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Regulators of G protein signaling (RGS) act as guanosine triphosphatase

activating proteins to accelerate guanosine triphosphate hydrolysis of the G

protein α subunit, leading to the termination of the G protein-coupled receptor

(GPCR) downstream signaling pathway. RGS16, which is expressed in a number

of cells and tissues, belongs to one of the small B/R4 subfamilies of RGS proteins

and consists of a conserved RGS structural domain with short, disordered

amino- and carboxy-terminal extensions and an α-helix that classically binds

and de-activates heterotrimeric G proteins. However, with the deepening of

research, it has been revealed that RGS16 protein not only regulates the classical

GPCR pathway, but also affects immune, inflammatory, tumor and metabolic

processes through other signaling pathways including the mitogen-activated

protein kinase, phosphoinositide 3-kinase/protein kinase B, Ras homolog family

member A and stromal cell-derived factor 1/C-X-C motif chemokine receptor

4 pathways. Additionally, the RGS16 protein may be involved in the Hepatitis B

Virus -induced inflammatory response. Therefore, given the continuous

expansion of knowledge regarding its role and mechanism, the structure,

characteristics, regulatory mechanisms and known functions of the small

RGS proteinRGS16 are reviewed in this paper to prepare for diagnosis,

treatment, and prognostic evaluation of different diseases such as

inflammation, tumor, and metabolic disorders and to better study its

function in other diseases.
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Introduction

G protein-coupled receptors (GPCRs) are the largest superfamily of membrane

proteins that control most cellular signaling and regulate key biological functions,

including immune, inflammatory, oncological, and metabolic processes, by coupling

to G proteins to transmit extracellular signals into the cell (Syrovatkina et al., 2016). In the

resting state, heterotrimeric G proteins, which consist of α, β and γ subunits, bind to
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guanosine diphosphate (GDP). (Neves et al., 2002). In the state of

external stimulation, GPCRs act as guanine nucleotide exchange

factors (GEFs), facilitating the exchange of guanosine

triphosphate (GTP) with GDP on Gα, and the activated GTP-

Gα dissociates from the Gβγ dimer, undergoing conformational

changes and regulating downstream effector proteins (Gilman,

1987). The α subunit is enzymatically active, and can catalyze the

hydrolysis of GTP to GDP, after which Gα reassociates with Gβγ
and returns to the resting state. Depending on the structural and

functional differences, Gα subunits, including Gs, Gi/o, Gq/11,

G12/13, etc., can mediate different signaling pathways

(Soundararajan et al., 2008).

The regulators of G protein signaling (RGS) proteins, , which

were discovered at the end of the 20th century, are a family of

molecularly diverse and multifunctional proteins and are capable

of binding to G protein-activated α-subunits, activating

guanosine triphosphatases (GTPases) and accelerating the

hydrolysis of GTP (>1,000-fold), thereby terminating the G

protein signaling pathway (Koelle, 1997). Dysregulation of

RGS expression is involved in a variety of diseases, including

cancer, and cardiovascular and neurodegenerative diseases

(Alqinyah and Hooks, 2018). According to the homology of

the amino acid sequence and the different external signal

domains, the typical RGS proteins can be divided into four

groups: A/RZ, B/R4, C/R7 and D/R12 (Du and Huang, 2005).

Members of the B/R4 subfamily include RGS1-5, 8, 13, 16,

18 and 21, which are the smallest RGS proteins except for RGS3

(Bansal et al., 2007). RGS16, also known as A28-RGS14 or RGS-

R, is expressed in a variety of tissues, such as the retina, pituitary

gland, bonemarrow and liver (Chen et al., 1996; Chen et al., 1997;

Snow et al., 1998a). It has been demonstrated that the

RGS16 protein not only regulates GPCR through classical

signaling pathways, but also regulates tumor and

inflammatory diseases through mitogen-activated protein

kinase (MAPK), phosphoinositide 3-kinase (PI3K)/protein

kinase B (Akt), Ras homolog family member A (Rho A) ,

stromal cell-derived factor 1 (SDF-1)/C-X-C motif chemokine

receptor 4(CXCR4) and other signaling pathways (Johnson et al.,

2003; Berthebaud et al., 2005; Liang et al., 2009). The association

of the RGS16 protein with immune, inflammatory, tumor and

metabolic disorders has been well established, and the

RGS16 protein may also be involved in hepatitis B -induced

inflammatory response. Therefore, the present review

summarizes the structure, characteristics, regulatory

mechanisms and known functions of RGS16 in different

diseases such as immunity, inflammation, tumors and

metabolic disorders.

RGS protein family

At the end of the 20th century, a family of G protein signaling

regulatory proteins (RGS) was identified in yeast, C. elegans and

mammals (Chan and Otte, 1982; Dohlman et al., 1996; Koelle

and Horvitz, 1996), and these represent a family of intracellular

proteins of different molecular sizes, structures and

multifunctionality that negatively regulate the signaling of

GPCRs and heterotrimeric G proteins in a canonical manner

(Koelle, 1997). RGS proteins control the strength and duration of

the G protein-mediated signaling pathway, and they act as

GTPase activating proteins (GAPs) which can accelerate the

hydrolysis of the active Gα-GTP form of GTP, and then

convert it into the inactive Gα-GTP form. This leads to the

termination of the downstream G protein signaling pathway

(Figure 1) (Gao et al., 2019; Masuho et al., 2020).

