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Abstract 

G protein-coupled receptors (GPCRs) are the largest family of druggable targets, and their biological 
functions depend on different ligands and intracellular interactomes. Some microRNAs (miRNAs) bind as 
ligands to RNA-sensitive toll-like receptor 7 to regulate the inflammatory response, thereby contributing 
to the pathogenesis of cancer or neurodegeneration. It is unknown whether miRNAs bind to angiotensin 
II (Ang II) type 2 receptor (AGTR2), a critical protective GPCR in cardiovascular diseases, as ligands or 
intracellular interactomes. Here, screening for miRNAs that bind to AGTR2, we identified and confirmed 
that the pre-miRNA hsa-let-7a-2 non-competitively binds to the intracellular third loop of AGTR2. 
Functionally, intracellular hsa-let-7a-2 overexpression suppressed the Ang II-induced AGTR2 effects such 
as cAMP lowering, RhoA inhibition, and activation of Src homology 2 domain-containing protein-tyrosine 
phosphatase 1, whereas hsa-let-7a-2 knockdown enhanced these effects. Consistently, overexpressed 
hsa-let-7a-2 restrained the AGTR2-induced antiproliferation, antimigration, and proapoptosis of cells, 
and vasodilation of mesenteric arteries. Our findings demonstrated that hsa-let-7a-2 is a novel 
intracellular partner of AGTR2 that negatively regulates AGTR2-activated signals. 
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Introduction 
G protein-coupled receptors (GPCRs) are 

characterized by having seven transmembrane helices 
and six extracellular and intracellular loops and are 
the largest family of druggable targets [1]. The 
activation of GPCRs translates the ligand’s informa-
tion into intracellular signals by a heterotrimeric G 
protein or β-arrestin-biased activation [2]. Different 
ligands, such as hormones, photons, ions, proteins 

(chemokines), neurotransmitters, metabolites, and 
naturally produced synthetic agonists or antagonists 
determine the GPCRs’ functions [1].  

MicroRNAs (miRNAs) are 20–22-nt small 
non-coding RNAs that are first transcribed into 
relatively long primary miRNAs (pri-miRNAs), then 
processed by Drosha into 60–70-nt precursor miRNAs 
(pre-miRNAs) in the nucleus, and finally spliced by 
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Dicer into mature miRNAs in the cytoplasm [3]. 
Recently, miR-21 and miR-29a in exosomes were 
found to trigger inflammation by binding as ligands 
to toll-like receptor 7 (TLR7) and TLR8 in 
macrophages [4-5]. Other miRNAs such as let-7b, 
miR-K-10b, and some virus miRNAs also function as 
“ligands”, binding to and activating protein receptors 
[6-8]. Whether miRNAs can bind to other GPCRs and 
induce specific intracellular signals are still unknown.  

The renin-angiotensin-aldosterone system plays 
an essential role in hypertension. There are two types 
of angiotensin II (Ang II) receptors (GPCR receptors): 
Ang II type 1 receptor (AGTR1) and AGTR2 [9]. 
AGTR1-dependent cardiovascular mechanisms have 
been well established, and selective blockers are the 
first-line drugs for hypertension. In contrast, AGTR2 
activation induces different signaling and has 
opposite effects to those of AGTR1 and is beneficial in 
cardiovascular injury [10]. Strikingly, AGTR2 has high 
affinity to COVID-19 spike protein, contributing to 
lung infection in coronavirus disease 2019 [11].  

The present study screened for miRNAs that 
bind to AGTR2 and investigated their interaction- 
induced functions and signals. 

Results 
Pre-miRNA hsa-let-7a-2 binds to AGTR2 

Using modified infrared-UV-C crosslinking 
immunoprecipitation (irCLIP) followed by RNA- 
sequencing, we identified four miRNAs that bound to 
AGTR2 (Figure 1A, B), excluding unspecific binding 
of IgG. Because AGTR2 is not a traditional RNA 
binding protein, we failed to find a conserved domain 
of these miRNAs. Next, using RNA-binding protein 
immunoprecipitation (RIP) followed by reverse 
transcription PCR (RT-PCR), we confirmed that four 
mature miRNAs (hsa-let-7a-2-3p, hsa-miR-26a-2-3p, 
hsa-miR-3179, and hsa-miR-584-5p), and one 
pre-miRNA hsa-let-7a-2 (Figure S1) bound to AGTR2. 
Given that let-7 is the most conserved miRNA that 
plays a critical role in growth and development and 
can activate TLR7 to induce neurodegeneration as 
well as being the only pre-miRNA that bound to 
AGTR2, we selected hsa-let-7a-2 as the candidate to 
investigate its biological functions upon interaction 
with AGTR2 [8].  

 

 
Figure 1. Identification of hsa-let-7a-2 binding to AGTR2. (A) Heatmap of AGTR2-binding RNAs including microRNAs and mRNAs compared with IgG by 
infrared-UV-C crosslinking immunoprecipitation assay (irCLIP) and RNA-sequencing. (B) Volcano plot showing the RNAs with changes in ATGR2 binding compared with IgG. 
(C) RNA-binding protein immunoprecipitation with anti-AGTR1 or anti-AGTR2 antibody; hsa-let-7a-2 was identified by RT-PCR. (D) Using chromatin isolation with RNA 
purification pull-down (ChRIP), AGTR2 was detected by a biotin-labelled DNA probe targeting hsa-let-7a-2 (Bio-hsa-let-7a-2) but not by probes unlabeled (Free-hsa-let-7a-2) or 
targeting hsa-let-7a-5p (Bio-hsa-let-7a-5p, Free-hsa-let-7a-5p) or hsa-let-7a-2-3p (Bio-hsa-let-7a-2-3p, Free-hsa-let-7a-2-3p). (E) Hsa-let-7a-2 binding to AGTR2 confirmed by 
RNA pull-down assay. 
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The RIP assay showed that hsa-let-7a-2 
specifically bound to AGTR2, but not to AGTR1 
(Figure 1C). By contrast, chromatin isolation RNA 
purification pull-down (ChIRP) (Figure 1D), RNA 
pull-down assay (Figure 1E), and microscale 
thermophoresis (MST) assay revealed that intact 
hsa-let-7a-2, but not its mature miRNAs hsa-let-7a-5p, 
hsa-let-7a-2-3p, or another spliceosome 2 (Figure S2), 
bound to AGTR2 but not to AGTR1 (Figure S3). Taken 
together, these data showed that the pre-miRNA 
hsa-let-7a-2 specifically bound to AGTR2.  

Hsa-let-7a-2 non-competitively binds to 
AGTR2 

To investigate the kinetic characteristics of 
hsa-let-7a-2 binding with AGTR2, the MST assay was 
used with purified AGTR2-GFP fusion protein as the 
receptor and in vitro-produced RNAs as the ligands. 
Intriguingly, hsa-let-7a-2, but not its homologs 

hsa-let-7a-1 and hsa-let-7a-3 (sequences are shown in 
Figure S4), dynamically bound to AGTR2 (Figure 2A) 
and had similar dissociation coefficient (KD) values as 
its inhibitor, PD123319 (Figure 2B). In contrast, 
hsa-let-7a-2 did not bind to boiled AGTR2 (negative 
control; Figure S5), further suggesting the specific 
binding of hsa-let-7a-2 with AGTR2. The competitive 
binding assay using the radioligand (Figure 2C) or 
fluorescent ligand assay (Figure 2D) demonstrated 
that hsa-let-7a-2 non-competitively bound to AGTR2 
compared with the naïve ligand (Ang II). The KD 
value of PD123319 was almost 10 times that of Ang II. 
Because of the assay sensitivity, the KD value 
determined by the MST assay was larger than that 
determined by the radioligand or fluorescent ligand 
assay. Thus, hsa-let-7a-2 bound to AGTR2 at 
nanomole per liter concentrations. 

