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ABSTRACT
A receptor is a protein molecule that receives chemical signals
from outside a cell, which enables the cell to respond to the signal
molecule. Receptors mediate numerous important physiologic
effects upon binding extracellular agonists. However, sustained
activation of the receptor may lead to pathologic effects. Cells
can regulate the number and function of receptors to alter their

sensitivity to different molecules by a feedback mechanism, such
as change in the receptor conformation, uncoupling of the receptor
effectormolecules, receptor sequestration, etc. In thisspecial issue,
some Chinese scientists were invited to contribute impactful dis-
coveries and insightful reviews in the field of molecular pharmacol-
ogy, especially receptor and receptor regulation.

Receptors are the largest family of cell-surface molecules
involved in signal transmission, which can broadly be clas-
sified into the following categories: ionotropic receptors, G
protein–coupled receptors, kinase-linked and related recep-
tors, and nuclear receptors. Receptors play key physiologic
roles, such as cell signaling, regulation of gene expression, cell
cycle and proliferation, cellular growth and differentiation,
development, andmetabolism. Because receptors are involved
in a variety of critical functions, it is not surprising that
several major diseases have been related to receptor dysfunc-
tions, including cancer, cardiac diseases, neurodegeneration,
and inflammatory diseases. About 50% of currently marketed
drugs are targeted to receptors. Receptors have become a
frontier area of research, both in basic research and trans-
lational medicines.
More than 40 years since the first G protein–coupled

receptor (GPCR) was cloned, key questions still remain unan-
swered in the GPCR field. One of these questions is how a
limited number of common transducers of GPCRs (4 subtype
arrestins and 16 subtype Ga proteins) allowed translation
of the input information from approximately 800 different
GPCRs in the human genome to tens of thousands of distinct
cellular outcomes. Both different G protein conformations and
arrestin conformations can account for this precise and di-
verse signaling mechanism (Nuber et al., 2016; Wootten
et al., 2016). Recently, Dr. Lefkowitz from Duke University

and Dr. Tobin from University of Leicester (Leicester, Eng-
land) presented a “barcode” hypothesis that the activation
of receptors can transduce different signaling pathways via
distinct barcodes constituted by receptor phosphorylation
sites (Yang et al., 2017). However, a principle of this barcode
has not been elucidated until recently due to a lack of primary
sequence identity of the receptor phosphorylated C tail at
first glance (Yang et al., 2017). By using a de novo unnatu-
ral amino incorporation method and 19F-NMR technology,
Dr. Jinpeng Sun’s group identified the mechanism underlying
the arrestin-mediated GPCR functions, of which the phospho-
coding of the receptor could be, in theory, translated to more
than 1000 different combinations through the 10 phosphate-
binding pockets lying in the N terminus of arrestin (Yang
et al., 2015). This new insight of arrestin-mediated GPCR
signaling provides a potential mechanism in the operation
of receptor phosphocoding by GPCRs and arrestins, and
will greatly help in developing new therapeutic methods
by operating arrestin functions downstream of specific
GPCRs.
The concept of biased GPCR signaling is a hot research

area, and developing biased GPCR ligands sheds light on new
pharmacological applications (Maudsley et al., 2012; Reiter
et al., 2012; Rominger et al., 2014). However, the mechanism
ofbiasedsignaling is largelyundefined. InChina, several studies
have revealed that the biased b-adrenergic and cholecysto-
kinin A receptor (CCKAR) signaling regulated distinct islet
and brain functions, which not only contributed to the recent
increased repertoire of the independent G protein and arrestinhttps://doi.org/10.1124/mol.117.109587.