There are >30 RGS proteins in mammalian cells, all

belonging to one superfamily, and all members have a shared,

homologous, and highly conserved RGS domain or “RGS box”

consisting of 120 amino acid residues (Almutairi et al., 2020).

The RGS structural domain or “RGS box” mainly functions as

GAPs (Koelle, 1997). However, it has also been reported that

deletion of the RGS region resulted in the loss of GAP activity,

while the binding of the Gα subunit was structurally unchanged

(Ross and Wilkie, 2000; Sjögren et al., 2010; Kimple et al., 2011).

Notably, there are different sequences on either side of the

conserved RGS region, and this difference in sequence of the

flanking regions may be a determinant of the functional

specificity of RGS proteins. For instance, the RGS12 and

RGS14 proteins share the RBD structural domain and Go

Loco motif, through which both RGS12 and RGS14 interact

with activated small G proteins, such as H-Ras-GTP and Rap-2-

GTP (Willard et al., 2009; Shu et al., 2010). Unlike RGS14,

RGS12 also possesses two additional structural domains

including the PDZ and PTB domains. The C-terminus of

C-X-C motif chemokine receptor 2 is bound by the PDZ

domain (Snow et al., 1998b), while neuronal N-type calcium

channels are involved in PTB domain interactions (Schiff et al.,

2000; Richman et al., 2005). At the same time, both PDZ/PTB

domains markedly attenuate extracellular regulated protein

kinases (ERK) phosphorylation downstream of platelet derived

growth factor-βreceptor (Sambi et al., 2006). This indicates that

the sequence of the flanking region of the RGS proteins does

serve an indispensable role in their function.

In recent years, more and more RGS proteins have been

identified as research progresses. Based on the homology of

amino acids sequences and the presence of external signaling

domains, RGS proteins can be further divided into different

subfamilies (Xie et al., 2016) (Figure 2). The RGS subfamily binds

to different cognate Gα substrates through a unique

stereochemical structure. The RGS subfamilies B/R4,

C/R7 and D/R10 are involved in Gα i/o (Berman et al., 1996;

Snow et al., 1998b; Hooks et al., 2003; Bansal et al., 2007), the

B/R4 subfamily is also involved in Gαq (Heximer et al., 1997;

Tany et al., 2022), the F/GEF subfamily is involved in Gα12/13
(Kozasa et al., 1998; Siehler, 2009), and the A/RZ subfamily is

involved in Gαz and Gαi (Wang et al., 1998; Wang et al., 2002).
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The B/R4 subfamily is the largest subfamily in the RGS protein

classification, but they are the smallest RGS proteins in terms of

size (Bansal et al., 2007). This family is also the simplest of all

RGS proteins in terms of structure and function. Unlike the

B/R4 family, other families have multiple domains that interact

with multiple proteins besides the Gα subunit and have more

complex cellular effects (Almutairi et al., 2020).

Heterotrimeric G proteins catalyze the exchange of GTP

on Gα with GDP upon conformational changes in GPCR, and

the dissociation of activated GTP-Gα from Gβγ dimers to

regulate downstream effector proteins that in turn generate a

number of cellular responses, including cell proliferation, cell

differentiation, plasma membrane transport, cell motility, and

embryonic development (De Vries and Gist Farquhar, 1999;

Wang et al., 2020). In this process RGS proteins control the

strength and duration of G protein-mediated signaling

pathways, leading to the termination of downstream

signaling pathways, thus affecting these cellular processes

(Masuho et al., 2020; O’Brien et al., 2019). They are

involved in almost every aspect of cell biology and cause

reactions in every organ system involved in disease

processes such as cancer (Liang et al., 2009; Huang et al.,

2020), inflammation (Suurväli et al., 2015; Xie et al., 2016),

cardiovascular processes (Hendriks-Balk et al., 2008;

Hayasaka et al., 2017), immunity and even depression

(Muma, 2012). For instance, RGS1 is highly expressed in

multiple myeloma and is a promising target for the

treatment of multiple myeloma as a prognostic marker by

desensitizing or stimulating receptor activity, thereby altering

the GPCR signaling pathway and its downstream activity (Roh

et al., 2017). Absence of RGS5 enhances angiotensin

Ⅱ-induced blood pressure elevation and vasoconstriction,

thereby preventing anxiety-like behavior and angiotensin

Ⅱ-induced depression-like behavior (DʼSouza et al., 2019).