 

 
Figure 2. Non-competitive binding of hsa-let-7a-2 with AGTR2. (A) The kinetics of pre-miRNA binding to AGTR2 assayed by microscale thermophoresis (MST), with 
purified AGTR2-GFP protein as the receptor and hsa-let-7a-1, 2, and 3 as the ligands. (B) The binding kinetics of AGTR2 with its inhibitor, PD123319, as a positive control. (C, 
D) Competitive inhibition assay performed with [125-I]-sar1-Ile8-angiotensin II as a radioligand (C) or fluorescent ligand (D) to confirm the binding kinetics. Data are presented 
as means ± SD; n = 3 experiments. 
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Figure 3. hsa-let-7a-2 bound to the intracellular third loop of AGTR2. (A) 
A schematic diagram of the extracellular and intracellular loops of AGTR2, including 
the names and sequences of the synthetic loop peptides. (B) hsa-let-7a-2 binding to 
the different loops of AGTR2 was examined by MST assay, with the synthetic loop 
peptides as the receptors and hsa-let-7a-2 as the ligand. Data are presented as means 
± SD; n = 3 experiments. 

 
Considering the non-competitive binding of 

hsa-let-7a-2 and AGTR2, there may be a different 
binding model of hsa-let-7a-2 with Ang II. As a GPCR, 
AGTR2 has seven transmembrane helices and six 
extracellular and intracellular loops. By determining 
the binding of hsa-let-7a-2 with synthesized loop 
peptides in vitro (Figure 3 A, B), we found that 
hsa-let-7a-2 specifically bound to RK22, the 
intracellular third loop of AGTR2 (Figure 3B), which 
is the same site for Gαi binding [12] and Src homology 
2 domain-containing protein-tyrosine phosphatase 1 
(SHP-1) activation [13]. Co-immunoprecipitation 
results showed that, in HEK293 cells overexpressed 
with AGTR2 and Gαi-2/ Gαi-3, overexpression of 
hsa-let-7a-2 significantly decreased the interaction of 
Gαi-2/ Gαi-3 with AGTR2 (Figure S6), further 
suggesting that hsa-let-7a-2 competes with Gαi-2/ Gαi-3 
in combination with AGTR2. 

Hsa-let-7a-2 negatively regulates AGTR2 
post-receptor signaling pathways  

As the interaction site of hsa-let-7a-2 with 
AGTR2, the intracellular third loop of AGTR2 is also 

an initiating site of post-receptor signals. cAMP 
inhibition, SHP-1 activation, and RhoA/Rho kinase 
(ROCK) activation are crucial AGTR2 post-receptor 
signaling pathways [14, 15, 16, 17]. To investigate the 
effect of hsa-let-7a-2 on AGTR2-related intracellular 
signals, hsa-let-7a-1/2/3 or control plasmids were 
transfected into wild type (WT), Dicer-/-, 
Dicer-/-AGTR1-/-, and AGTR2-/- human embryonic 
kidney 293 (HEK293) cells (Figure S7). In WT and 
AGTR2-/- cells, transfection of hsa-let-7a-1/2/3 
plasmids upregulated the expression of both the 
pre-miRNAs (hsa-let-7a-1/2/3) and the mature- 
miRNAs (hsa-let-7a-5p for hsa-let-7a-1/2/3, 
hsa-let-7a-2-3p for hsa-let-7a-2, and hsa-let-7a-3p for 
hsa-let-7a-1/3; Figure S8A–F). However, in Dicer-/- 
and Dicer-/-AGTR1-/- cells, transfection of these 
plasmids mainly upregulated the expression of the 
pre-miRNAs (hsa-let-7a-1/2/3; Figure S8A–F).  

HEK293 cells express both AGTR1 and AGTR2 
receptors (Figure S9). Upon pre-blocking AGTR1 with 
losartan, Ang II lowered in a dose-dependent manner 
the forskolin (0.6 μM)-induced cAMP level, and this 
effect was reversed by hsa-let-7a-2 overexpression in 
WT cells (Figure 4A). To avoid the interference of 
mature miRNAs, we used Dicer-/- HEK293 cells 
(Figure S7A). Consistently, hsa-let-7a-2, but not 
hsa-let-7a-1 or hsa-let-7a-3, blocked the decrease in 
cAMP level in Dicer-/- cells (Figure 4B). Furthermore, 
only hsa-let-7a-2 had the same effect in 
Dicer-/-AGTR1-/- cells (Figure S7B and Figure 4C). 
Conversely, hsa-let-7a-2 knockdown in AGTR1-/- cells 
(AGTR1-/-hsa-let-7a-2+/-, Figure S7C) amplified the 
AGTR2-induced reduction in the cAMP level (Figure 
4D). In contrast, Ang II did not change the cAMP level 
in AGTR2-/- cells, whether hsa-let-7a-2 was 
overexpressed or not (Figure S7D and Figure S10A).  

Consistently, hsa-let-7a-2 suppressed the Ang 
II-induced SHP-1 activity in Dicer-/- cells (Figure 4E) 
and Dicer-/-AGTR1-/- cells (Figure 4F), but not in 
AGTR2-/- cells (Figure S10B). In contrast, the Ang 
II-induced SHP-1 activity was continuously increased 
in AGTR1-/-hsa-let-7a-2+/- cells compared with that in 
AGTR1-/- cells (Figure 4G).  

RhoA phosphorylation at Ser188 inhibits its 
activity, causing vasodilation [17-18]. Similarly, Ang II 
induced RhoA phosphorylation at Ser188 in Dicer-/- 
and Dicer-/-AGTR1-/- cells in a time-dependent 
manner, whereas overexpression of hsa-let-7a-2, but 
not hsa-let7a-1 or 3, blocked this effect (Figure 5A-B). 
As expected, Ang II did not change the Ser188 
phosphorylation level of RhoA in AGTR2-/- cells 
whether hsa-let-7a-1/2/3 was overexpressed or not 
(Figure S10C). In contrast, hsa-let-7a-2 knockdown in 
AGTR1-/- cells enhanced RhoA phosphorylation 
(Figure 5C). 
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Figure 4. Hsa-let-7a-2 negatively regulated Ang II-AGTR2 related cAMP and SHP-1 signals. (A) Under AGTR1 inhibition with losartan and adenylate cyclase 
stimulation with forskolin, the intracellular cAMP level was examined after Ang II treatment in cells overexpressing hsa-let-7a-2 (p-hsa-let-7a-2) or control plasmid (p-CON). ** 
P < 0.01 vs. p-CON. (B) Under the same conditions, Ang II-induced cAMP alterations were examined in Dicer-/- cells overexpressing hsa-let-7a-2 or hsa-let-7a-1/3. ** P < 0.01 
vs p-CON. (C) Dicer-/-AGTR1-/- double-knockout cells overexpressing hsa-let-7a-2 or hsa-let-7a-1/3 were pretreated with forskolin and the Ang II-induced cAMP level was 
measured. * P < 0.05 vs. p-CON. (D) AGTR1-/-hsa-let-7a-2+/- cells and AGTR1-/- cells were pretreated with forskolin and the Ang II-induced cAMP level was compared. ** P < 0.01 
vs. AGTR1-/-. (E) Under AGTR1 inhibition with losartan, the Ang II-induced SHP-1 activity was examined in Dicer-/- cells overexpressing hsa-let-7a-2 or hsa-let-7a-1/3. ** P < 0.01 
vs. p-CON. (F) Effect of hsa-let-7a-2 or hsa-let-7a-1/3 on Ang II-induced SHP-1 activity in Dicer-/-AGTR1-/- cells. ** P < 0.01 vs. p-CON. (G) Knockdown of hsa-let-7a-2+/- 
enhanced SHP-1 activity in AGTR1-/- cells. ** P < 0.01 vs. AGTR1-/-. n = 4–8 experiments. 