ABBREVIATIONS: CGP7930, 3,5-bis(1,1-Dimethylethyl)-4-hydroxy-b,b-dimethyl-benzenepropanol; EGFR, epithelial growth factor receptor;
GABAB, gamma-aminobutyric acid B; GPCR, G protein–coupled receptor; GRK, GPCR kinase; GS39783, N,N9-Dicyclopentyl-2-(methylthio)-5-
nitro-4,6-pyrimidinediamine; IR, insulin receptor; IRS, insulin receptor substrate; PXR, pregnane X receptor.
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functions, but also laid out foundations for development of new
therapeutic methods for diabetes and neurology diseases
(Wang et al., 2014a; Ning et al., 2015; Dong et al., 2017). For
example, research conducted by Dr. Jinpeng Sun’s group
suggested that appropriate management of the antiasthma
drug formoterol can effectively improve learning and memory
(Dong et al., 2017), whereas the biased ligands of CCKARs
that only activate Gs or b-arrestin-1 pathways could be a
better antidiabetic therapeutic method (Ning et al., 2015).
Moreover, when they used the biased agonist of angiotensin II
type 1 receptors to study arrestin-mediated catecholamine
secretion from the adrenal glands, they found that different
arrestin subtype–biased signaling generated distinct physio-
logic outputs, which suggested b-arrestin-2 subtype–biased
signaling, rather than b-arrestin-1–subtype biased signaling,
has better therapeutic potential to treat heart diseases (Liu
et al., 2017).
In addition to b-arrestin, increasing nontraditional func-

tions of GPCR kinases (GRKs) have also been discovered
beyond their original function for GPCR desensitization. Zhu
et al. (2012) found that Gi-biased b2-adrenergic receptor
signaling links GRK2 upregulation to heart failure, and that
GRK2/b-arrestin signaling mediates the proliferation of car-
diac fibroblast induced by arginine vasopressin (Chen et al.,
2017) and cell survival evoked by hypoxia (Zhu et al., 2013). In
this special issue, Dr. Weizhong Zhu’s laboratory found that
GRK2 mediates arginine vasopressin–induced interleukin-6
production via nuclear factor kB p65 signaling in neonatal rat
cardiac fibroblasts (Xu et al., 2017). Thus, GRK2 could be a
drug target for treatment of various diseases, including heart
failure and cardiac inflammation.
Gamma-aminobutyric acid B (GABAB) receptor is a metab-

otropic GPCR for themain inhibitory neurotransmitter GABA
in the central nervous system. Increased expression of
GABAB receptor has been detected in various human cancer
tissues and cancer cell lines, but the role of GABAB receptor
in cancer is controversial, and the underlying mechanism is
poorly understood. Dr. Jianfeng Liu’s research group reported
that GABAB receptor agonist induced transactivation of
epithelial growth factor receptor (EGFR) and activation of
downstream ERK1/2 signaling in a ligand- and Gi/o protein–
dependent pathway, leading to enhancedmigration and invasion
of humanprostate cancer cells (Xia et al., 2017). Positive allosteric
modulators of GABAB receptor, such as CGP7930 (3,5-bis
(1,1-Dimethylethyl)-4-hydroxy-b,b-dimethyl-benzenepropanol),
rac-BHFF, and GS39783 (N,N9-Dicyclopentyl-2-(methylthio)-5-
nitro-4,6-pyrimidinediamine), can function as positive allosteric
modulator agonists to induce EGFR transactivation and sub-
sequent ERK1/2 activation. Moreover, CGP7930 also promoted
cellmigration and invasion throughEGFRsignaling. This study
suggests that the neurotransmitter receptor plays an important
role in tumor invasion and metastasis and provides new
insights into the development of a novel strategy for prostate
cancer treatment by targeting neurotransmitter signaling. In
addition to EGFR, Dr. Jianfeng Liu’s group also revealed
several years ago that heterodimeric GABAB receptor trans-
activated insulin-like growth factor receptor 1 in cerebellar
granular neurons, resulting in activation of Akt signaling and
protecting neurons from apoptosis (Tu et al., 2010). These
studies suggest that a single GPCR has the potential to trans-
activate multiple receptor tyrosine kinases and induce cellular-
specific responses.

Although GPCRs form functional monomers, increasing
evidence indicates that GPCR dimerization has a critical
role in cell signal integration. Dr. Liu and colleagues also
studied the details of the conformational rearrangement of
the 7-transmembrane of homodimeric metabotropic gluta-
mate receptors and provided important information for the
activation mechanism of metabotropic glutamate receptors,
thus improving our understanding of the negative coopera-
tivity of GPCR dimer (Xue et al., 2015).
Enzyme-linked receptors are a second major type of cell-