The classical biological role of RGS proteins at the cellular

level is acting as GAPs to regulate the GPCR signaling pathway

(Koelle, 1997). For example, RGS18, a myeloid-specific regulator

of G protein signaling molecules highly expressed in

megakaryocytes, acts as a GAP to regulate megakaryocyte

differentiation and chemotaxis in mammalian and yeast cells

in vitro via the GPCR signaling pathway (Yowe et al., 2001). In

addition, RGS2, RGS4 and RGS5 act as GAPs attenuating the G

protein signaling pathway in vascular and cardiac myocytes as

well as in cells of the kidney and autonomic nervous system,

which may be a possible strategy for the treatment and

prevention of hypertension and cardiovascular disease (Gu

et al., 2009). Nevertheless, in addition to acting as GAPs, RGS

proteins are also regulated through non-classical pathways. For

example, RGS5 reduces the proliferation of human ovarian

cancer-derived primary endothelial cells via the MAPK/ERK

signaling pathway under hypoxic conditions (Wang et al.,

2019). RGS10, the most highly expressed protein in peripheral

macrophages, inhibits the expression of cyclooxygenase-2 and

tumor necrosis factor α (TNFα) through a G protein non-

dependent mechanism to regulate inflammatory signaling in

microglia and ovarian cancer cells (Alqinyah et al., 2018).

RGS1 gene silencing inhibits the inflammatory response and

angiogenesis in rheumatoid arthritis rats by suppressing the toll-

like receptor (TLR) 3 signaling pathway (Hu et al., 2019). Overall,

the RGS protein family serves a critical role in the regulation of G

protein-mediated pathways and many pathophysiological

processes in various tissues through both classical and non-

classical pathways. Synchronously, the RGS16 protein has

been predicted to serve a central role in immune and

inflammatory responses in addition to being a key member of

the RGS family of oncogenes that contribute to the malignant

progression of a number of human cancer types, but this remains

to be further investigated (Xie et al., 2016).

FIGURE 1
Regulation of GPCR by RGS proteins and the cycle of G protein activation and inactivation. In the presence of agonists, the GPCR undergoes
conformational changes that induce the exchange of GDP on Gα to GTP and dissociation from Gβγ dimers, and in turn, the activated GTP-Gα and
Gβγ dimers regulate downstream effectors. RGS proteins function as GAPs by accelerating the hydrolysis of GTP to GDP, thereby inactivating G
proteins and finally leading to the termination of GPCR signaling. The structure of the G retinoid transduction complex was adopted from the
Protein Data Bank: 6OY9 (GPCR: Gα: Gβ: G: γ) (Gao et al., 2019; Masuho et al., 2020).
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Characteristics and functions of
RGS16

Orientation and structure

The RGS16 protein belongs to the B/R4 subfamily of RGS

proteins, which are highly conserved in mammals. In humans

and mice, most of the genes encoding B/R4 subfamily proteins

are located on chromosome 1, except for RGS3, which is located

on chromosome 9, and composed of two or more clusters of

genes, such as RGS4 and RGS5 on 1q23.3, RGS8 and RGS16 on

1q25.3, and RGS1, 2, 13, 18 and RGS21 on 1q31.2 (Sierra et al.,

2002) (Figure 3). Furthermore, the RGS1/RGS16 neighboring

region constitutes a synteny group that is highly conserved in

tetrapods, and genes in this region are closely homologous to

major histocompatibility complex (MHC) or other MHC

paralogs on chromosome 6, providing a useful marker for

studying the origin and evolution of MHC (Suurväli et al., 2013).

RGS16 was originally cloned from the retina by Snow BE

et al. At the same time, they revealed that RGS16 is highly

expressed in the retina and is also involved in the visual signaling

pathway (Chen et al., 1997; Snow et al., 1998a; Faurobert et al.,

1999). With the exception of the RGS3 protein, other members of

the B/R4 subfamily, including RGS16, also contain short,

disordered amino- and carboxy-terminal extensions and an α-
helix based on a conserved and functional RGS domain (Bansal

et al., 2007). RGS16 contains a core RGS structural domain,

located between amino acids 62 and 180. This structural domain

is highly conserved between yeast and mammalian RGS proteins

(Faurobert and Hurley, 1997). Human RGS16 is most similar to

FIGURE 2
Various RGS protein subfamilies, along with their known members and distinguishing structures. The abbreviated representation of protein
structural domain domains and patterns is as follows:β-Cat, β-catenin-binding; D-AKAP, dual-specificity A-kinase anchoring protein; DEP,
disheveled/EGL-10/pleckstrin; DH, Dbl homology; DIX, disheveled homology domain; GAIP, G α interacting protein; GEF, guanine nucleotide
exchange factor; GGL, G γ-like; GoLoco, Gαi/o-Loco; GRK, GPCR kinase; GSK, glycogen synthase kinase 3β-binding; PDZ, PSD95/D1g/Z0-1/2;
PEST, proline, glutamine, serine, threonine-rich; PH, pleckstrin homology; PP2A, protein phosphatase 2A; PTB, phosphotyrosine binding; PX,
phosphatidylinositol-binding; PXA, PX-associated; RBD, Ras-binding domain; RGS, Regulator of G protein Signaling domain; SNX, sorting nexin.
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RGS3 (175 amino acids at the C-terminus, GenBank U27655),