 
Figure 5. Hsa-let-7a-2 negatively regulated Ang II-AGTR2 induced RhoA phosphorylation. (A) Under AGTR1 inhibition, the effect of hsa-let-7a-2 or hsa-let-7a-1/3 
overexpression on RhoA serine phosphorylation in Dicer-/- cells was examined. ** P < 0.01 vs. p-CON. (B) RhoA serine phosphorylation was examined in Dicer-/-AGTR1-/- cells 
overexpressing hsa-let-7a-2 or hsa-let-7a-1/3. ** P < 0.01 vs. p-CON. (C) The changes in Ang II-induced RhoA serine phosphorylation were examined in AGTR1-/- hsa-let-7a-2+/- 
cells. *P < 0.01 vs. AGTR1-/-. n = 4–8 experiments. 
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Figure 6 Effect of hsa-let-7a-2 overexpression on cell proliferation and migration in Dicer-/-AGTR1-/- cells. (A) AngII-induced cell proliferation was analyzed by Edu 
incorporation assay with overexpression of hsa-let-7a-2 (p-hsa-let-7a-2) or control vector (p-CON). (B-C) AngII-induced cell migration was analyzed by transwell assay (B) or 
cell scratch assay (C) with overexpression of hsa-let-7a-2 (p-hsa-let-7a-2) or control vector (p-CON). Data are expressed as mean ± SD. *P<0.01, **P<0.01, n = 3-4 experiments. 

 
Therefore, gain/loss-of-function studies target-

ing cAMP, SHP-1 activity, or RhoA phosphorylation 
as ATGR2-activated signals revealed that hsa-let-7a-2 
binding to AGTR2 negatively regulated AGTR2 
post-receptor signaling. 

Hsa-let-7a-2 overexpression negatively 
regulates AGTR2-induced cellular functions 

Previous reports have shown that AGTR2 
activation inhibits endothelial migration and 
angiogenesis [19]. Therefore, we assessed the effects 
of hsa-let-7a-2 overexpression on AGTR2-induced 
cellular functions in Dicer-/-AGTR1-/- cells. Ang II 
reduced cell proliferation (Figure 6A) and migration 
(Figure 6B-C), which were reversed by hsa-let-7a-2 
overexpression (Figure 6). Additionally, flow 
cytometry analysis and the terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) assay 
demonstrated that Ang II increased cell apoptosis, 
which was also reversed by hsa-let-7a-2 (Figure 7). 

Thus, hsa-let-7a-2 negatively regulated AGTR2- 
activation-dependent cellular functions. 

Hsa-let-7a-2 overexpression negatively 
regulates AGTR2-activated vasodilation and 
signaling 

AGTR2 activation has opposite effects to those of 
AGTR1 [9]. In WT mouse mesenteric arteries, Ang II 
induced quick constriction and then relaxation; 
however, the constriction was sustained by 
pretreatment with PD123319 (AGTR2 antagonist) but 
blocked by losartan treatment or AGTR1 deletion 
(Figure 8A). Furthermore, under AGTR1 inhibition 
with losartan, Ang II relaxed the phenylephrine 
pre-constricted arteries in a dose-dependent manner, 
similar to rat arteries [20], whereas this effect was 
blunted under AGTR2 inhibition (Figure 8B). These 
results confirmed the vasodilation upon AGTR2 
activation and vasoconstriction upon AGTR1 
activation. Using this model, we demonstrated that in 
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WT mouse mesenteric arteries treated with losartan or 
in AGTR1-/- mouse mesenteric arteries, overex-
pression of hsa-let-7a-2 by adenoviruses reduced 
ATGR2-dependent vasodilation compared with the 
control (Figure 8C), along with suppression of SHP-1 
activity (Figure 8D) and RhoA phosphorylation at 
Ser188 (Figure 8E-F), which are tightly linked with 
vasodilation [18]. These ex vivo experiments 
demonstrated that hsa-let-7a-2 negatively modulated 
AGTR2 functions and signaling pathways. 

Discussion 
In the present study, we first clarified that in 

addition to being the pre-miRNA of hsa-let-7a-5p and 
hsa-let-7a-2-3p, hsa-let-7a-2 has important biological 
functions. As a nucleic acid molecule, hsa-let-7a-2 
shares the same intracellular binding site as Gi 
proteins, and it negatively regulates AGTR2 signals 
and the related biological processes (Figure 9).  

Let-7 miRNAs are a conserved miRNA family in 
animal species including humans. Functionally, let-7 
miRNAs act as regulators of gene expression and play 
an essential role in development and tumor 
suppression [21]. In humans, the precursors of human 
let-7a-1, let-7a-2, and let-7a-3 are encoded on 
chromosomes 9, 11, and 12, respectively; however, the 
production of their mature form is the same as for 
hsa-let-7a-5p [21]. Here, we demonstrated that 
hsa-let-7a-2, but not hsa-let-7a-1 or 3, bound to 
AGTR2, and that the mature hsa-let-7a-5p did not 
bind to it. Because of the 15–25-bp difference among 
the sequences of hsa-let-7a-1, 2, and 3, we also 
measured the binding of mature hsa-let-7a-2-3p and 
spliceosome 2 (removing hsa-let-7a-5p) to AGTR2 and 
confirmed that these short RNAs did not bind. 
Furthermore, screening the four AGTR2-binding 
miRNAs, we did not find a conserved domain. Thus, 
the binding of hsa-let-7a-2 with AGTR2 is not 
sequence specific and may be structure specific. 

  

 
Figure 7. Effect of hsa-let-7a-2 overexpression on cell apoptosis in Dicer-/-AGTR1-/- cells. (A) Ang II-induced cell apoptosis was analyzed by flow cytometry. (B) Cell 
apoptosis was measured by TUNEL assay. Pink color shows apoptotic cells. Data are expressed as mean ± SD. *P<0.01, **P<0.01, n = 6-10 experiments. 
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Figure 8. hsa-let-7a-2 reduced AGTR2-activated vasodilation and signaling. (A) The Ang II-induced class II mesenteric artery tension response in wild type (WT) mice 
pretreated with losartan (AGTR1 inhibitor) or PD123319 (AGTR2 inhibitor) and in AGTR1 knockout (AGTR1-/-) mice. (B) Negative regulation of AGTR2-activated mesenteric 
artery dilation under PD123319 treatment. ** P < 0.01 vs. WT + losartan. (C) Overexpression of hsa-let-7a-2 by adenovirus (adv-hsa-let-7a-2) regulated AGTR2-activated 
vasodilation in WT and AGTR1-/- mice. GFP-adenovirus transfection was used as the control (adv-CON). * P < 0.05, ** P < 0.01 vs. AGTR1-/- + adv-hsa-let-7a-2; # P < 0.05, ## 
P < 0.01 vs. WT + adv-CON + losartan. (D) hsa-let-7a-2 overexpression suppressed arterial tissue SHP-1 activity. ** P < 0.01, ns P > 0.05. (E, F) Effect of hsa-let-7a-2 on RhoA 
phosphorylation at Ser188 in AGTR1-/- mesenterial artery. Data are presented as mean ± SD. * P < 0.05. n = 5–16 experiments. 