surface receptor. Insulin receptor (IR), together with its
downstream insulin receptor substrate (IRS), is the key
component of insulin signaling, which plays an important
role in the regulation of both glucose and lipid homeostasis
(Saltiel and Kahn, 2001). Impairment of insulin signaling
leads to insulin resistance, which is a key pathogenic factor of
various metabolic disorders, including metabolic syndrome,
obesity, and type 2 diabetes (Eckel et al., 2005; Mcmillen
and Robinson, 2005). Skeletal muscle accounts for up to
75% of insulin-dependent glucose disposal (DeFronzo et al.,
1981; Shulman et al., 1990), but the mechanisms underlying
muscle insulin resistance remain poorly understood. The
group led by Dr. Rui-Ping Xiao identified thatMG53, a striated
muscle–specific tripartite motif-containing family member, is
the E3 ligase of both IR and IRS-1, and is essentially involved
in their degradation under circumstances of insulin resis-
tance (Song et al., 2013). MG53 is upregulated in response to
metabolic stress and mediates IR and IRS-1 degradation, the
development of skeletal muscle insulin resistance, and sub-
sequent global metabolic disorders (Song et al., 2013). This
study not only identified that MG53 plays an essential role in
skeletal muscle insulin resistance, but was also the first to
demonstrate that the insulin resistance of skeletal muscle,
instead of liver or adipose tissues, is the initial and central
pathologic process during the development of global metabolic
disorders. More importantly, it was first found that MG53 was
the E3 ligase of both IR and IRS-1, which negatively regulates
the IR signaling system. Thus, targeting the interaction be-
tween MG53 and IR/IRS-1 may be a novel approach for the
treatment of metabolic diseases.
Nuclear receptors constitute another superfamily of recep-

tors. In contrast to membrane-bound receptors, the nuclear
receptors are intracellular and act by controlling the activity of
genes directly. Pregnane X receptor (PXR) is a member of the
nuclear receptor superfamily and is responsible for the de-
toxification of xenobiotics. PXR is activated by a large number
of endogenous and exogenous chemicals, including steroids
(e.g., progesterone, spironolactone, dexamethasone), antibi-
otics (e.g., rifampicin, rifaximin), antimycotics, bile acids,
and many herbal and other compounds (Kliewer et al., 2002).
Dr. Nanpin Wang and colleagues found that xenobiotic PXR
regulates innate immunity via activation of NOD-like receptor
family pyrin domain containing 3 (NLRP3) inflammasome in
vascular endothelial cells (Wang et al., 2014b). In this special
issue, Dr. Wang’s group further revealed that statins inhibit
NLRP3 inflammasome activation in endothelial cells by oxi-
dized low-density lipoprotein and tumor necrosis factor through
a PXR-dependent mechanism. Statins have many cardiovascu-
lar benefits beyond their lipid-lowering effects. This findingwill
provide new insight into the pharmacological actions of statins.
In addition to receptors, ion channels are another important

class of membrane protein. In this special issue, Dr. Wang
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describes the Ca21-permeable cation TRPV3 channel as an
emerging target for itch and skin diseases. TRPV3 is primarily
expressed in keratinocytes of the skin, as well as in sensory
neurons, where its activation causes a feeling of warmth.Natural
compounds, suchas camphor, thymol, carvacrol, and eugenol, can
activate or potentiate TRPV3. Spontaneous autosomal dominant
mutations in TRPV3 can also cause hairlessness, dermatitis, and
inflammatory skin lesions in rodents (Asakawa et al., 2006). In
2012, the laboratories of Yang andWang identified three genetic
gain-of-function mutations of TRPV3 from patients that cause
Olmsted syndrome characterized by bilateral mutilating palmo-
plantar keratoderma and periorificial keratotic plaques with
severe itching (Lin et al., 2012). These investigations indicate
that TRPV3 mediates an important function in skin physiology,
and inhibition of overactive TRPV3may have therapeutic poten-
tial for itch and skin diseases. The Wang laboratory also demon-
strated the intracellular proton-mediated activation of TRPV3
channels (Cao et al., 2012). The sensitivity of TRPV3 to intra-
cellular acidosis may explain the cosmetic exfoliation effect of
weak acids on keratinocytes in the skin.
Pharmacology has made great strides in China. The success-

ful development of artemisinin, a remarkable breakthrough
of antimalarial drugs, is a telling example that represents
impressive pharmacology research in China, which was
recognized by the 2015 Nobel Prize in Physiology or Medicine
to Youyou Tu “for her discoveries concerning a novel therapy
against malaria.” (http://www.nobelprize.org/nobel_prizes/
medicine/laureates/2015/) To recognize broad active re-
searches and accomplishments in the molecular pharmacology
field in China, this special issue of Molecular Pharmacology
invited some leading Chinese researchers to contribute their
impactful discoveries and insightful reviews. In addition to the
previously mentioned work, the work of many other excellent
researchers with important contributions cannot be men-
tioned because of space constraints, so the author expresses
apologies. The author hopes that the collection of articles will
provide a window to view the pharmacological development
in China.