and mouse RGS16 (U72881) shares 86% identity with human

(Chen et al., 1996; Snow et al., 1998a). (Figure 4)A very short

unique membrane binding domain with amphiphilic

characteristics at the NH2 terminus of RGS16 provides the

structural basis for its membrane binding and biological

activity (Chen et al., 1999). The core RGS domain of

RGS16 maintains full G-protein binding and GTP-activating

protein activity in vitro, but its NH2-terminal domain is also

required for in vivo membrane binding and bioactivity, as

evidenced by its ability to attenuate pheromone signaling in

yeast (Chen et al., 1999). Membrane interacting protein of RGS16

(miR16), a putative membrane glycerol phosphodiester

phosphodiesterase, is required for its interaction with the RGS

structural domain of RGS16, and analysis of deletion mutants

suggests that the N-terminal region of the RGS domain in

RGS16 is required for its interaction with miR16 (Zheng

et al., 2000). Novel interactions between RGS proteins (RGS4,

RGS5and RGS16) and the multifunctional protein 14-3-3 have

been identified, and their interactions do not depend on any post-

translational modifications, with the 14-3-3 protein acting as a

molecular chelator that selectively blocks RGS proteins from

interacting with Gα and ultimately prolongs or enhances specific

G protein-mediated signaling (Abramow-Newerly et al., 2006). A

FIGURE 3
Specific region of each protein chromosome of B/
R4 subfamily. As shown in the figure, all the members of the B/
R4 subfamily are located on chromosome 1, except RGS3, which is
located on chromosome 9, such as RGS4 and RGS5 on
1q23.3, RGS8 and RGS16 on 1q25.3 RGS1, 2, 13, 18, 21 on 1q31.2.

FIGURE 4
Schematic structure of RGS16, amino acid sequence
homology analysis of human and mouse RGS16 (data from
GenBank). Query is human, Sbjct is mouse, the middle row
indicates where the human and mouse sequences are
identical, and the other blanks or + signs are where the sequences
are different.

FIGURE 5
Crystal structure of RGS16 and crystal structure of Gα
complexed with RGS16. The molecular structure of Gα and the
structural basis for RGS16-mediated inactivation were adopted
from the Protein Data Bank. 2BT2: crystal structure of Homo
sapiens-derived RGS16 2IK8: Human sapiens-derived crystal
structure of Gα in complex with RGS16 3C7L: crystal structure of
Mus musculus-derived RGS16 3C7K: Mus musculus-derived
crystal structure of Gα in complex with RGS16 (Slep et al., 2008;
Soundararajan et al., 2008).
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TABLE 1 Pathophysiological roles of RGS16.

Samples sources Stimuli/Disease model mRNA/
Protein

Expression Year References

Primary bone cell Chronic metabolic acidosis (MET) mRNA/
Protein

Decrease 2021 Krieger and Bushinsky,
(2021)

Tumor and blood DNA samples Primary sporadic breast cancer mRNA/
Protein

Decrease 2008 Wiechec et al. (2008)

Breast cancer cells dEF1 family proteins mRNA/
Protein

Decrease 2015 Hoshi et al. (2016)

Breast cancer cell line MCF7 EGF/PI3K mRNA/
Protein

Decrease 2009 Liang et al. (2009)

Pancreatic cancer tissue specimens Pancreatic cancer with lymph node metastasis mRNA/
Protein

Decrease 2010 Kim et al. (2010)

KIC; RGS16::GFP mice Pancreatic ductal adenocarcinoma (PDA) mRNA Increase 2020 Layeghi-Ghalehsoukhteh
et al. (2020)

KIC; RGS16::GFP mice Pancreatic ductal adenocarcinoma (PDA) mRNA Increase 2015 Ocal et al. (2015)

Twenty-two cell lines derived from
human gastrointestinal cancer

Gastrointestinal cancer mRNA/
Protein

Increase 2009 Miyoshi et al. (2009)

Human neuroblastoma BE (2)-C
and SH-SY5Y cell lines

Retinoic acid-induced neuroblastoma cells Protein Decrease 2005 Liu et al. (2005)

The CGGA microarray database Glioma mRNA Increase 2020 Huang et al. (2020)

Primary Human Chondrosarcoma
Tissue; Chondrosarcoma cell line JJ

MIR-181a/Chondrosarcoma mRNA/
Protein

Decrease 2015 Sun et al. (2015)

The array CGH study Hyper diploid acute lymphoblastic leukemia mRNA Increase 2007 Davidsson et al. (2007)

The UCSC Xena database Ovarian cancer mRNA Increase 2021 Hu et al. (2021)

THP1 LPS(1 ug/ml) Pam3CysSK4(10 ng/ml)2, 4, 6, 8 and24 h mRNA Increase 2015 Suurväli et al. (2015)

DC LPS (10 ng/ml) IL-10 (50 ng/ml)2 and 8 h mRNA Increase 2004 Shi et al. (2004)

