graph indicates the fluorescence/number of nuclei, and the average value of the

group at the far left was normalized to 100%. Data are represented as mean G SEM. The differences were determined by

one-way ANOVA with Bonferroni correction. *p < 0.01 vs. control. The knockdown efficiency of each gene was

demonstrated in Figure S6.

(D) Intracellular uptake of 2 mg/mL Dil-labeled oxLDL in cells with siRNA-mediated knockdown of the indicated genes

(n = 5, each). Scale bar, mm. The graph indicates the fluorescence/number of nuclei, and the average value of the group at

the far left was normalized to 100%.

Data are represented as mean G SEM. The differences were determined by one-way ANOVA with Bonferroni correction.

*p < 0.01 vs. control. The knockdown efficiency of each gene was demonstrated in Figure S6.

(E) Intracellular uptake of 2 mg/mL Dil-labeled oxLDL in cells transfected with dominant negative vector of b-arrestin

(barre-DN) or negative control vector (N.C.) (n = 5, each). Scale bar, mm. The graph indicates the fluorescence/number of

nuclei, and the average value of the group at the far left was normalized to 100%.

Data are represented as meanG SEM. The differences were determined by Student’s t-test. *p < 0.01 vs. control (DNmt).

(F) Intracellular uptake of 2 mg/mL Dil-labeled oxLDL in cells pretreated with vehicle or the b-arrestin-specific inhibitor

barbadin at 10 mM for 30 min (n = 5, each).

The graph indicates the fluorescence/number of nuclei, and the average value of the group at the far left was normalized

to 100%. Scale bar, mm.

The graph indicates the fluorescence/number of nuclei, and the average value of the group at the far left was normalized

to 100%.

Data are represented as mean G SEM. The differences were determined by Student’s t-test. *p < 0.01 vs. control.

(G and H) Intracellular uptake of 2 mg/mL Dil-labeled oxLDL in cells with siRNA-mediated knockdown of the indicated

genes (n = 5, each). Scale bar, mm.

The graph indicates the fluorescence/number of nuclei, and the average value of the group at the far left was normalized

to 100%. Data are represented as mean G SEM. The differences were determined by one-way ANOVA with Bonferroni

correction. *p < 0.01 vs. control. The knockdown efficiency of each gene was demonstrated in Figure S6.
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GPCR kinases and clathrin are involved in oxLDL uptake by human vascular endothelial cells

The interaction of GPCR kinases (GRKs) with the cytoplasmic tail of AT1 is a crucial step for Ang II-induced

AT1 internalization, followed by b-arrestin recruitment (Grisanti et al., 2018; Sato et al., 2015). Therefore, we

used siRNA-mediated knockdown of genes encoding the four major isoforms of GRKs (GRK2, GRK3, GRK5,

and GRK6) to investigate the involvement of these proteins in the uptake of oxLDL by endothelial cells (Kim

et al., 2005;Oppermann et al., 1996).We found that siRNA targetingGRK2orGRK3 decreased gene expres-

sion each other (Figure S6C). siRNA targetingGRK2,GRK3, orGRK5 inhibited oxLDL uptake in HUVECs and

HAECs, whereas siRNA targeting GRK6 had no effect on this process (Figure 6G, knockdown efficiency

shown in Figure S6C). Although Ang II-induced AT1 internalization occurs via clathrin-dependent endocy-

tosis,Murphy et al. reported thepresenceof LOX-1- and clathrin-independentmechanisms of oxLDLuptake

(Murphy et al., 2008). Therefore, as caveolae-mediated endocytosis of oxLDL was observed in HUVECs (Sun

et al., 2010), we tested whether the uptake of oxLDL in endothelial cells was affected by siRNA-mediated

knockdown of CHC17 or caveolin-1, encoding the key molecules for the formation of clathrin or caveolae,

respectively. We found that siRNA targeting either CHC17 or caveolin-1 inhibited the uptake of Dil-oxLDL

in HUVECs and HAECs, suggesting the involvement of both clathrin-dependent and clathrin-independent

pathways in the endocytosis of oxLDL (Figure 6H, knockdown efficiency shown in Figure S6D).
Pharmacological blockade of AT1 has no effect on b-arrestin-dependent internalization of the

oxLDL-LOX-1-AT1 complex

We previously reported that G-protein-dependent cell signaling of AT1 provoked by the binding of oxLDL

to LOX-1 is inhibited by treatment with AT1 blockers (ARBs) that competitively bind to the Ang II-binding

pocket of AT1 (Yamamoto et al., 2015). Finally, we tested whether ARBs could inhibit the b-arrestin-depen-

dent internalization of the oxLDL-LOX-1-AT1 complex. As a result, pretreatment with a high concentration
10 iScience 24, 102076, February 19, 2021
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(10 mM) of ARBs, losartan, telmisartan, or irbesartan had no effect on oxLDL uptake in CHO-LOX-1-AT1 or

HUVECs (Figure S10).
DISCUSSION

In the current study, we found that the activation of AT1 by the binding of oxLDL to LOX-1 is distinct from

the activation of AT1 by its orthosteric ligand Ang II, in terms of its selectivity in G protein signaling and the

biological significance of b-arrestin-dependent receptor internalization. Given that Ang II elicits its pressor

action primarily by Gq-dependent activation of AT1, the absence of AT1-Gq activation by oxLDL can

answer the question raised in our previous study (Yamamoto et al., 2015) regarding the lack of association

between hypertension and elevated circulating oxLDL concentration in patients with atherosclerosis (Tosh-

ima et al., 2000).

Clathrin-mediated endocytosis of AT1 via a b-arrestin-dependent pathway is widely recognized as a

cellular desensitization process by which the response to repetitive stimulation of Ang II is attenuated

(Turu et al., 2006; Violin and Lefkowitz, 2007). Our current findings strongly suggest that oxLDL triggers

the activation of GRKs, followed by b-arrestin-induced clathrin-dependent endocytosis of the AT1-LOX-

1 complex, whereby circulating oxLDL is translocated into vascular endothelial cells. The uptake of oxLDL

in the vascular endothelium by LOX-1 is involved in the development of atherosclerosis (Kita et al., 2001; Li

and Mehta, 2005; Mehta et al., 2006). Our findings raise the possibility that AT1-mediated internalization of

oxLDL and LOX-1 may be of pathophysiological significance, leading to a conceptual shift in understand-

ing of the functional significance of AT1 internalization beyond its role in receptor desensitization. Taken

together, these findings explain the difference in physiological and pathophysiological consequences of

AT1 activation induced by oxLDL and Ang II.