 
Figure 9. Diagram of findings. Hsa-let-7a-2 not only serves as the pre-miRNA of hsa-let-7a-5p and hsa-let-7a-2-3p, but also binds to the intracellular third loop of AGTR2 and 
negatively regulates AGTR2 signals and the related biological processes. 
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The Croce group first identified tumor-secreted 
miR-21 and miR-29a as ligands that bind to TLR7 and 
TLR8 of immune cells, triggering a pro-metastatic 
inflammatory response and changing the 
microenvironment of tumor growth or metastasis [4]. 
Extracellular let-7b has also been reported to activate 
TLR7 in neurons to trigger inflammation, thereby 
promoting neurodegeneration [8]. Subsequent studies 
have also demonstrated that many miRNAs (animal 
or viral), as ligands, activated TLR7 to participate in 
the genesis of diseases [6], and this research also 
indicated that extracellular miRNAs act as a 
“hormone” to mediate a receptor’s function. 
BecauseTLR7 and TLR8 are RNA-sensing receptors; 
whether miRNAs also activate or inhibit GPCRs (the 
largest receptor family) remains unclear. Here, we 
identified that hsa-let-7a-2 (a precursor of let-7a) can 
specifically bind to the intracellular third loop of the 
AGTR2 receptor. 

AGTR2 has the characteristic motifs and 
signature residues of a GPCR, but it does not exhibit 
most of the classical post-receptor signaling [22]. 
Because AGTR2 activation has vasodilator, 
natriuretic, antigrowth, antiproliferative, and 
proapoptotic effects and plays protective roles in 
cardiovascular injury [10], we investigated the role of 
hsa-let-7a-2 in AGTR2-activated signals and cellular 
functions. It has been reported that AGTR2 activation 
induced natriuresis and Na+-K+ ATPase inhibition in 
the inner cortex partly via cAMP [14, 23-24]. AGTR2 
activation also promoted SHP-1 activity by G protein 
[15, 25] or AT2 receptor interaction protein [26], and 
RhoA phosphorylation at Ser188 [17-18 ] to regulate 
vasodilation. Here, we found that Ang II activation of 
AGTR2 decreased the forskolin-induced reduction in 
the cAMP level and elevated SHP-1 activity and RhoA 
phosphorylation under pharmacological inhibition or 
knockout of AGTR1. This inhibitory effect was 
abolished by hsa-let-7a-2, but not by hsa-let-7a-1 or 3. 
Consistent with the inhibition of AGTR2 signals, 
hsa-let-7a-2 binding to the third loop of AGTR2 
reduced AGTR2 induced antiproliferation [12], 
antimigration [19], and proapoptosis [13] of cells, and 
vasodilation of mesenteric arteries [18]. Thus, our 
study sheds new light on the pre-miRNA hsa-let-7a-2 
interaction with and negative regulation of AGTR2 
signals and biological functions.  

The post-receptor signals of AGTR2 are 
complicated owing to the different G-proteins and 
other interaction proteins in different cells. Gi proteins 
such as Giα2, Giα3 [27-28], and Gαs [15], which bind 
to the intracellular third loop [12, 29], are necessary 
for AGTR2 signals. The EGF receptor ErbB3 acts as a 
partner of AGTR2 and binds to the intracellular third 
loop, reducing the activity of tyrosine kinases such as 

insulin receptor [30-31]. ATIP family proteins or 
promyelocytic zinc finger protein that bind to the 
C-terminal of AGTR2 participate in AGTR2 signaling 
[26, 32-33]. These partners also contribute to the 
functional diversity of AGTR2 activation. Here, we 
identified a novel nucleic acid partner of AGTR2, 
hsa-let-7a-2, which interacted with the intracellular 
third loop and suppressed AGTR2 related signals and 
biological functions. AGTR2 receptor is 
predominantly expressed in embryonic, fetal, and 
neonatal tissues and regulates stem cell homeostasis 
[31, 34-35]. Therefore, the AGTR2-let-7a-2 interaction 
is a novel intracellular signaling pathway. 

In summary, our findings shed new light on 
hsa-let-7a-2, which bound to the intracellular third 
loop of AGTR2 and antagonized AGTR2-activated 
intracellular signals, cellular functions, and 
vasodilation. This study gives a novel working model 
of a pre-miRNA, which not only acts as the 
pre-miRNA of mature miRNAs, but also has 
important biological functions.  

Materials and Methods 
Generation of single and double-knockout cell 
lines  

Single or double-knockout cell lines were 
generated by the CRISPR-Cas9 system [36]. In brief, 
eight single guide RNAs (sgRNAs) targeting DICER, 
two sgRNAs targeting AGTR1, and two sgRNAs 
targeting AGTR2 were designed and cloned into the 
lenti-CRISPR v2 plasmid (Cat. 52961, Addgene). To 
generate homozygous DICER, AGTR1, or 
AGTR2-knockout cell lines, the corresponding 
sgRNAs for each gene were transfected into HEK293 
cells, which were continuously cultured for 48 h. 
Puromycin (2 μg/mL) was added to screen for 
positive expression cells. After low-density seeding, 
single clones were expanded in 96-well plates. PCR 
amplification and sequencing were performed to 
verify DNA knockout. Dicer-/-AGTR1-/- cells were 
constructed by co-transfecting the plasmids 
containing the sgRNAs of AGTR1 and DICER, and 
AGTR1+hsa-let-7a-2 double-knockout cells 
(AGTR1-/-hsa-let-7a-2+/-) were constructed by 
co-transfecting the plasmids containing the sgRNAs 
of MIRLET7A2 and DICER, followed by screening 
with puromycin and single clone expansion. The 
sequences of the sgRNAs for AGTR1, AGTR2, DICER, 
and MIRLET7A2 are shown in Table S1.  

Cell culture and plasmid transfection 
HEK293, Dicer-/-, AGTR2-/-, AGTR1-/-, Dicer-/- 

AGTR1-/-, and AGTR1-/-hsa-let-7a-2+/- HEK293 cells 
were cultured in Dulbecco’s Modified Eagle Medium 
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(DMEM) with 10% fetal bovine serum (FBS, Gibco 
BRL, Canada) and 100 units/mL penicillin and 
streptomycin (Invitrogen, Carlsbad, CA, USA). Cells 
were then incubated at 37°C in a humidified 5% CO2 
atmosphere. 

pCMV-MIRLET7A1 (Cat. SC400001), pCMV- 
MIRLET7A2 (Cat. SC400002), pCMV-MIRLET7A3 
(Cat. SC400003), pCMV6-AGTR2 (Cat. RC223317), 
and pCMV6-AGTR1 (Cat. RC209773) were from 
Origene (Rockville, MD, USA). AGTR2-GFP and 
AGTR1-GFP fusion plasmids were constructed from 
the above plasmids. Transfections and co-trans-
fections of plasmids into HEK293 cells were 
performed with Lipofectamine 3000 reagent 
(Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s instructions.  