PBCs; U937 and the 293 human
embryonic kidney cell lines

IL-2 (500 Pm) mRNA/
Protein

Increase 1999 Beadling et al. (1999)

RGS16−/− mice; Th1, Th2, or Th17 Pulmonary inflammation mRNA/
Protein

Increase 2012 Shankar et al. (2012)

RGS16 Tg mice Allergic inflammation mRNA Increase 2003 Lippert et al. (2003)

B cell; 70Z/3 cell line IL-17 (30 ng/ml) 5,15,30,60 min mRNA/
Protein

Increase 2010 Xie et al. (2010)

CD4+Tcell IL-17 (30 ng/ml) 1, 4 and 24 h mRNA/
Protein

Increase 2013 Ding et al. (2013)

CD8+ splenic T cells from the
RGS16mCherry-Cre-ERT2

Promotes antitumor CD8+ T cell exhaustion mRNA/
Protein

Increase 2022 Weisshaar et al. (2022)

Porcine kidney cell line PK-14/A LPS(2.5 ug/ml) PHA (1 ug/ml) ConA(5 ug/ml) polyI:C
(5 ug/ml)

mRNA Increase 2009 Timmusk et al. (2009)

Porcine kidney cell line PK-15/A Porcine circovirus type 2 (PCV2) Protein Decrease 2015 Choi et al. (2015)

C57BL/6 mice During fasting mRNA/
Protein

Increase 2006 Huang et al. (2006)

INS-1-derived 832/13 rat
insulinoma cells

Carbohydrate response element binding protein
(ChREBP)

mRNA Increase 2016 Sae-Lee et al. (2016)

AML12 cells; AAV8-Arg2 db/db
mice

Non-alcoholic fatty liver disease mRNA/
Protein

Decrease 2019 Zhang et al. (2019)

Primary hepatocyte; HEK293A;
Hepa1-6; C57BL/6J

Bioactive lipid accumulation, and hepatic inflammation mRNA/
Protein

Decrease 2021 Bai et al. (2021)

RGS16::GFP mice Embryonic endocrine pancreas and mouse models of
diabetes

Protein Increase 2010 Villasenor et al. (2010)

Male Wistar rats and C57BL/6N
mice

6-month-old Wistar rats infused with glucose or saline
for 72 h; Isolated rat islets exposed to 2.8 or16.7 mM
glucose for 24 h

mRNA Increase 2016 Vivot et al. (2016)

MO7e cells During megakaryocyte differentiation mRNA Increase 2006 Kim et al. (2006)
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comprehensive understanding of the structure of the

RGS16 protein and its interaction is crucial, and the crystal

structure of Gα in complex with RGS16 in the GTP hydrolysis

transition state is shown in Figure 5 (Slep et al., 2008;

Soundararajan et al., 2008).

Regulation of RGS16 expression and
function

RGS16is also known as A28-RGS14 or RGS-rand is expressed

in a variety of tissues and cells, being expressed at high levels in

the retina, pituitary gland, bone marrow and liver (Chen et al.,

1996; Chen et al., 1997; Snow et al., 1998a). It has emerged as an

important regulator of cellular processes under different

pathological and physiological conditions. Examples of

RGS16 protein, that function as GAPs at the cellular level is

regulation of the intensity and duration of the entire G protein

signaling process, thereby terminating the G protein signaling

pathway, are as follows: RGS16 interacts with protease-activated

receptor 2 (PAR2) in the presence of Gαi to inhibit PAR2/

Gαi-mediated signal transduction (Kim et al., 2018).

RGS16 binds to the β2 adrenergic receptor and suppressed

GαS mediated signal transduction. The role of RGS16 in

regulating the response of osteoblastic ovarian cancer G

protein-coupled receptor 1 to metabolic acidity stimulates

osteoclast bone resorption capacity, as GAPs affect

downstream signaling, which contributes to the understanding

of bone loss in patients with chronic nephropathy acidosis

(Krieger and Bushinsky, 2021). In summary, RGS16 protein

acts through the classical GPCR pathway, while subsequent

studies have illustrated that RGS16 protein also influences

disease processes through non-classical pathways, including

the MAPK, PI3K/Akt, Rho AandSDF-1/CXCR4 pathways

(Johnson et al., 2003; Berthebaud et al., 2005; Liang et al.,

2009). Liang et al. revealed that RGS16 protein expression is

upregulated in breast cancer cells and inhibits the activation of

the PI3K signaling pathway via epidermal growth factor receptor

(EGFR), thereby suppressing the proliferation of breast cancer

cells (Liang et al., 2009).