References

Asakawa M, Yoshioka T, Matsutani T, Hikita I, Suzuki M, Oshima I, Tsukahara K,
Arimura A, Horikawa T, Hirasawa T, et al. (2006) Association of a mutation in
TRPV3 with defective hair growth in rodents. J Invest Dermatol 126:2664–2672.

Cao X, Yang F, Zheng J, Wang K (2012) Intracellular proton-mediated activation of
TRPV3 channels accounts for the exfoliation effect of a-hydroxyl acids on kerati-
nocytes. J Biol Chem 287:25905–25916.

Chen Y, Xu F, Zhang L, Wang X, Wang Y, Woo AY-H, and Zhu W (2017) GRK2/
b-arrestin mediates arginine vasopressin-induced cardiac fibroblast proliferation.
Clin Exp Pharmacol Physiol 44:285–293.

DeFronzo RA, Jacot E, Jequier E, Maeder E, Wahren J, and Felber JP (1981)
The effect of insulin on the disposal of intravenous glucose. Results from in-
direct calorimetry and hepatic and femoral venous catheterization. Diabetes
30:1000–1007.

Dong JH, Wang YJ, Cui M, Wang XJ, Zheng WS, Ma ML, Yang F, He DF, Hu QX,
Zhang DL, et al. (2017) Adaptive Activation of a Stress Response Pathway Im-
proves Learning and Memory Through Gs and b-Arrestin-1-Regulated Lactate
Metabolism. Biol Psychiatry 81:654–670.

Eckel RH, Grundy SM, and Zimmet PZ (2005) The metabolic syndrome. Lancet 365:
1415–1428.

Kliewer SA, Goodwin B, and Willson TM (2002) The nuclear pregnane X receptor: a
key regulator of xenobiotic metabolism. Endocr Rev 23:687–702.

Lin Z, Chen Q, Lee M, Cao X, Zhang J, Ma D, Chen L, Hu X, Wang H, Wang X, et al.
(2012) Exome sequencing reveals mutations in TRPV3 as a cause of Olmsted
syndrome. Am J Hum Genet 90:558–564.

Liu CH, Gong Z, Liang ZL, Liu ZX, Yang F, Sun YJ, Ma ML, Wang YJ, Ji CR, Wang
YH, et al. (2017) Arrestin-biased AT1R agonism induces acute catecholamine se-
cretion through TRPC3 coupling. Nat Commun 8:14335.

Maudsley S, Patel SA, Park SS, Luttrell LM, and Martin B (2012) Functional sig-
naling biases in G protein-coupled receptors: Game Theory and receptor dynamics.
Mini Rev Med Chem 12:831–840.

McMillen IC and Robinson JS (2005) Developmental origins of the metabolic syn-
drome: prediction, plasticity, and programming. Physiol Rev 85:571–633.

Ning SL, Zheng WS, Su J, Liang N, Li H, Zhang DL, Liu CH, Dong JH, Zhang ZK,
Cui M, et al. (2015) Different downstream signalling of CCK1 receptors reg-
ulates distinct functions of CCK in pancreatic beta cells. Br J Pharmacol 172:
5050–5067.

Nuber S, Zabel U, Lorenz K, Nuber A, Milligan G, Tobin AB, Lohse MJ, and Hoffmann
C (2016) b-Arrestin biosensors reveal a rapid, receptor-dependent activation/
deactivation cycle. Nature 531:661–664.

Reiter E, Ahn S, Shukla AK, and Lefkowitz RJ (2012) Molecular mechanism of
b-arrestin-biased agonism at seven-transmembrane receptors. Annu Rev Phar-
macol Toxicol 52:179–197.

Rominger DH, Cowan CL, Gowen-MacDonald W, and Violin JD (2014) Biased li-
gands: pathway validation for novel GPCR therapeutics. Curr Opin Pharmacol 16:
108–115.