Infrared cross-linking immunoprecipitation 
(irCLIP) and RNA-sequencing  

The L3-azide-biotin substrate oligonucleotide for 
irCLIP (5′-OH-AGATCGGAAGAGCGGTTCAGAAA
AAAAAAAAA/iAzideN/AAAAAAAAAAAA/3Bio
/-3′) was synthesized by Integrated DNA 
Technologies (IDT). The final preA-L3-IR800-biotin 
DNA adaptor was constructed and purified as 
previously described [37]. In brief, the cells in 15-cm 
dishes were quickly rinsed with ice-cold 
phosphate-buffered saline (PBS), aspirated on plate, 
cross-linked on ice with 254 nM UV-C at 0.3 J/cm2, 
incubated with ice-cold PBS/10 mM EDTA for 5 min, 
and then collected by scraping. Pelleted cells were 
lysed in SDS lysis buffer (1% SDS, 50 mM Tris, pH 7.5, 
1 mM EDTA) and soluble fractions were mixed with 
two volumes of IP Dilution Buffer (1.1% Triton X-100, 
50 mM Tris, pH 7.5, 1 mM EDTA, 450 mM NaCl). 
AGTR2 antibody (Abcam, Cambridge, MA, Cat. 
#ab92445) or IgG as a negative control pre-conjugated 
to Protein G Dynabeads (Thermo Fisher Scientific, 
Waltham, MA, USA, Cat. #10004D) were added to the 
lysate and rotated end-over-end for 1.5 h at 4°C. 
Immunoprecipitants were washed sequentially for 10 
min each at 4°C with 1 mL of high-stringency buffer 
(20 mM Tris, pH 7.5, 120 mM NaCl, 25 mM KCl, 5 mM 
EDTA, 1% Trition-X100, 1% Na-deoxycholate), 1 mL 
of high-salt buffer (20 mM Tris, pH 7.5, 1 M NaCl, 5 
mM EDTA, 1% Trition-X100, 1% Na-deoxycholate, 
0.001% SDS), and 1 mL of low-salt buffer (20 mM Tris, 
pH 7.5, 5 mM EDTA). Beads were rinsed twice on 
magnet with 0.25 mL of NT2 buffer, and then with 0.1 
mL of NT2 buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 
1 mM MgCl2, 0.0005% Igepal).  

RNAse A (Affymetrix #70194Z) was diluted in 
NT2 buffer at a final concentration of 0.4 U/μL. The 
RNAse A digestion reactions had a total aqueous 
volume of 30 μL containing 6 μL of PEG400 (16.7% 

final). The reactions were chilled on ice before 
resuspension of the immunoprecipitants. The 
reactions were incubated at 30°C for 15 min in an 
Eppendorf Thermomixer, followed by centrifugation 
for 15 s at 1,400 rpm and a 90-s rest. Digestions were 
stopped by the addition of 0.5 mL of ice-cold 
high-stringency buffer. The immunoprecipitants were 
then quickly rinsed with 0.25 mL and 0.05 mL of 
ice-cold NT2 buffer. The digested complexes were 
then dephosphorylated with T4 PNK (NEB, Cat. 
M0210) for 30 min in an Eppendorf Thermomixer at 
37°C, followed by centrifugation for 15 s at 1,400 rpm 
and a 90-s rest in a 30-μL reaction (50 mM Tris, pH 7.0, 
10 mM MgCl2, 5 mM DTT) containing 10 units of T4 
PNK, 0.1 μL of SUPERase-IN (Thermo Fisher 
Scientific, #AM2694), and 6 μL of PEG400. 
Dephosphorylation reactions were removed and 
immunoprecipitants were 3′-end-ligated with T4 RNA 
Ligase 1 (NEB, Cat. #M0204) overnight in an 
Eppendorf Thermomixer at 16°C, followed by 
centrifugation for 15 s at 1,400 rpm and a 90-s rest in a 
30-μL reaction containing 10 units of T4 RNA Ligase 
1, 1 pmole preA-DNA-adaptor, and 0.1 μL of 
SUPERase-IN. The 30-μL ligation reactions were 
supplemented with 6 μL of PEG400 (16.7% final).  

On the following day, beads were placed on a 
magnetic stand, ligation reactions were removed, and 
beads were resuspended in 10 μL of 1× LDS sample 
buffer + reducing agent and heated for 15 min at 75°C. 
Samples were stored at −20°C or immediately 
resolved by SDS-PAGE with NuPAGE 4%–12% 
Bis-Tris Gels (1.0 mm × 12 well) at 180 V for 45 min. 
Resolved RNP complexes were wet-transferred to a 
nitrocellulose membrane at 400 mA for 60 min at 4°C. 
The nitrocellulose membrane was cut, and then 
digested with proteinase K. The recovered RNA was 
purified, and then sequencing and data analysis were 
performed by LC sciences (Hangzhou, China). 
Quantification of RNAs bound to AGTR2 was done 
based on number of reads per million (RPM) using the 
following formula:  

 RPM = number of reaads per million (RPM) 
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑎𝑑𝑠 𝑖𝑛 𝑐𝑙𝑒𝑎𝑛 𝑑𝑎𝑡𝑎

× 106.  

Compared with IgG group, |log 2 (fold change) |>1 
and p< 0.05 were set as threshold cutoff of 
differentially detected in AGTR2 group.  

RNA-binding protein immunoprecipitation 
(RIP)  

RIP was performed with the EZ-Magna RIP 
RNA-Binding Protein Immunoprecipitation Kit (Cat. 
#17-701, Millipore, CA, USA) according to the 
manufacturer’s guidelines. Briefly, after transfection 
of HEK293 cells with hsa-let-7a-2 plasmid and 
AGTR2/AGTR1 plasmid for 24 hours, the cells were 
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homogenized with RIP lysis buffer. Then, the cell 
lysates were incubated with anti-AGTR2 antibody, 
anti-AGTR1 antibody, or isotype‐matched IgG (5 μg 
of total antibody per immunoprecipitation) 
immobilized on magnetic beads at 4°C overnight. 
After extensive washing, the beads were digested 
with proteinase K (30 min at 55°C), the RNA was 
harvested by canonical phenol chloroform isoamyl 
extraction, and then precipitated with ethanol. The 
eluted RNA was reverse-transcribed into cDNA with 
a Reverse Transcription Kit (Promega, Fitchburg, 
USA), and hsa-let-7a-2 was analyzed by PCR with the 
primer sequences 5′-AGGTTGAGGTAGTAGGTTG 
TATAGT-3′ and 5′-GGAGGCTGTACAGTTATCTC 
CC-3′. 

Chromatin isolation by RNA purification 
(ChIRP) 

ChIRP was performed as previously described 
with minor modifications [38]. In brief, HEK293 cells 
co-transfected with AGTR1/AGTR2 and hsa-let-7a-2 
plasmids in 10-cm cell culture dishes were irradiated 
by UV light for 2 min with lids off and PBS aspirated, 
then they were incubated in 3% formaldehyde for 10 
min for chemical cross-linking. Cross-linked cells 
were homogenized with NP40 lysis buffer (20 mM pH 
7.4 Tris, 1M NaCl, 1 mM EDTA, 1% NP40) and 
divided into equal amounts, and then 400 pmol of 
biotinylated antisense oligo pools or their free 
antisense oligo pools targeting hsa-let-7a-2 were 
added and incubated at 94°C for 1 min to open the 
stem loop of hsa-let-7a-2. After slowly cooling to room 
temperature, 100 μL of Streptavidin Magnet Spheres 
(Beaver for Life Science, Suzhou, China) were added 
to each sample to hybridize overnight at 4°C. Finally, 
the bound RNA and protein complexes were eluted 
by 1×protein loading buffer at 70°C for 10 min and 
analyzed by immunoblotting. The probe sequences 
were: probe-1, 5'-AGGAAAGCTAGGAGGCTGTACA 
-3', probe-2, 5'-TATCTCCCTTGATGTAATTCTA-3', 
probe-3, 5'-CTATACAACCTACTACCTCAAC-3'.  

RNA pull-down assay 
The RNA pull-down assay was performed with 

a Pierce Magnetic RNA-Protein Pull-Down Kit (Pierce 
Biotechnology, Rockford, IL, USA) according to the 
manufacturer’s specifications. Briefly, biotin-labeled 
hsa-let-7a-2, hsa-let-7a-5p, hsa-let-7a-2-3p, and a 72-nt 
random RNA sequence with the same composition of 
ribonucleotides as hsa-let-7a-2 were synthesized by 
Dharmacon. HEK293 cells were transfected with 
AGTR2 plasmid for 24 h before being lysed with lysis 
buffer. Cell lysates were incubated with streptavidin 
magnetic beads bound to biotin-labeled RNA at 4°C 
for 30 min with rotation. After extensive washing, the 

RNA-bound protein complexes were eluted by 
heating at 70°C for 10 min in 1×loading buffer. The 
AGTR2 protein present in the pull-down material was 
examined by western blot analysis.  