Studies have demonstrated that the activity and function of

RGS16 protein can be affected by post-translational

modifications, including phosphorylation and palmitoylation

(Chen et al., 1999; Druey et al., 1999; Chen et al., 2001;

Cunningham et al., 2001). Data have indicated that the

RGS16 protein contains two conserved tyrosine residues,

Tyr168 and Tyr177, in the RGS box, which are predicted

phosphorylation sites bi-directionally regulating the GAP

activity of RGS16 (Chen et al., 2001). EGFR-mediated tyrosine

phosphorylation of the RGS16 protein at the Tyr168 residue

reduces its GAP function on the Gα subunit, thereby impairing

its inhibition of ligand-stimulated MAPK activity. Mutation of

the Tyr177 residue of RGS16 does not affect its GAP activity

in vitro, but eliminates the ability of RGS16 to regulate Gq-

coupled MAP kinase activation or Gi-mediated inhibition of

adenylate cyclase (Derrien and Druey, 2001). Instead of affecting

the intracellular localization or GAP activity of RGS16,

Alexandrine Derrien et al. verified that tyrosine kinase-

mediated phosphorylation of RGS16 did not affect its

intracellular localization, but promoted its stability (Derrien

et al., 2003). Additionally, RGS16 is constitutively

phosphorylated at the serine 194 site when expressed in

HEK293T cells, whereas in cells expressing the α2A
adrenergic receptor, serine 53 is phosphorylated in a ligand-

dependent manner in response to adrenergic stimulation.

Phosphorylation of these two sites impairs their GAP activity

and subsequently attenuates heterotrimeric G protein-stimulated

extracellular signal-regulated protein kinase activity (Chen et al.,

2001). S-palmitoylation, or S-acylation, refers to the covalent

modification of long-chain fatty acids (usually 16-carbon

palmitic acid) to protein cysteine residues via thioester bonds,

which occurs on several molecules of the G-protein linkage

signaling pathway, and is a dynamic and reversible form of

post-translational modification that is widely present in living

organisms and serves an important role in regulating protein

transport, cellular localization and stability, and is involved in a

number of biological processes and closely related to the

occurrence and development of numerous diseases (Druey

et al., 1999). In a previous study, RGS16 was involved in the

membrane localization at the NH2-terminal palmitoylation sites

Cys-2 and Cys-12 of the RGS box (De Vries et al., 1996; Druey

et al., 1999). Furthermore, Chen C et al. reported palmitoylation

of RGS16 in Saccharomyces cerevisiae, but this modification does

not require plasma membrane binding or adapter signaling

regulation (Chen and Lin, 1998; Chen et al., 1999). Overall,

there may be differences in palmitoylation of RGS16 among

different species; however, this usually has an effect on the

activity of RGS16.

Role of RGS16 in tumors

RGS proteins and GPCR-mediated signaling pathways often

serve a key role in tumorigenesis, and certain hallmark oncogenic

processes, such as uncontrolled growth, invasion, and metastasis,

can be attributed to alterations in GPCR signaling pathways.

Therefore, as a member of the RGS protein family and an

important regulatory protein of the GPCR pathway,

RGS16 undoubtedly serves a nonnegligible role in

tumorigenesis. More specifically, recent studies have found

that the RGS16 protein is associated with a variety of cancer

types, including breast cancer (Wiechec et al., 2008; Liang et al.,

2009; Wiechec et al., 2011; Hoshi et al., 2016), pancreatic cancer

(Kim et al., 2010; Carper et al., 2014; Ocal et al., 2015; Zolghadri

et al., 2018; Layeghi-Ghalehsoukhteh et al., 2020), colorectal

cancer (Buckbinder et al., 1997; Miyoshi et al., 2009),
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neuroblastoma (Liu et al., 2005; Airoldi et al., 2006), glioma

(Huang et al., 2020), chondrosarcoma (Sun et al., 2015), hyper

diploid acute lymphoblastic leukemia in children (Davidsson

et al., 2007) and other malignant tumors. RGS16 has been studied

in breast cancer. Allelic imbalance mapping analysis verified that

the 1q25.3 region where the RGS16 protein is located is highly

unstable in breast tumors, and RGS16 expression was reduced in

breast cancer samples due to allelic imbalance, intragenic

chromosomal break points and methylation (Wiechec et al.,

2008). Additionally, δEF1 family proteins (δEF1/zinc finger

E-box binding homeobox 1 and Smad interacting protein-1/

zinc finger E-box binding homeobox 2), key regulators of

epithelial-mesenchymal transition (EMT), inhibit

RGS16 expression and promotebreast cancer cell invasion,

suggesting that low RGS16 expression may contribute to the

promotion of cancer cell motility by δEF1 family proteins (Hoshi

et al., 2016). On the contrary, high RGS16 expression in breast

tumors attenuates the growth factor-induced PI3K signaling

pathway, thereby inhibiting proliferation, human epidermal

growth factor receptor 2 activation and resistance to

chemotherapeutic agents in breast tumor cells (Liang et al.,

2009). Overall, these discoveries indicate that RGS16 has a

critical effect in breast cancer progression through allelic

analysis, δEF1 family protein inhibition and GPCR-

independent pathways, demonstrating that RGS16 may be a

novel therapeutic target in breast cancer.