AT1-induced activation of b-arrestin has been conventionally detected using a bioluminescent resonance

energy transfer (BRET) assay. In the present study, we attempted to detect the oxLDL-induced BRET be-

tween AT1-Rluc8 and b-arrestin 2 (ARRB2)-mVenus in CHO-K1 cells in the presence of LOX-1. However,

this trial failed because the oxLDL solution substantially attenuated the luminescence, resulting in

oxLDL-induced elevation of the BRET ratio even in the absence of b-arrestin (ARRB)-mVenus (Figure S11).

Instead, the signatures of LOX-1-AT1-dependent b-arrestin activation were observed by the detection of

the molecular dynamics of LOX-1 on the cellular membrane in high-resolution live cell imaging (Figures

4A–4C). Given the observation that some merged puncta of AT1 and LOX-1 disappeared after the appli-

cation of oxLDL, we conducted a quantitative analysis to detect intracellular trafficking of LOX-1 in

response to oxLDL. While time-dependent changes in LOX-1 puncta could be a reflection of both its

appearance and disappearance from the cellular membrane, a substantial decline in LOX-1 puncta in

response to oxLDL was observed in parallel with the ability of AT1 to activate arrestin signaling.

Finally, endocytotic internalization of oxLDL was shown by the sublocalization of oxLDL through endo-

somes to lysosomes (Figures S1 and 5). This pathway was AT1-arrestin dependent as shown by microscopy

analysis in which the cellular contents of fluorescent oxLDL were prominently attenuated by the ablation of

the arrestin pathway of AT1 (Figure 4). Altogether, these findings establish a transport mechanism whereby

the oxLDL-LOX-1-AT1 complex is internalized in cells via the b-arrestin-dependent endocytosis of AT1. It

should be noted that LOX-1-dependent uptake of oxLDL involved an AT1-arrestin-independent pathway,

as higher concentrations of oxLDL (10 mg/mL) increased the cellular content of oxLDL in CHO-LOX-1, which

was not altered by DN b-arrestin (Figures 5C and S3). This finding is consistent with those of a previous

study showing that LOX-1 alone or oxLDL binding to LOX-1 (10 mg/mL) undergoes ligand-independent

constitutive internalization depending on its cytoplasmic tripeptide motif (Murphy et al., 2008). Indeed,

10 mg/mL oxLDL did not alter the dynamics of membrane LOX-1 in cells overexpressing LOX-1 alone, sug-

gesting that the internalization of LOX-1 at this concentration involves a ligand-independent pathway (Fig-

ure 4). The observation of this LOX-1- and AT1-independent endocytic pathway is consistent with the study

by Murphy et al. (2008), in which siRNA targeting CHC17 did not inhibit the uptake of oxLDL in HeLa cells

overexpressing LOX-1 alone. The existence of clathrin-independent endocytosis was also supported by the

finding that loss of function of caveolae or clathrin inhibited the uptake of oxLDL in endothelial cells (Fig-

ure 6H). Nevertheless, it is conceivable that the AT1-independent endocytosis of the LOX-1-oxLDL com-

plex is additive but not competitive with AT1-dependent endocytosis, as uptake of 10 mg/mL oxLDL was

higher in CHO-LOX-1-AT1 than in CHO-LOX-1 (Figure 5C).
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The question here is how oxLDL binding to LOX-1 stimulates such biased activation of AT1. AT1 forms a heter-

odimer with other GPCRs, and heterodimers tend to change the G protein preference and b-arrestin binding

affinity (Barki-Harrington et al., 2003; Bellot et al., 2015; Nishimura et al., 2016; Quitterer et al., 2019; Rozenfeld

et al., 2011; Siddiquee et al., 2013). However, while the known heterodimers of AT1 affect the signaling patterns

of AT1 activation induced by its orthosteric ligand Ang II, there is no precedence of our finding that a receptor

utilizes the adjacent GPCR as a mediator of signal transduction and a transporter of its ligand. Nevertheless,

someclues for potentialmechanisms have beenprovidedby recent advances in characterizing biasedAT1 acti-

vationby various stimuli. SII is awell-knownbiasedagonist of AT1 that selectively activatesb-arrestin, but recent

findingshave revealed itspotential to activateGprotein aswell (Domazetet al., 2015; Sauliere et al., 2012).More

recently, variousAng II analogs, includingSII,were tested for the selectivityofGprotein activationandb-arrestin

signaling, andmost of the analogs induced bias responses of AT1 against Gaq in favor of Gai, Ga12, and b-ar-

restin (Namkung et al., 2018). AT1 is activated by mechanical stretch (Zou et al., 2004), and this activation is

selective (Rakesh et al., 2010; Tang et al., 2014). Interestingly, Wang et al. (2018) recently reported that the me-

chanical stretch of AT1 activates Gai but not Gq, which then mediates b-arrestin biased signaling. This Gai-

dependentactivationofb-arrestin signaling isdistinct from thecurrent finding thatb-arrestin signalingbyoxLDL

is not altered by the impaired ability of AT1 to activate G protein. However, the preference to activate Gai

compared to Gq appears to be consistent among various allosteric stimulators of AT1. Previous studies have

suggested that the distinct signaling pathway of AT1 induced by different ligands depends on the ligand-spe-

cific structural change of the receptor. There are four crystal structures for inactive or active forms of AT1

reported in the Protein Data Bank (Clement et al., 2005; Quitterer et al., 2019; Zhang et al., 2015a, 2015b). Inter-

estingly, recent structural analysis using double electron-electron resonance spectroscopy indicated that b-ar-

restin biasedagonists induce less ‘‘open’’ conformational changes inAT1 thanAng II or agonistswith enhanced

Gaq coupling (Wingler et al., 2019). Further investigation is required to reveal the structural switch of AT1

induced by oxLDL binding to LOX-1, leading to a similar biased signaling pathway prevalent across diverse

stimuli.

Interestingly, we found that pharmacological inhibition of AT1 by ARBs did not alter the b-arrestin-depen-

dent internalization of the oxLDL-LOX-1-AT1 complex. This is in contrast to our previous findings that

G-protein-dependent signaling of oxLDL-induced AT1 activation is inhibited by ARBs (Yamamoto et al.,

2015). The concept of ARBs to inhibit oxLDL-LOX-1-induced AT1 activation is theoretically similar to that

of ‘‘inverse agonist’’ potential of ARBs to inhibit constitutive activation of AT1 induced by mechanical

stretch (Takezako et al., 2015). It is conceivable that the impact of ARBs on the oxLDL-LOX-1-induced struc-

tural change of AT1 is sufficient to block the G-protein-dependent pathway but insufficient to block the

b-arrestin-dependent pathway. Further investigation is required to clarify the structural basis of the selec-

tivity of ARBs in inhibiting oxLDL-induced AT1 activation.