Radioligand receptor binding assay  
Membrane proteins from hAGTR1 and hAGTR2 

stable HEK293 cell lines were extracted and 
quantified by BCA. The total reaction volume was 150 
μL, consisting of 120 μL membrane protein (5 μg of 
protein/well), 15 μL of [125-I]-sar1-Ile8-Ang II, and 15 
μL of different concentrations of unlabeled competitor 
(hsa-let-7a-2, hsa-let-7a-5p, or hsa-let-7a-2-3p). After a 
2-h incubation at room temperature, the reaction was 
stopped by rapid filtration through Unifilter GF/C 
plates, and then the plate was washed twice, dried at 
room temperature overnight, and finally read by 
TopCount.  

Fluorescent ligand binding assay 
Fluorescent ligand binding assay was performed 

with a Tag-Lite Angiotensin AT2 Receptor Ligand 
Binding Assay kit (Cisbio) according to the 
manufacturer’s protocol [39]. Different concentrations 
of hsa-let-7a-2 (5 μL) were titrated into a solution 
containing a fixed concentration of fluorescent Ang II 
(3 nM, 5 μL) and a fixed amount of Tag-lite 
AGTR2-labeled cells (10 μL). After incubation at room 
temperature for 1 h, fluorescent signals were detected 
by a Ruby star fluorescent reader (BMG Labtech, 
Offenburg, Germany) at 665 and 620 nm. 
Homogeneous Time Resolved Fluorescence (HTRF) 
ratios were obtained by dividing the acceptor signal 
(665 nm) by the donor signal (620 nm) and 
multiplying this value by 10,000. Data were then 
analyzed using GraphPad Prism (GraphPad Software, 
CA, USA), and the Kd values of the compounds were 
determined from competitive binding experiments as 
per the Cheng and Prusoff equation.  

Microscale thermophoresis (MST) assay  
Human AGTR1- or AGTR2-GFP-9×His-tag 

fusion protein plasmids were transfected into HEK293 
cells for 36 h. The proteins were homogenously 
purified by Ni+ Sepharose (Cat. #17531801, Cytiva, 
USA). The fusion protein was suspended in binding 
buffer (250 mM Tris HCl, pH 7.4, 750 mM NaCl, 50 
mM MgCl2, 0.05% Tween-20). BSA (1% in the final 
binding mixture) was added to prevent adhesion of 
proteins to the plastic tubes and glass capillaries. 
Human hsa-let-7a-1/2/3 RNA plasmid was used to 
obtain the corresponding in vitro-transcribed RNA 
products by the MEGA shortscript High Yield 
Transcription Kit (Life, AM1354). The supernatant, 
containing the AGT1R-GFP or AGTR2-GFP fusion 
protein, was diluted to provide a GFP fluorescence 
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density of 600 to 1,000 fluorescence units. The fusion 
protein was then divided into 16 tubes (10 μL/tube). 
A range of RNA solutions were prepared with a two‐
fold dilution, and 10 μL of each dilution was added to 
the fusion protein in the 16 tubes. After mixing, the 
samples were siphoned into capillary tubes, and 
binding activity was measured by the Monolith 
NT.115 instrument (NanoTemper Technologies) [40]. 
Synthetic extracellular and intracellular peptides of 
FICT-labelled AGTR2 at the C-terminal were 
suspended in binding buffer (the buffer pH value was 
adjusted to the isoelectric point of the peptides) and 
diluted to a fluorescence density of 600 to 1,000 
fluorescence units. Hsa-let-7a-2 sourced in vitro 
transcript, bound to the peptide, was assayed.  

Western blot analysis 
Total protein from HEK293 cells or materials 

eluted by ChIRP, RNA pull-down, or immuno-
precipitation assay underwent 10% SDS-PAGE and 
were transferred to nitrocellulose membranes 
(Millipore, Billerica, MA, USA). The membranes were 
blocked with 5% fat-free milk and incubated with 
antibodies against AGTR1 (1:200, ab124734, Abcam, 
Cambridge, MA), AGTR2 (1:2000, ab92445, Abcam, 
Cambridge, MA), glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH; 1:5000, ab181603, Abcam, 
Cambridge, MA), phosphoserine (1:1000, ab9334, 
Abcam, Cambridge, MA), or Rho A (1:3000, ab187027, 
Abcam, Cambridge, MA) at 4°C overnight. After 
incubating with IRDye 680 secondary antibodies at 
room temperature for 1 h, the bands were scanned by 
the Odyssey infrared imaging system (LI-COR 
Biosciences).  

Real-time RT-PCR 
Total RNA was extracted using the miRNeasy kit 

(Cat:217604, QIAGEN, USA) according to the 
manufacturer’s protocol, and quantified by nanodrop. 
Then, purified RNA (1 μg) was reverse transcribed to 
cDNA using the AMV Reverse Transcriptase Kit 
(Promega, Madison, WI, USA) with random primers 
or mature miRNA specific primers. Relative 
expression of pre-miRNAs and mature miRNAs was 
determined by TaqMan quantitative real-time 
RT-PCR on an ABI Prism 7,500 sequence detection 
system (Applied Biosystems, Foster, CA, USA) with a 
TaqMan Universal Master kit (Applied Biosystems). 
The comparative 2−ΔΔCt method was used to quantify 
the relative miRNA expression with GAPDH as an 
endogenous control. The primers and probes used in 
the TaqMan quantitative real-time PCR are listed in 
Table S2. 

Cell treatment for AGTR2 post-receptor 
signaling pathway assay  

Dicer-/- HEK293 cells were co-transfected with 
AGTR2 and hsa-let-7a-2/hsa-let-7a-1/hsa-let-7a-3 
plasmids for 24 h before pretreatment with losartan (5 
μM) for 30 min followed by Ang II (0.2 μM) for 
appropriate time periods as indicated. AGTR2-/-, 
AGTR1-/-, Dicer-/-AGTR1-/-, and AGTR1-/-hsa-let- 
7a-2+/- cells were treated similarly to Dicer-/- cells, 
except that AGTR2-/- cells were transfected without 
AGTR2 plasmid and Dicer-/-AGTR1-/- and 
AGTR1-/-hsa-let-7a-2+/- cells were not treated with 
losartan. Following treatment, the cells were used for 
cAMP, SHP-1 phosphatase activity and 
immunoprecipitation assay. 

cAMP assay 
The cAMP concentration in cells was determined 

by a cAMP-Gi kit (Cat. #62AM9PEB, Cisbio). Cells 
were dispensed at 6,000 cells/well. Losartan (5 μM), 
forskolin (0.6 μM), and serial dilutions of Ang II 
(Dicer-/-AGTR2-/- cells), or forskolin plus Ang II 
(AGTR1-/- cells) were added and incubated for 45 min. 
Finally, cAMP-Cryptate and Anti cAMP-d2 were 
added to the solution and incubated for 1 h. 
Fluorescent signals were detected on a Rubystar 
fluorescent reader (BMG Labtech) at 665 and 620 nm.  

SHP-1 phosphatase activity assay 
The phosphatase activity of SHP-1 was detected 

as previously reported [25]. In brief, SHP-1 protein in 
cell lysates was incubated with anti-SHP-1 antibody 
(Cat. ab227503, Abcam, Cambridge, MA) at 4°C 
overnight and precipitated with Protein G-Agarose 
beads (Roche). A RediPlate 96 EnzChekR Tyrosine 
Phosphatase Assay Kit (Cat. R-22067) was used for the 
SHP-1 activity assay (Molecular Probes, Invitrogen).  