In parallel to the investigation of RGS16 in breast cancer,

several relevant studies have also linked changes in

RGS16 expression to poor prognosis of cancer. For example,

in patients with pancreatic cancer with lymph node metastasis,

the RGS16 and FosB expression is markedly reduced in

pancreatic cancer andis closely associated with a decreased

survival rate of patients (Kim et al., 2010). Expression of

RGS16- green fluorescent protein (GFP), which inhibits Gi/

q-coupled GPCRs, negatively regulates pancreatic ductal

adenocarcinoma (PDA) progression and can be used for rapid

preclinical in vivo validation of novel chemotherapeutic agents

targeting early lesions in patients at high risk for successful

resection or progression to PDA. RGS16-GFP has recently

been reported in caerulein-induced acinar cell

dedifferentiation, early tumor and throughout PDA

progression (Layeghi-Ghalehsoukhteh et al., 2020) (Ocal et al.,

2015). This suggests that RGS16 may be used as a prognostic

marker for pancreatic cancer and PDA. Additionally, a recent

study has suggested that RGS16 can be used as a diagnostic

biomarker for immune subtypes of ovarian cancer and as a

biomarker to predict the clinical stage of the disease (Hu

et al., 2021).

In colorectal cancer, however, RGS16has a completely

different biological function. RGS16 mRNA and protein

expression in colorectal cancer tissues is higher than that in

normal tissues, but the prognosis of patients with high

RGS16 expression is worse than that of patients with low

RGS16 expression, and RGS16 can be used as a prognostic

indicator for patients with colorectal cancer (Miyoshi et al.,

2009). Other recent in vitro experiments have revealed that

RGS16 is oversaturated in glioma cell lines and facilitates

tumor cell proliferation and migration through the EMT

process, suggesting the potential of RGS16 as a novel

prognostic biomarker and therapeutic target (Huang et al.,

2020). Therefore, such studies imply that RGS16 may serve as

a biomarker for diagnosis and prognosis in cancer. Many studies

(summarized in Table 1) have shown that RGS16 expression is

regulated by various stimuli in different cell types and disease

models.

In terms of malignancies, synergistic expression of dual

specificity phosphatase 6 and RGS16 blocks the growth of

retinoic acid-induced neuroblastoma cells (Liu et al., 2005). A

novel mechanism by which microRNA-181a increases

CXCR4 signaling through inhibition of RGS16 protein

promotes chondrosarcoma growth, angiogenesis, and

metastasis (Sun et al., 2015). Finally, RGS16 protein is

aberrantly expressed in hyper diploid acute lymphoblastic

leukemia, suggesting that RGS16 may be involved in

hematologic malignancies (Davidsson et al., 2007). Above all,

RGS16 protein exerts a critically influential regulatory effect in

these malignancies through GPCRs and other non-classical

signaling pathways, and has the to be a potential therapeutic

target for the regulation of tumor processes.

RGS16 in immunity and inflammation

Immune cells are involved in the development of numerous

diseases, and a number of key regulatory molecules can

participate in the progression of related diseases by affecting

the function of these immune cells. Similar to our and other

teams’ previous studies, hepatitis B e antigen (HBeAg) induces

activation of macrophages via the TLR-2/nuclear factor-κB (NF-

κB) signaling pathway, further aggravating liver fibrosis (Xie

et al., 2021) and the ERK/cyclic adenosine monophosphate

(cAMP)-response element binding protein/microRNA-212–3p

negative feedback loop to inhibit HBeAg-induced macrophage

activation, and thus, aggravates liver injury (Chen et al., 2020). As

one of the newly discovered molecules, accumulating data have

indicated that RGS16 is expressed in various immune cells such

as monocytes (Suurväli et al., 2015), T lymphocytes (Beadling

et al., 1999), dendritic cells (Shi et al., 2004) and natural killer

cells (Kveberg et al., 2005). Therefore, this section mainly

summarizes the expression of RGS16 in a variety of immune

cells and its known functions in inflammation.

RGS16 is a crucial modulator of inflammatory responses and

can inhibit pro-inflammatory responses (Shankar et al., 2012).

Suurväli J reported that overexpression of RGS16 inTHP-1 cells

was associated with decreased production of the pro-

inflammatory cytokines interleukin (IL)-1β, IL-6 and TNFα
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after lipopolysaccharide (LPS) stimulation, while RNAi

knockdown of RGS16 in THP-1 cells was associated with

increased expression of the pro-inflammatory cytokines IL-1β,
IL-6 and TNFα after LPS stimulation (Suurväli et al., 2015).

Furthermore, the RGS16 gene was up-regulated 100 times in

human monocyte-derived dendritic cells treated with LPS

compared with untreated cells (Perrier et al., 2004). One of

the mechanisms by which TLRs, important pattern

recognition receptors on dendritic cells, alter GPCR signaling

is by altering RGS expression, and it has been demonstrated that

TLR3 or TLR4 is involved in the induction of RGS16 expression

on monocyte-derived dendritic cells in human and mice,

although more so in human cells than in mouse cells (Shi

et al., 2004). Therefore, RGS16 expression was markedly

increased on monocytes and monocyte-derived dendritic cells

after LPS treatment, implying that RGS16 may be engaged in

innate immune-related inflammatory diseases.