We have demonstrated that a mechanism involving AT1 and b-arrestin can influence the uptake of oxLDL in

human vascular endothelial cells; however, the pathophysiological significance of this phenomenon re-

mains to be fully determined. We found that co-localization of oxLDL with lysosomes increased over

time after endocytosis in cells expressing both AT1 and LOX-1, suggesting that the majority of oxLDL is

terminally cleared from cells (Figures S1 and 5). This pathway is clearly distinct from the transcytosis of

oxLDL, which was recently found to depend on SR-BI (Figure 6C) (Huang et al., 2019). We previously

reported that oxLDL-induced endothelial dysfunction of the aortic ring was inhibited by ARB, as well as ge-

netic deletion of AT1a in mice (Yamamoto et al., 2015). Therefore, although we found that the ERK1/2 acti-

vation induced by oxLDL was partially blocked upon inhibition of b-arrestin (Figure S8), it is conceivable that

b-arrestin-dependent accumulation of oxLDL does not primarily contribute to endothelial dysfunction in

normal tissues. Indeed, we found that the oxLDL-induced inflammatory response detected by the activa-

tion of NfkB depended on G protein signaling but not on b-arrestin signaling of AT1 (Figure 3A). Neverthe-

less, recent studies have suggested that the disruption of the endothelial autophagy-lysosomal pathway

enhances the development of atherosclerosis, and oxLDL induces lysosomal dysfunction (Emanuel et al.,

2014; Torisu et al., 2016; Vion et al., 2017). Further investigation is required to elucidate how far the endo-

thelial uptake of oxLDL via the AT1-LOX-1 pathway contributes to the development of atherosclerosis

in vivo. Additionally, LOX-1 belongs to the c-type lectin receptor family and functions as a pattern recog-

nition receptor (PRR) that binds to multiple ligands, primarily including damage-associated molecular pat-

terns and pathogen-associated molecular patterns (Miller et al., 2011). LOX-1 binds to multiple ligands

besides oxLDL, including C-reactive protein, modified high-density lipoprotein, and remnant lipoprotein,

all of which could promote atherosclerosis (Besler et al., 2011; Fujita et al., 2009; Shin et al., 2004).
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Local production of Ang II may also promote atherosclerosis (Brasier et al., 2002). It has been shown that the

development of atherosclerosis is attenuated by the genetic deletion of either AT1 (Daugherty et al., 2004;

Wassmann et al., 2004) or LOX-1 (Mehta et al., 2007) in atherogenic mice. However, since our findings imply

that multiple molecules share the same LOX-1-AT1 system to exert their roles in atherogenesis, it is difficult

to determine how these individual molecules utilize the system and, thus, contribute to disease progres-

sion. In addition, it is of interest to clarify which pathways are more important in the development of

atherosclerosis: G-protein-dependent induction of vascular damage or b-arrestin-dependent vascular

accumulation of LOX-1 ligands. This is important from a therapeutic point of view, given the inhibitory ef-

fect of ARBs in the AT1-G protein-dependent pathway but not in the b-arrestin-dependent pathway. It also

remains to be determined whether these distinct molecular pathways can synergistically contribute to the

development of atherosclerosis. Finally, it is important to elucidate whether the canonical Ang II signaling

pathway is affected by oxLDL-induced AT1 activation, and vice versa, because Ang II and oxLDL utilize the

same receptor to trigger biological reactions in vivo. Indeed, we found the contrast cellular response by the

combined treatment of Ang II with oxLDL in different assays and cell types. While we found that the com-

bined treatment of Ang II and oxLDL prominently enhanced NfkB activity in CHO-LOX-1-AT1 (Figure 3B),

the combined treatment of these ligands did not enhance the activation of ERK 1/2 compared to each

treatment alone in endothelial cells (Figure S9). These results suggest that the combination of Ang II-

AT1 signaling and oxLDL-LOX-1-AT1 signaling could exert either inhibitory or additive cellular response

depending on undefined factors. The net cellular reaction in a milieu with the co-presence of Ang II and

oxLDL can be influenced by many factors including the concentration of these ligands, the abundance

of the receptors, and cell types. Further investigation using specific animal models is required to clarify

these questions and understand the overall pathophysiological relevance of this molecular machinery.

In conclusion, we demonstrated the first example of a transport system whereby a PRR ligand stimulates

biased signaling pathways of GPCR, which consequently leads to intracellular trafficking of the ligand.

Given the ability of PRRs to capture diverse ligands and their physiological and pathophysiological signif-

icance, it will be of interest to determine the extent to which our findings regarding LOX-1 pertain to other

PRRs and to evaluate the importance of these findings in health and disease.

Limitations of the study

Here, we use CHO cells, HUVECs, and HAECs. We have not yet analyzed the pathophysiological mecha-

nisms in vivo.
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Transparent Methods  1 

Cell culture and materials 2 

HUVECs and HAECs were cultured in EGM-2 (Clontech, USA). Cells less than five 3 

passages were used for the experiments. Transgenic CHO cells were maintained in F-12 4 

Nutrient Mixture with GlutamaxTM-I (Thermo Fisher Scientific, USA), 10% fetal bovine 5 

serum (FBS), and appropriate selection reagents as described below. Transcription of the 6 

genes in transgenic CHO cells was induced by adding doxycycline into culture media for 7 

24 h at a final concentration of 300 ng/ml. CHO-K1 cells were maintained in F-12 8 

Nutrient Mixture with GlutamaxTM-I (Thermo Fisher Scientific, USA) and 10% FBS. 9 

barbadin was purchased from Toronto research chemicals (Canada). Losartan, telmisartan, 10 

and irbesartan were purchased from Cayman Chemical (USA).   11 

 12 

Construction of plasmid vectors  13 

For stable transformants, pTRE2hyg vector encoding mutated human AT1 with impaired 14 

ability to activate G protein (pTRE2hyg-HA-FLAG-hAT1mβ) and pTRE2hyg vector 15 

(Clontech, USA) encoding mutated hAT1 with impaired ability to activate β-arrestin 16 