Immunoprecipitation 
Interaction of AGTR2 with Gαi-2/Gαi-3 was 

determined by co-immunoprecipitation. Briefly, after 
transfection of HEK293 cells with AGTR2, Gαi-2/Gαi-3, 
and hsa-let-7a-2/control plasmids for 24 hours, 
proteins were extracted with Minute total protein 
extraction kit (SN002, invent Biotechnologies, Eden 
Prairie, UK). Then, the proteins were incubated 
anti-IgG (Cat. ab172730, Abcam, Cambridge, MA) or 
anti-AGTR2 antibody (Cat. ab92445, Abcam, 
Cambridge, MA) for overnight at 4 °C. Protein A/G 
agarose was added and incubated for an additional 4 
h at 4 °C. After centrifugation, the supernatant was 
removed, and the immunoselections were washed 
three times with ice-cold Phosphate Buffer Saline. 
Gαi-2/Gαi-3 in the immunoselection was detected by 
western blot analysis with corresponding antibodies 
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(anti-Gαi-2: Cat. sc-13534AP, Santa Cruz 
Biotechnology, CA, USA; anti-Gαi-3: Cat. ab173527, 
Abcam, Cambridge, MA).  

Phosphorylation of RhoA was assayed as 
described [12]. Primary anti-Rho A antibody (Cat. 
sc-418, Santa Cruz Biotechnology, CA, USA) was 
pre-incubated with 40 μL of protein A/G Sepharose 
beads at 4°C overnight. After the supernatant was 
removed, cell lysis buffer (RIPA lysis buffer with 
phosphatase inhibitors) was added at 4°C overnight 
with gentle rocking, and then washed three times 
with lysis buffer. Pellets were heated at 70°C for 10 
min in 1×loading buffer. Then, SDS-PAGE was 
performed and immunoblotting was conducted with 
anti-phospho-Ser antibody (Cat. sc-81514, Sant Cruz 
Biotechnology) to determine RhoA serine 
phosphorylation. Aortic tissue lysates were examined 
with western blot analysis using anti-RhoA-(phospho 
S188) antibody (Cat. ab41435, Abcam, Cambridge, 
MA).  

Cell proliferation, migration, and apoptosis 
assays 

Dicer-/-AGTR-/- cells were co-transfected with 
AGTR2 plasmid and control (p-CON) / hsa-let-7a-2 
(p-hsa-let-7a-2) plasmid 24 h before being treated with 
Ang II (0.2 μM) orthe same volume of vehicle. Twenty 
four hours later, cell proliferation was assessed by an 
EdU Cell Proliferation Assay (Flow Cytometry) Kit 
(Ribobio, Guangzhou, China), cell migration was 
examined by transwell cell culture chambers and the 
scratch method, and cell apoptosis was determined by 
an Annexin V-FITC/PI (Oncogene, San Diego, CA, 
USA) and TdT-mediated dUTP Nick-end labeling 
(TUNEL) Apoptosis Detection Kit (Beyotime Institute 
of Biotechnology, Shanghai, China).  

Arterial transfection and dilation 
WT and AGTR1-/- mice were sacrificed by a 

pentobarbital injection. The secondary class of 
mesenteric artery was dissected out and maintained 
in high glucose DMEM with or without hsa-let-7a-2 
adenovirus and incubated in a 95% O2/5% CO2 
incubator at 37°C for 12 h. For the isometric tension 
measurement, the arteries were cut into ring segments 
of approximately 2 mm in length and suspended in a 
wire myograph (Danish Myo Technology, Aarhus, 
Denmark). Then, the chamber was filled with Krebs 
solution (119 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1 
mM MgCl2, 25 mM NaHCO3, 1.2 mM KH2PO4, and 11 
mM D-glucose) oxygenated with 95% O2/5% CO2 at 
37°C (pH 7.4). The arterial rings were stretched to an 
optimal tension of 1 mN. After equilibrating for 30 
min, the rings were contracted with 60 mM KCl, and 
then washed several times in warm Krebs solution. 

Subsequently, these arteries were incubated with 
phenylephrine (Phe, 10-5 mol/L) and isometric 
tension of each vessel was recorded. After reaching 
the maximum and steady contraction, each arterial 
ring was relaxed by cumulative additions of Ang II 
(10-10 to 10-5 mol/L). The study was conducted 
according to the guidelines of the Declaration of 
Helsinki, and approved by the Ethics Committee on 
Animal Study of Fuwai Hospital (FW-2021-0017). 

Statistics 
Data are presented as mean ± standard deviation 

(SD). Differences between two groups were evaluated 
by unpaired Student’s t test and among more than 
two groups by two-way analysis of variance 
(ANOVA). All statistical analyses were performed by 
GraphPad Prism v8.0.2. P < 0.05 was considered 
statistically significant. 
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GPCR: G protein-coupled receptor; miRNA: 

microRNAs; Ang II: angiotensin II; AGTR2: 
angiotensin II type 2 receptor; pre-miRNA: precursor 
miRNA; TLR7: toll-like receptor 7; AGTR1: 
angiotensin II type 1 receptor; irCLIP : infrared-UV-C 
crosslinking immunoprecipitation; RIP: RNA-binding 
protein immunoprecipitation; RT-PCR: reverse 
transcription PCR; ChIRP: chromatin isolation RNA 
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deoxynucleotidyl transferase dUTP nick end labeling.  

Supplementary Material  
Supplementary figures and tables.  
https://www.ijbs.com/v18p3237s1.pdf  

Acknowledgements  
We thank Prof. Yunzeng Zou (Zhongshan 

Hospital, FuDan University) for kindly providing the 
AGTR1-/- mice.  

Funding 
This work was supported by CAMS Innovation 

Fund for Medical Sciences (CIFMS, 2021-I2M-1-007), 
National Natural Science Foundation of China 
(Project ID. 81825002, 81630014, 82170302, 81870318, 
81670379, 81670462, 81970440, 81921001, and 
81800367), and Beijing Outstanding Young Scientist 
Program (Project ID, BJJWZYJH01201910023029); 
Beijing Hospitals Authority Youth Program (Project 
ID, QML20200305); the National Key R&D Program of 
China (Project ID, 2018YFC1312703); Peking 
University Basic Research Program (Project ID, 
BMU2020JC001); PKU-Baidu Fund (Project ID, 



Int. J. Biol. Sci. 2022, Vol. 18 
 

 
https://www.ijbs.com 

3250 

2019BD014); Open Foundation from Beijing Key 
Laboratory of Hypertension Research (Project ID, 
2019GXY-KFKT-02); Reform and Development 
Program of Beijing Institute of Respiratory Medicine 
(Project ID, ysrh2022010). 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Wacker D, Stevens RC, Roth BL. How Ligands Illuminate GPCR Molecular 

Pharmacology. Cell. 2017; 170:414-427.  
2. Wang W, Qiao Y, Li Z. New Insights into Modes of GPCR Activation. Trends 

Pharmacol Sci. 2018;39:367-386. 
3. Ha M, Kim VN. Regulation of microRNA biogenesis. Nat Rev Mol Cell Biol. 

2014;15:509-524. 
4. Fabbri M, Paone A, Calore F, et al. MicroRNAs bind to Toll-like receptors to 

induce prometastatic inflammatory response. Proc Natl Acad Sci U S A. 
2012;109:E2110-E2116. 

5. Yelamanchili SV, Lamberty BG, Rennard DA, et al. MiR-21 in Extracellular 
Vesicles Leads to Neurotoxicity via TLR7 Signaling in SIV Neurological 
Disease. PLoS Pathog; 2015,11:e1005032. 

6. Fabbri M. MicroRNAs and miRceptors: a new mechanism of action for 
intercellular communication. Philos Trans R Soc Lond B Biol Sci. 2018;373: 
20160486. 