Saltiel AR and Kahn CR (2001) Insulin signalling and the regulation of glucose and
lipid metabolism. Nature 414:799–806.

Shulman GI, Rothman DL, Jue T, Stein P, DeFronzo RA, and Shulman RG (1990)
Quantitation of muscle glycogen synthesis in normal subjects and subjects with
non-insulin-dependent diabetes by 13C nuclear magnetic resonance spectroscopy.
N Engl J Med 322:223–228.

Song R, Peng W, Zhang Y, Lv F, Wu H-K, Guo J, Cao Y, Pi Y, Zhang X, Jin L, et al.
(2013) Central role of E3 ubiquitin ligase MG53 in insulin resistance and metabolic
disorders. Nature 494:375–379.

Tu H, Xu C, Zhang W, Liu Q, Rondard P, Pin JP, Liu J (2010) GABAB receptor
activation protects neurons from apoptosis via IGF-1 receptor transactivation.
J Neurosci 30:749–759.

Wang HM, Dong JH, Li Q, Hu Q, Ning SL, Zheng W, Cui M, Chen TS, Xie X, Sun JP,
et al. (2014a) A stress response pathway in mice upregulates somatostatin level
and transcription in pancreatic delta cells through Gs and b-arrestin 1. Dia-
betologia 57:1899–1910.

Wang S, Lei T, Zhang K, Zhao W, Fang L, Lai B, Han J, Xiao L, and Wang N (2014b)
Xenobiotic pregnane X receptor (PXR) regulates innate immunity via activa-
tion of NLRP3 inflammasome in vascular endothelial cells. J Biol Chem 289:
30075–30081.

Wootten D, Reynolds CA, Smith KJ, Mobarec JC, Koole C, Savage EE, Pabreja K,
Simms J, Sridhar R, Furness SG, et al. (2016) The Extracellular Surface of the
GLP-1 Receptor Is a Molecular Trigger for Biased Agonism. Cell 165:1632–1643.

Xia S, He C, Zhu Y, Wang S, Li H, Zhang Z, Jiang X, Liu J (2017) GABABR-induced
EGFR transactivation promotes migration of human prostate cancer cells. Mol
Pharmacol DOI: 10.1124/mol.116.107854 [published ahead of print].

Xu F, Sun S, Wang X, Ni E, Zhao L, and Zhu W (2017) GRK2 mediates arginine
vasopressin-induced IL-6 production via NF-kB signaling in neonatal rat cardiac
fibroblast. Mol Pharmacol DOI: 10.1124/mol.116.107698 [published ahead of
print].

Xue L, Rovira X, Scholler P, Zhao H, Liu J, Pin J-P, and Rondard P (2015) Major
ligand-induced rearrangement of the heptahelical domain interface in a GPCR
dimer. Nat Chem Biol 11:134–140.

Yang F, Yu X, Liu C, Qu CX, Gong Z, Liu HD, Li FH, Wang HM, He DF, Yi F, et al.
(2015) Phospho-selective mechanisms of arrestin conformations and functions
revealed by unnatural amino acid incorporation and (19)F-NMR. Nat Commun 6:
8202.

Yang Z, Yang F, Zhang D, Liu Z, Lin A, Liu C, Xiao P, Yu X, and Sun JP (2017)
Phosphorylation of G protein-coupled receptors: from the barcode hypothesis to the
flute model. Mol Pharmacol DOI: mol.116.107839 [published ahead of print].

Zhu W, Petrashevskaya N, Ren S, Zhao A, Chakir K, Gao E, Chuprun JK, Wang Y,
Talan M, Dorn, 2ndGW, et al. (2012) Gi-biased b2AR signaling links GRK2 upre-
gulation to heart failure. Circ Res 110:265–274.

Zhu W, Tilley DG, Myers VD, Coleman RC, and Feldman AM (2013) Arginine
vasopressin enhances cell survival via a G protein-coupled receptor kinase
2/b-arrestin1/extracellular-regulated kinase 1/2-dependent pathway in H9c2
cells. Mol Pharmacol 84:227–235.

Receptor and Receptor Regulation 187

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://www.nobelprize.org/nobel_prizes/medicine/laureates/2015/
http://www.nobelprize.org/nobel_prizes/medicine/laureates/2015/
http://molpharm.aspetjournals.org/