(pTRE2hyg-HA-FLAG-hAT1mg) were created using site direct mutagenesis. Briefly, 17 

pTRE2hyg-HA-FLAG-hAT1mβ was created using a primeSTAR mutagenesis basal kit 18 

(Takara, Japan) to delete amino acids 221 and 222 from the pTRE2hyg vector encoding 19 

hAT1 tagged with signal peptide-HA-FLAG at the N-terminus (pTRE2hyg-HA-FLAG-20 

hAT1) (Haendeler et al., 2000; Yamamoto et al., 2015). pTRE2hyg-HA-FLAG-hAT1mg 21 

was created using a KOD-plus mutagenesis kit (Toyobo, Japan) to substitute amino acids 22 

at the carboxyl terminus (Thr (332), Ser (335), Thr (336), Ser (338)) into alanine from 23 

pTRE2hyg-HA-FLAG-hAT1 (Qian et al., 2001). For the BRET assay, human β-arrestin 24 



2 
 

2 was subcloned into mVenus N1 (Plasmid #27793, Addgene). Expression vectors for 25 

LOX-1 and Dectin-1 were created as shown in a previous study (Yamamoto et al., 2015). 26 

For real-time imaging, LOX-1 tagged with V5-6×His at the C-terminus (V5-LOX-1) was 27 

subcloned into pmScarlet_C1 (Plasmid #85042, Addgene) (mScarlet-LOX-1). HA-28 

FLAG-hAT1, HA-FLAG-hAT1mβ, and HA-FLAG-hAT1mg were subcloned into 29 

pcDNA3-EGFP (Plasmid #85042, Addgene) (AT1-GFP, AT1mg-GFP, and AT1mβ-GFP). 30 

Plasmid encoding dominant-negative β-arrestin was created by subcloning the clathrin-31 

binding domain of β-arrestin (β-arrestin (319–418)) into the pTRE2hyg vector (DN-32 

βarrestin) (Krupnick et al., 1997). Negative control vector of DN-β-arrestin was created 33 

using primeSTAR mutagenesis basal kit to delete the clathrin binding box domain 34 

(LIELD) from DN-β-arrestin (Kang et al., 2009). 35 

 36 

Stable transformants 37 

CHO-K1 cells expressing tetracycline-inducible human LOX-1 tagged with V5-6×His at 38 

C-terminus (CHO-LOX-1), cells expressing human HA-FLAG-hAT1 (CHO-AT1), and 39 

cells expressing both human LOX-1 and AT1 (CHO-LOX-1-AT1) were maintained as 40 

previously described (Fujita et al., 2009; Yamamoto et al., 2015). To establish cells 41 

expressing both LOX-1 and mutated AT1, pTRE2hyg-HA-FLAG-hAT1mβ or 42 

pTRE2hyg-HA-FLAG-hAT1mg were co-transfected with pSV2bsr vector (Funakoshi, 43 

Japan) into CHO-LOX-1 using Lipofectamin2000 transfection reagent (Thermo Fisher 44 

Scientific, USA). The stable transformants were selected with 400 μg/ml of hygromycin 45 

B (Wako, Japan) and 10 μg/ml of blasticidin S (Funakoshi, Japan). The resistant clones 46 

expressing LOX-1 and mutated AT1 in response to doxycycline (Calbiochem, USA) were 47 

selected for use in experiments (CHO-LOX-1-AT1mg and CHO-LOX-1-AT1mβ).  48 
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 49 

Immunofluorescence staining  50 

Tagged LOX-1 and AT1 (or mutated AT1) in genetically engineered CHO cells were 51 

detected using mouse anti-V5 (Nacalai, Japan) and rat anti-FLAG (Novus Biologicals, 52 

USA) antibodies in combination with rabbit Alexa488-conjugated anti-rat IgG and goat 53 

Alexa594-conjugated anti-mouse IgG (Thermo Fisher Scientific, USA), respectively, as 54 

reported previously (Yamamoto et al., 2015). Nuclei were counterstained with DAPI 55 

(Sigma, USA). Images were acquired with a fluorescence microscope (BZ-X700, 56 

Keyence, Japan). 57 

 58 

Cell-based ELISA 59 

Cells were seeded at 150,000 cells per well onto 96-well transparent cell culture plates 60 

and incubated overnight at 37°C. The following day, cultures were transferred to serum-61 

free conditions and cells were further incubated for 24 h. Thereafter, cells were fixed by 62 

4% paraformaldehyde without permeabilization, incubated with mouse anti-V5 or rat 63 

anti-FLAG antibodies, then incubated with HRP-conjugated mouse or rat secondary 64 

antibodies, respectively. TMB reagents (SeraCare Life Sciences, USA) were then added 65 

to each well and the colorimetric reaction was stopped with stop solution (SeraCare Life 66 
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Sciences, USA). OD 450 values were measured using Multiskan Go (Thermo Fisher 67 

Scientific, USA). Each measurement value was adjusted by subtracting the value of 68 

negative control with secondary antibodies in the absence of first antibodies.  69 

 70 

 71 

In situ PLA 72 

In situ PLA was used to detect the proximity of LOX-1 with AT1 or mutated AT1 using 73 

Duolink, from Olink Bioscience (Uppsala, Sweden), according to our previous study 74 

(Yamamoto et al., 2015). Images were acquired using a fluorescence microscope (BZ-75 

X700, Keyence, Japan). Quantitative fluorescence cell image analysis was performed 76 

using the BZ-X analyzer system (Keyence, Japan). 77 

 78 

Preparation of oxLDL and fluorescence-labelled oxLDL 79 

Human plasma LDL (1.019-1.063 g/ml) isolated by sequential ultracentrifugation was 80 

oxidized using 20 μM CuSO4 in PBS at 37°C for 24 h. Oxidation was terminated by 81 

adding excess EDTA. Oxidation of LDL was analyzed using agarose gel electrophoresis 82 

for migration versus LDL (Yamamoto et al., 2015). Labeling of oxLDL with 1,1-83 

dioctadecyl-3,3,3,3-tetramethylindocarbocyanine perchlorate (DiI, Thermo Fisher 84 
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Scientific, USA) was performed as described previously (Yamamoto et al., 2015). 85 

 86 

Quantification of cellular cAMP content 87 

Gi-dependent inhibition of adenylyl cyclase activity was assessed by inhibition of 88 

Forskolin-dependent cAMP production using a cAMP dynamic 2 kit (Cisbio, France). 89 

Cells were seeded at 80,000 cells per well onto 96-well transparent cell culture plates and 90 

incubated overnight at 37°C. The following day, cultures were transferred to serum-free 91 

conditions and cells were further incubated for 24 h. Thereafter, cells were treated for 1 92 

h with DMEM without phenol, 1 mM IBMX, and 1 µM Forskolin, including vehicle, 93 

oxLDL, and AII at the indicated concentrations at 37°C, 5% CO2. Triton X was then 94 

added to a final concentration of 1% and cell lysates were prepared after shaking the 95 

plates for 30 min. Finally, cell lysates were transferred to 384-well white plates and cAMP 96 

levels were measured by incubation of cell lysates with FRET reagents (the cryptate-97 

labeled anti-cAMP antibody and the d2-labeled cAMP analogue) for 1 h at 37°C. The 98 

emission signals were measured at 590 and 665 nm after excitation at 340 nm, using the 99 