7. Tudor S, Giza DE, Lin HY, et al. Cellular and Kaposi's sarcoma-associated 
herpes virus microRNAs in sepsis and surgical trauma. Cell Death Dis. 
2014;5:e1559. 

8. Lehmann SM, Kruger C, Park B, et al. An unconventional role for miRNA: 
let-7 activates Toll-like receptor 7 and causes neurodegeneration. Nat 
Neurosci. 2012;15:827-835. 

9. de Kloet AD, Steckelings UM, Sumners C. Protective Angiotensin Type 2 
Receptors in the Brain and Hypertension. Curr Hypertens Rep. 2017;19:46. 

10. Kaschina E, Namsolleck P, Unger T. AT2 receptors in cardiovascular and renal 
diseases. Pharmacological Research. 2017;125:39-47. 

11. Cui C, Huang C, Zhou W, et al. AGTR2, One Possible Novel Key Gene for the 
Entry of SARS-CoV-2 Into Human Cells. IEEE/ACM Trans Comput Biol 
Bioinform. 2021;18:1230-1233. 

12. Hayashida W, Horiuchi M, Dzau VJ. Intracellular third loop domain of 
angiotensin II type-2 receptor. Role in mediating signal transduction and 
cellular function. J Biol Chem; 1996;271:21985-21992. 

13. Lehtonen JY, Daviet L, Nahmias C, et al. Analysis of functional domains of 
angiotensin II type 2 receptor involved in apoptosis. Mol Endocrinol. 
1999;13:1051-1060. 

14. Sharma M, Sharma R, Greene AS, et al. Documentation of angiotensin II 
receptors in glomerular epithelial cells. Am J Physiol. 1998;274:F623-F627. 

15. Feng Y H, Sun Y, Douglas J G. Gbeta gamma -independent constitutive 
association of Galpha s with SHP-1 and angiotensin II receptor AT2 is essential 
in AT2-mediated ITIM-independent activation of SHP-1. Proc Natl Acad Sci U 
S A. 2002;99:12049-12054. 

16. Strassheim D, Gerasimovskaya E, Irwin D, et al. RhoGTPase in Vascular 
Disease. Cells. 2019;8. 

17. Andresen BT, Shome K, Jackson EK, et al. AT2 receptors cross talk with AT1 
receptors through a nitric oxide- and RhoA-dependent mechanism resulting in 
decreased phospholipase D activity. Am J Physiol Renal Physiol. 
2005;288:F763-F770. 

18. Guilluy C, Rolli-Derkinderen M, Loufrani L, et al. Ste20-related kinase SLK 
phosphorylates Ser188 of RhoA to induce vasodilation in response to 
angiotensin II Type 2 receptor activation. Circ Res. 2008;102:1265-1274. 

19. Benndorf R, Boger R H, Ergun S, et al. Angiotensin II type 2 receptor inhibits 
vascular endothelial growth factor-induced migration and in vitro tube 
formation of human endothelial cells. Circ Res. 2003;93:438-447. 

20. Savoia C, Tabet F, Yao G, et al. Negative regulation of RhoA/Rho kinase by 
angiotensin II type 2 receptor in vascular smooth muscle cells: role in 
angiotensin II-induced vasodilation in stroke-prone spontaneously 
hypertensive rats. J Hypertens. 2005;23:1037-1045. 

21. Lee H, Han S, Kwon CS, et al. Biogenesis and regulation of the let-7 miRNAs 
and their functional implications. Protein Cell. 2016;7(2):100-113. 

22. Porrello ER, Delbridge LM, Thomas WG. The angiotensin II type 2 (AT2) 
receptor: an enigmatic seven transmembrane receptor. Front Biosci (Landmark 
Ed). 2009;14:958-972. 

23. Carey RM, Padia SH. Role of angiotensin AT(2) receptors in natriuresis: 
Intrarenal mechanisms and therapeutic potential. Clin Exp Pharmacol Physiol. 
2013;40:527-534. 

24. De Souza AM, Lopes AG, Pizzino CP, et al. Angiotensin II and 
angiotensin-(1-7) inhibit the inner cortex Na+ -ATPase activity through AT2 
receptor. Regul Pept. 2004;120:167-175. 

25. Paquin-Veillette J, Lizotte F, Robillard S, et al. Deletion of AT2 Receptor 
Prevents SHP-1-Induced VEGF Inhibition and Improves Blood Flow 
Reperfusion in Diabetic Ischemic Hindlimb. Arterioscler Thromb Vasc Biol. 
2017;37:2291-2300. 

26. Nouet S, Amzallag N, Li JM, et al. Trans-inactivation of receptor tyrosine 
kinases by novel angiotensin II AT2 receptor-interacting protein, ATIP. J Biol 
Chem. 2004;279:28989-28997. 

27. Zhang J, Pratt RE. The AT2 receptor selectively associates with Gialpha2 and 
Gialpha3 in the rat fetus. J Biol Chem. 1996;271:15026-15033. 

28. Li J, Zhao X, Li X, et al. Angiotensin II type 2 receptor-dependent increases in 
nitric oxide synthase expression in the pulmonary endothelium is mediated 
via a G alpha i3/Ras/Raf/MAPK pathway. Am J Physiol Cell Physiol. 
2007;292:C2185-C2196. 

29. Kumar V, Knowle D, Gavini N, et al. Identification of the region of AT2 
receptor needed for inhibition of the AT1 receptor-mediated inositol 
1,4,5-triphosphate generation. FEBS Lett. 2002;532:379-386. 

30. Knowle D, Ahmed S, Pulakat L. Identification of an interaction between the 
angiotensin II receptor sub-type AT2 and the ErbB3 receptor, a member of the 
epidermal growth factor receptor family. Regul Pept. 2000;87:73-82. 

31. Elbaz N, Bedecs K, Masson M, et al. Functional trans-inactivation of insulin 
receptor kinase by growth-inhibitory angiotensin II AT2 receptor. Mol 
Endocrinol. 2000;14:795-804. 

32. Rodrigues-Ferreira S, Nahmias C. An ATIPical family of angiotensin II AT2 
receptor-interacting proteins. Trends Endocrinol Metab. 2010;21(11):684-690. 

33. Senbonmatsu T, Saito T, Landon EJ, et al. A novel angiotensin II type 2 
receptor signaling pathway: possible role in cardiac hypertrophy. EMBO J. 
2003;22:6471-6482. 

34. Bastien NR, Ciuffo GM, Saavedra JM, et al. Angiotensin II receptor expression 
in the conduction system and arterial duct of neonatal and adult rat hearts. 
Regul Pept. 1996;63:9-16. 

35. Durik M, Seva PB, Roks AJ. The renin-angiotensin system, bone marrow and 
progenitor cells. Clin Sci (Lond). 2012;123:205-223. 

36. Sanjana NE, Shalem O, Zhang F. Improved vectors and genome-wide libraries 
for CRISPR screening. Nat Methods. 2014;11:783-784. 

37. Zarnegar BJ, Flynn RA, Shen Y, et al. irCLIP platform for efficient 
characterization of protein-RNA interactions. Nat Methods. 2016;13:489-492. 

38. Chu C, Zhang QC, Da RS, et al. Systematic discovery of Xist RNA binding 
proteins. Cell. 2015,161:404-416. 

39. Zwier JM, Roux T, Cottet M, et al. A fluorescent ligand-binding alternative 
using Tag-lite(R) technology. J Biomol Screen. 2010;15:1248-1259. 

40. Wienken CJ, Baaske P, Rothbauer U, et al. Protein-binding assays in biological 
liquids using microscale thermophoresis. Nat Commun. 2010;1:100. 