ARTEMIS plate reader (Furuno Electric Co. Ltd, Japan). The FRET ratio: F = 100 

(fluorescence 665 nm/fluorescence 590 nm) ×104 was transformed into cAMP 101 

concentration by calculation using the four-parameter logistic curve of standard samples. 102 
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Measurement values were normalized to that of vehicle treatment.  103 

 104 

Quantification of cellular IP1 accumulation 105 

Gq-dependent activation of phospholipase C was quantified by measurement of IP1 using 106 

the IP-One assay kit (Cisbio, France). Cells were seeded at 80,000 cells per well onto 96-107 

well transparent cell culture plates and incubated overnight at 37°C. The following day, 108 

cultures were transferred to serum-free conditions and further incubated for 24 h. 109 

Thereafter, cells were treated for 1 h with IP1 stimulation buffer mixed with the same 110 

amount of DMEM without phenol, including vehicle, oxLDL, and AII at an indicated 111 

concentration at 37°C, 5% CO2. Triton X was then added to a final concentration of 1%, 112 

and cell lysates were prepared after shaking the plates for 30 min. Finally, cell lysates 113 

were transferred to a 384-well white plate and IP1 levels were measured by incubation of 114 

cell lysates with FRET reagents (the cryptate-labeled anti-IP1 antibody and the d2-labeled 115 

IP1 analogue) for 1 h at 37°C. The emission signals were measured at 590 and 665 nm 116 

after excitation at 340 nm, using the ARTEMIS plate reader (Furuno Electric Co. Ltd., 117 

Japan). The FRET ratio: F= (fluorescence 665 nm/fluorescence 590 nm) ×104 was 118 

transformed into IP1 concentration by calculation using the four-parameter logistic curve 119 

of standard samples. Measurement values were normalized to that of vehicle treatment.  120 
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 121 

Real-time imaging of dynamics in LOX-1 and AT1 on cellular membranes 122 

Twenty-four hours before imaging experiments, CHO cells were transfected with LOX-123 

1-mScarlet and mock-GFP AT1-GFP or AT1 mutants-GFP by electroporation and seeded 124 

in a 35 mm glass base dish (Iwaki, Japan) pre-coated with 1000X diluted 10 mg/ml Poly-125 

L-Lysine (ScienCell, USA) 1 h before seeding. The growth medium was replaced with 126 

imaging buffer (pH 7.4) containing 125 mM NaCl, 5 mM KCl, 1.2 mM MgCl2, 1.3 mM 127 

CaCl2, 25 mM HEPES, and 3 mM D-glucose with pH adjusted to 7.4 with NaOH. 128 

Dynamic images of the cells were obtained at 25°C using SpinSR10 inverted spinning 129 

disk-type confocal super-resolution microscope (Olympus, Japan) equipped with a 100x 130 

NA1.49 objective lens (UAPON100XOTIRF, Olympus, Japan) and an ORCA-Flash 4.0 131 

V2 scientific CMOS camera (Hamamatsu Photonics KK, Japan) at 5 s intervals. The 132 

imaging experiment was performed with CellSens Dimension 1.11 software using 3D 133 

deconvolution algorithm (Olympus, Japan). 134 

 135 

Quantification of change in LOX-1 localization on cellular membrane 136 

A count of puncta was performed using separated images visualizing LOX-1-scarlet just 137 

before (0 min) and 3 min after ligand application. Puncta was manually counted by a 138 
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blinded observer, and number of puncta at 0 and 3 min was determined (N0 and N3, 139 

respectively). Change in puncta was calculated as (N0-N3)/N0 (Fig 4a). 140 

 141 

Detection of membrane-bound oxLDL 142 

Genetically engineered CHO cells were treated for 30 min with Dil-labeled oxLDL at a 143 

final concentration of 2 μg/ml on ice, as described previously (Yamamoto et al., 2015). 144 

The cells were then washed twice and fixed with neutral buffered formalin. Nuclei were 145 

stained with DAPI (1 μg/ml). Images were acquired using a fluorescence microscope 146 

(BZ-X700, Keyence, Japan). Quantitative fluorescence cell image analysis was 147 

performed using the BZ-X analyzer system (Keyence, Japan). 148 

 149 

Visualization of co-localization of oxLDL with endocytic organelles and lysosome 150 

CHO-LOX-1-AT1 cells and HUVECs were seeded in a 35 mm four well glass base dish 151 

(Iwaki, Japan) pre-coated with 1000X diluted 10 mg/ml Poly-L-Lysine (ScienCell, USA) 152 

1 h before seeding. The following day, cells were treated with CellLight® for early and 153 

late endosomes and lysosomes, according to the instructions (Thermo Fisher Scientific, 154 

USA). After 24 h, cells were treated for 30 min with Dil-labeled oxLDL at a concentration 155 

of 2 μg/ml. The cells were then washed twice with cultured media and fixed with neutral 156 
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buffered formalin immediately or after 5 h incubation in a CO2 incubator. Images were 157 

obtained using a SpinSR10 inverted spinning disk-type confocal super-resolution 158 

microscope (Olympus, Japan) equipped with a 100x NA1.49 objective lens 159 

(UAPON100XOTIRF, Olympus, Japan) and an ORCA-Flash 4.0 V2 scientific CMOS 160 

camera (Hamamatsu Photonics KK, Japan). The imaging experiment was performed with 161 

the CellSens Dimension 1.11 software using 3D deconvolution algorithm (Olympus, 162 

Japan). 163 

 164 

Detection of colocalization of endosomes or lysosomes with Dil-oxLDL 165 

Before determining sub-pixel localization of lysosomes and endosomes, obtained raw 166 

images were processed by despeckle and à trous wavelet transform algorithm to reduce 167 

noise and remove the background with Fiji. Using custom MATLAB software, the 168 

weighted centroid sub-pixel localizations were detected automatically. We confirmed 169 

these results point-by-point to remove any possible artifacts then quantified the 170 

colocalizations. Based on the resolution limit and configuration of our microscope, we 171 

defined a 300 nm radius as the cut-off of subpixel colocalization. 172 

 173 

 174 
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Detection of intracellular oxLDL content 175 

Genetically engineered CHO cells seeded in 96-well plates were treated for 30 min with 176 

Dil-labeled oxLDL at a concentration of 2 μg/ml unless otherwise indicated in a CO2 177 

incubator at 37°C. HUVECs and HAECs in 96-well plates were treated for the indicated 178 

time duration (10min, 30min, or 6 h) with Dil-labeled oxLDL at a concentration of 2 179 

μg/ml in a CO2 incubator. The cells were then washed twice with cultured media and 180 

further incubated overnight to wash out the membrane-bound oxLDL. The cells were then 181 

washed twice and fixed with neutral buffered formalin. Nuclei were stained with DAPI 182 

(1 μg/ml). Images were acquired using a fluorescence microscope (BZ-X700, Keyence, 183 

Japan). Quantitative fluorescence cell image analysis was performed using the BZ-X 184 

analyzer system (Keyence, Japan).  185 

 186 

Transfection of CHO cells with dominant negative β-arrestin 187 

Genetically engineered CHO cells were transfected with DN-β-arrestin or negative 188 

control vector using Lipofectamin LTX & PLUS reagent (Thermo Fisher Scientific, USA), 189 

according to the manufacturer’s instructions. Treatment with Dil-oxLDL was performed 190 

24 h after transfection. 191 

 192 
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Luciferase reporter assay 193 

Cells were seeded in a 96-well plate and were cotransfected with 100 ng of a plasmid 194 

containing Firefly luciferase driven by the NF-κB binding site (Promega, USA), and 10 195 

ng of pRL-CMV Renilla luciferase control reporter vector (Promega Corp., Madison, WI, 196 

USA) by using Lipofectamine LTX with PLUS reagent kit (Thermo Fisher Scientific). 197 

After being cultured for 6 hours, the cells were starved in 0.1 % FBS supplemented with 198 

300 ng/mL doxycycline to induce LOX-1 expression for 24 hours. Then, oxLDL was 199 

added to cells and incubated for 24 hours. Cells were washed once with PBS and lysed 200 

by incubation with 150 μL Passive Lysis Buffer from the Dual-Luciferase Reporter Assay 201 

Kit (Promega) for 15 minutes at room temperature with mixing. Lysates (10 μL) were 202 

loaded onto a 96-well white plate, and firefly and Renilla luciferase activities were 203 

determined. Luminescence was measured by using a Spark® microplate reader (TECAN, 204 

Switzerland) 205 

 206 

Transfection of human endothelial cells with siRNA 207 

HUVECs and HAVSMCs were plated to be 50% confluent on the day of transfection. 208 

Silencer® select siRNA for LOX-1 and/or AT1 (Thermo Fisher Scientific, USA) was 209 

transfected into the cells in media without serum and antibiotics using lipofectamine 210 
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RNAiMAX (Thermo Fisher Scientific, USA), according to the manufacturer’s 211 

instructions. Treatment with Dil-oxLDL was performed 24 h after transfection.  212 

 213 

Quantitative real-time PCR 214 

Total RNA was extracted using an RNeasy Mini Kit (Thermo Fisher Scientific, USA) 215 

with DNase I treatment, and an equivalent amount of RNA was transcribed to cDNA by 216 

the RevetraAce qPCR RT kit (FSQ-101, TOYOBO, Japan). Quantitative real-time PCR 217 

was performed and analyzed on a model 7900 sequence detector (Thermo Fisher 218 

Scientific, USA) using TaqMan gene-expression assays for LOX-1 (Hs01552593_m1) 219 

and AT1 (5'-ACGTGTCTCAGCATTGATCGAT-3' and 5'-220 

GTCGAAGGCGGGACTTCA-3' for primers,  and 5'-CCTGGCTATTGTTCACC-3' for 221 

probe), or the SYBR green qPCR system (Thermo Fisher Scientific, USA) with specific 222 

primer pairs for SCARB1 (5'-CTGTGGGTGAGATCATGTGG-3' and 5'-223 

GCCAGAAGTCAACCTTGCTC-3'), ARRB1 (5'-GGAGAACCCATCAGCGTCAA-3' 224 

and 5'-GGGCACTTGTACTGAGCTGT-3'), ARRB2 (5'-225 

CAACTCCACCAAGACCGTCAAGA-3' and 5'-226 

TTCGAGTTGAGCCACAGGACACTT-3'), GRK2 (5'-ATGCATGGCTACATGTCCA-227 

3' and 5'-ATCTCCTCCATGGTCAGCAG-3'), GRK3 (5'-228 
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AGCTGTAGAACACGTACAAAGTC-3' and 5'-ATGTCACCTCGAAGGCTTTCA-3'), 229 

GRK5 (5'-ACCTGAGGGGAGAACCATTC-3' and 5'-TGGACTCCCCTTTCCTCTTT-230 

3'), GRK6 (5'-TAGCGAACACGGTGCTACTC-3' and 5'-231 

GCTGATGTGAGGGAACTGGA-3'), CLTC (5'-GCCAGATGTCGTCCTGGAAA-3' 232 

and 5'-AGCTGGGGCTGACCATAAAC-3'), and CAV1 (5'-233 

CCAAGGAGATCGACCTGGTCAA-3' and 5'-GCCGTCAAAACTGTGTGTCCCT-3') 234 

The expression level of each gene was determined by the standard curve method and 235 

normalized using GAPDH mRNA (5'-GCCATCAATGACCCCTTCATT-3' and 5'-236 

TCTCGCTCCTGGAAGATGG-3') as an internal control. 237 

Detection of phosphorylation of ERK1/2 238 

Cells treated with oxLDL or vehicle were kept in an incubator at 37°C for 10 min.  239 

Subsequently, cells were washed twice with PBS, and lysed using M-PER Mammalian 240 

Protein Extraction Reagent (Thermo Scientific, Waltham, MA, USA) with protease 241 

inhibitor and phosphatase inhibitor followed by Western blotting analysis as described 242 

below. 243 

Western blotting analysis 244 

Proteins were separated by SDS-PAGE and electrophoretically transferred to 245 

polyvinylidene fluoride membranes for Western blot analysis.  The membranes were 246 
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blocked with 5% nonfat dried milk and incubated with primary antibodies overnight at 247 

4ºC. The primary antibodies used in this study were anti–phospho-ERK1/2 248 

(Thr202/Tyr204) antibody, anti–total-ERK1/2 antibody (Cell Signaling Technology, 249 

Danvers, MA, USA). Bands were visualized using Chemi-Lumi One Super (Nacalai 250 

Tesque). Densitometoric analysis was performed with chemiluminescence detection 251 

system (LAS-4000 mini, GE Healthcare, Pittsburgh, PA, USA) 252 

 253 

Bioluminescence resonance energy transfer assay to monitor AT1-β-arrestin 254 

interaction 255 

CHO-K1 cells were seeded onto a 35 mm dish at a density of 3x105 cells. The following 256 

day, cells were transfected with AT1-rluc, β-arrestin2-mVenus, and non-fluorescence-257 

labelled LOX-1, or Dectin-1 of 0.9, 0.3, and 1.8 μg, respectively, using Lipofectamin 258 

LTX & PLUS reagent (Thermo Fisher Scientific, USA), according to the manufacturer’s 259 

instructions. Cells were also transfected with AT1-rluc and non-fluorescence-labelled 260 

Dectin-1 of 0.9 and 1.8 μg without β-arrestin2-mVenus. Cultures were transferred to 261 

serum-free conditions after 24 h of transfection and further incubated for 24 h. Thereafter, 262 

cells were prepared in white clear-bottom 96-well plates at a density of 100,000 cells per 263 

well. Coelenterazine was added to each well at a final concentration of 5 µM and assays 264 
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were carried out immediately on a Spark® microplate reader (TECAN, Switzerland), and 265 

the BRET ratio (emission mVenus/emission Rluc) was calculated. After 3 min of reading 266 

of the baseline (the final baseline reading is presented at 0), cells were exposed to vehicle, 267 

oxLDL (100 μg/ml), SII (10–5 M), or AII (10–5 M) for 10 min. The relative change in 268 

intramolecular BRET ratio was calculated by subtracting the average BRET ratio 269 

measured for cells stimulated with vehicle. 270 

 271 

Statistical analyses 272 

All data are presented as the mean ± SEM. Significant differences between two treatments 273 

or among multiple treatments were determined by Student’s t-test or one-way ANOVA 274 

with Bonferroni testing, respectively. 275 

 276 

 277 

 278 

 279 
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Figure S1: Endocytic traffic of oxLDL with early endosomes, late endosomes and lysosome in CHO. Related to 

Figure 5.

Visualization of co-localization of oxLDL with (a) early and (b) late endosomes, and (c) lysosomes using a confocal 

super-resolution microscope. Endosomes and lysosomes were visualized by transduction with a viral vector encoding 

GFP-fused indicated proteins in CHO-LOX-1-AT1 (CellLight™, Thermo Fisher Scientific, USA). After 30 min of 

treatment with 2 μg/ml Dil-labeled oxLDL, cells were washed and fixed immediately (early phase, 0 min) or after 5 h 

of additional incubation without oxLDL (late phase, 5 h). Approximate cell boundaries are marked with dotted lines. 

Yellow (merged) puncta in overlaid images indicate co-localization of oxLDL with each organelle.  

(left lower panels) Representative images, scale bar, μm. (right panels) Quantification of proportion of merged puncta 

relative to total green (early, late endosomes or lysosomes) or red puncta (oxLDL) (n = 9–10, each group), analyzed as 

described in the methods.  0 m, early phase (0 min); 5 h, late phase (5 h);.Data are represented as mean +/- SEM. The 

differences were determined by Student’s t-test. *p < 0.05 vs. the others

CO2 incubator at 37℃
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Figure S2: Cellular accumulation of Dil-oxLDL was blocked by non fluorescent oxLDL in CHO. Related to 

Figure 5.

Intracellular uptake of Dil-labeled oxLDL in CHO-LOX-1-AT1 with or without simultaneous treatment with non-

fluorescent oxLDL (n = 4, each). Scale bar, μm

The graph indicates the fluorescence/number of nuclei, and the average value of the group at the far left was 

normalized to 100%. Data are represented as mean +/- SEM. The differences were determined by one-way ANOVA 

with Bonferroni correction. *p < 0.01 vs. treatment without non-fluorescent oxLDL

NF-oxLDL, non-fluorescent oxLDL
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Figure S3: AT1-independent uptake of a higher concentration of oxLDL via LOX-1 was β-arrestin independent 

in CHO. Related to Figure 5.

Intracellular uptake of Dil-labeled oxLDL at the indicated concentrations in CHO-LOX-1 or CHO-LOX-1-AT1 

transfected with dominant negative vector of β-arrestin (barre-DN) or negative control vector (N.C.) (n = 5, each). Scale 

bar, μm

The graph indicates the fluorescence/number of nuclei, and the average value of the group at the far left was normalized 

to 100%. Data are represented as mean +/- SEM. The differences were determined by one-way ANOVA with Bonferroni 

correction. *p < 0.01 
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Figure S4: Cellular accumulation of oxLDL was independent of Gαi and Gαq-dependent pathways in CHO. 

Related to Figure 5.

Intracellular uptake of Dil-labeled oxLDL at the indicated concentrations in CHO-LOX-1 or CHO-LOX-1-AT1 

pretreated with vehicle, Gq inhibitor, YM254890, or Gi inhibitor, pertussis toxin (PTX) (n = 5, each). Scale bar, μm

YM-254890 and PTX were pretreated at 1 μM and 25 ng/ml for 30 min and 12 h before stimulation, respectively. 

The graph indicates the fluorescence/number of nuclei, and the average value of the group at the far left was 

normalized to 100%. Data are represented as mean +/- SEM. The differences were determined by one-way ANOVA 

with Bonferroni correction. *p < 0.01 vs. treatment-matched wells in CHO-LOX-1

* * *
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Figure S5: Endocytic traffic of oxLDL with early endosomes, late endosomes and lysosome in HUVECs. Related 

to Figure 6.

Visualization of co-localization of oxLDL with (a) early and (b) late endosomes, and (c) lysosomes using a confocal 

super-resolution microscope. Endosomes and lysosomes were visualized after transduction of a viral vector encoding 

GFP-fused indicated proteins in human umbilical vein endothelial cells (HUVECs) (CellLight™, Thermo Fisher 

Scientific, USA). After 30 min of treatment with 2 μg/ml Dil-labeled oxLDL, cells were washed and fixed immediately 

(early phase, 0 min) or after 5 h of additional incubation without oxLDL (late phase, 5 h). Approximate cell boundaries 

are marked with dotted lines. Yellow (merged) puncta in overlaid images indicate co-localization of oxLDL with each 

organelle. 

(left lower panels) Representative images, scale bar, μm. (right panels) Quantification of proportion of merged puncta 

relative to total green (early, late endosomes or lysosomes) or red puncta (oxLDL) (n = 9–10, each group), analyzed as 

described in the methods.  0 m, early phase (0 min); 5 h, late phase (5 h);.Data are represented as mean +/- SEM. The 

differences were determined by Student’s t-test. *p < 0.05 vs. the others

CO2 incubator at 37℃



Figure S6: The siRNA-mediated knockdown efficiency of indicated genes in HUVECs and HAECs. Related to 

Figure 6.

(a–d) Confirmation of the efficiency of siRNA-mediated knockdown of indicated genes by quantitative real-time PCR in 

human umbilical vein endothelial cells (HUVECs) and human aortic endothelial cells (HAECs) (n = 4–5, each). 

(a) siRNA against AT1 decreased ARRB1 expression in HUVECs and HAECs, and increased ARRB2 expression in 

HUVECs, suggesting an undetermined interaction at the transcriptional level. (c) siRNA against GRK2 or GRK3 decreased

GRK3 or GRK2 levels in HUVECs and HAECs, respectively, suggesting an interaction at the transcriptional level. The 

expression level of each gene was normalized using GAPDH mRNA as an internal control. Data are represented as mean 

+/- SEM. Differences with respect to the relative gene expression of cells treated with scramble siRNA (si-scramble) were 

determined by one-way ANOVA with Bonferroni correction. *p < 0.01, †p < 0.05
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Figure S7: The inhibitory effect of siRNA against AT1 or LOX-1 in HUVECs and HAECs. Related to Figure 6.

Intracellular uptake of 2 μg/ml Dil-labeled oxLDL treated for three different durations to human umbilical vein 

endothelial cells (HUVECs) and human aortic endothelial cells (HAECs) with siRNA-mediated knockdown of the 

indicated genes (n = 5, each). Scale bar, μm

The graph indicates the fluorescence/number of nuclei, and the average value of the group at the far left was 

normalized to 100%. Data are represented as mean +/- SEM. The differences were determined by one-way ANOVA

with Bonferroni correction *p < 0.01 vs. control in each time course, †p < 0.05 vs. control in each time course
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Figure S8: ERK1/2 activation induced by oxLDL was inhibited either by a Gi-specific inhibitor or a β-arrestin 

inhibitor in HUVECs. Related to Figure 6.

Immunoblotting for detecting phosphorylation of extracellular signal-regulated kinase 1/2 in human umbilical vein 

endothelial cells (HUVECs). Cells were stimulated with vehicle or 20μg/ml oxLDL for 10 min after a 6-h pre-

treatment with vehicle, 25 ng/ml PTX, a Gi inhibitor, or 10 μM barbadin, a β-arrestin inhibitor. (Upper panel) 

Representative immunoblots of phosphorylated ERK1/2 and total ERK1/2. (Lower panel) Quantification of ERK 1/2 

activation by densitometric analysis of phosphorylated/total ERK 1/2. The average activation after vehicle treatment 

following vehicle pretreatment was set at 100%. Data are represented as mean +/- SEM. The difference in ERK1/2 

activation between oxLDL-treated and vehicle-treated cells was determined by Student’s t-test.

We confirmed that the antibodies for phosphorylated and total ERK1/2 visualize only the indicated two bands 

equivalent to the molecular weights of 42 and 44kDa.
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Figure S9: The effect of Ang II and oxLDL on cellular signaling was not additive but rather competitive in 

HUVECs. Related to Figure 6.

Immunoblotting for detecting phosphorylation of extracellular signal-regulated kinase 1/2 in human umbilical vein 

endothelial cells (HUVECs). Cells were stimulated with vehicle, 20μg/ml oxLDL, 10-7M Ang II or oxLDL in 

combination with Ang II for 10 min. (Upper panel) Representative immunoblots of phosphorylated ERK1/2 and total 

ERK1/2. (Lower panel) Quantification of ERK 1/2 activation by densitometric analysis of phosphorylated/total ERK 

1/2. The average activation after vehicle treatment following vehicle pretreatment was set at 100%. Data are 

represented as mean +/- SEM. Differences were determined by one-way ANOVA with Bonferroni correction.

*p < 0.01 vs. control

We confirmed that the antibodies for phosphorylated and total ERK1/2 visualize only the indicated two bands 

equivalent to the molecular weights of 42 and 44kDa.

vehicle oxLDL Ang II oxLDL
+Ang II

Total ERKphospho ERK

42kDa
44kDa

vehicle oxLDL Ang II oxLDL
+Ang II



1. vehicle 2. losartan

3. telmisartan 4. irbesartan

1. vehicle 2. losartan

3. telmisartan 4. irbesartan

Fl
uo

re
sc

en
ce

/c
el

l

Fl
uo

re
sc

en
ce

/c
el

l

0

100

50

1 2 3 4 1 2 3 4

(a) (b)

150

0

100

50

150

Figure S10: ARBs had no effect on oxLDL uptake in CHO or HUVECs. Related to Figure 6.

Intracellular uptake of 2 μg/ml Dil-labeled oxLDL in (a) CHO-LOX-1-AT1 or (b) HUVECs pretreated with vehicle or 

10 μM AT1 blockers (ARBs) (n = 5, each). The graph indicates the fluorescence/number of nuclei, and the average 

value of the group at the far left was normalized to 100%. Data are represented as mean +/- SEM. The differences were 

determined by one-way ANOVA.
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Figure S11:oxLDL-induced BRET between AT1-Rluc8 and β-arrestin 2 (ARRB2)-mVenus in CHO-K1 cells in the 

presence of LOX-1. Related to Figure 4.

(a) Kinetic data for real-time BRET assay. Coelenterazine h was added before measurement, and each reagent (vehicle, 

angiotensin II (Ang II) (10-5 M), SII, an arrestin-biased agonist of AT1 (10-5 M), or oxLDL (100 μg/ml)) was added 

immediately after 0 min. The ΔBRET ratio adjusted by that in vehicle treatment was calculated as described in the Online 

Methods (n = 8 in 1. LOX1-AT1-rluc-ARRB2-venus, and 2. Dectin-1-AT1-rluc-ARRB2-venus, n = 4 in 3. Dectin-1-AT1-

rluc (without ARRB2-venus)).

(b) Comparison of ΔBRET ratios among cells transfected with 1. LOX1-AT1-rluc-ARRB2-venus, 2. Dectin-1-AT1-rluc-

ARRB2-venus, and 3. Dectin-1-AT1-rluc. Max BRET ratio and area under the curve (AUC) at 1–10 min are presented. 

There were no significant differences in max and AUC of the ΔBRET ratio among the transfection in response to oxLDL. 

Data are represented as mean +/- SEM. The differences were determined by one-way ANOVA.
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