In addition, RGS16 expression is markedly altered in B and

T cells when they are exposed to different conditions, suggesting

that RGS16 also serves an essential role in adaptive immunity

(Estes et al., 2004). It has been demonstrated that

RGS16 expression is upregulated in human primary T

lymphocytes after IL-2 stimulation; however, excessive cAMP

inhibits RGS16 expression on T cells (Beadling et al., 1999).

Allergic respiratory inflammation often accompanies human

asthma and produces inflammatory responses such as allergy

cytokine (IL-3, IL-4, IL-5) production, airway eosinophil

recruitment, presence of immunoglobulin E (atopic) and

increased mucus secretion from cupped cells. However, the

accumulation of these inflammatory changes can lead to

airway sensitivity to narrowing triggers, causing allergic

airway inflammation which has been reported to be

associated with RGS16 (Lambrecht and Hammad, 2015).

Chemokine-induced recruitment of T lymphocytes to the

lung is essential for allergic inflammation, and RGS16 has

been demonstrated to affect T cell migration and activation

by restricting the signaling pathways of chemokine receptors

CXCR4, C-C motif chemokine receptor 3 and C-C motif

chemokine receptor 5, thereby affecting allergic inflammation

(Lippert et al., 2003; Shankar et al., 2012). In earlier studies,

RGS16 transgenic mice in an allergic airway model had reduced

numbers of lung T helper 2 (Th2) cells and markedly increased

numbers of Th2 cells produced by lymphoid-like organs, leading

to severe generalized inflammation and airway

hyperresponsiveness (AHR) disease (Lippert et al., 2003).

There are also reports that RGS16 suppresses pulmonary

inflammation by regulating chemokines, such as C-C motif

chemokine receptor 4, C-C motif chemokine receptor 10, and

C-Cmotif chemokine ligand 17, whichmediate T-cell restriction

of Schistosoma mansoni granulomas (Shankar et al., 2012).

RGS16 protein has also been reported to attenuate the lung T

helper 17 cell inflammatory response (Shankar et al., 2012).

Recent literature indicates that RGS16 synergizes with

programmed cell death protein 1 blockade and promotes

antitumor cluster of differentiation 8-positive T cell failure in

an ERK1-dependent manner (Weisshaar et al., 2022). Similar to

T cells, the function of B cells, one of the important adaptive

immune cells, is also regulated by RGS16. The germinal center

(GC) is a structure located within the secondary lymphoid

follicles and is the site of proliferation, selection, maturation

and death of B cells (Mesin et al., 2016). Spontaneous GC

formation exists in mouse models of autoimmune disease,

and human autoimmune disease may be associated with GC

formation or dysfunction (Linterman et al., 2009; Craft, 2012).

Specific cellular foci that promote the interactions of antigen

presentation and T and/or B cells during normal immune

responses are referred to as spontaneous GCs. These are

formed in the presence of C-X-C motif chemokine ligand

12(CXCL12) and C-X-C motif chemokine ligand 13, while

RGS proteins downregulate lymphocyte responses to these

chemokines, thereby retarding B and T cell migration

(Walker et al., 2003). It has been reported that RGS16 is

mainly expressed in cluster of differentiation 4-positive

(CD4+) T cells and B cells of GCs, which can accelerate the

intrinsic rate of the Gα GTPase reaction and down-regulate the

response of lymphocytes to chemokines, thus delaying the

migration of CD4+ T cells and B cells of GCs (Lippert et al.,

2003) (Ding et al., 2013). For example, IL-17 targets self-reactive

B cells in BXD2 mice, rapidly activates the NF-κB signaling

pathway, leads to upregulation of RGS16 expression in

spontaneous development centers, delays B cell migration,

and promotes the formation of spontaneous GCs (Xie et al.,

2010) (Hsu et al., 2008). These data all suggest that RGS16 serves

an important role in the migration of T and B cells.

RGS16 is utilized not only by organisms to regulate the

function of various immune cells, but also by pathogens to

disrupt the host immune response and promote inflammatory

responses. Sequence analysis of the non-structural protein

encoded by porcine circovirus type 2 (PCV2) open reading

frame 3 (ORF3) indicates that it is closely related to human

and murine RGS16. Immunofluorescent labeling has confirmed

the induced expression of poRGS16 at the protein level and

revealed that PCV2 ORF3 protein co-localizes with poRGS16 in

LPS-activated porcine peripheral blood mononuclear cells

(Timmusk et al., 2009). Additionally, the PCV2 ORF3 protein

promotes the degradation of RGS16, further enhances the

nuclear translocation of NF-κB through the ERK1/2 signaling

pathway, and promotes the secretion of IL-6 and IL-8 from

porcine epithelial cells, which is the reason why a severe

inflammatory response and leukocyte infiltration will be

induced around the host cells early in PCV2 infection (Choi

et al., 2015). This is a good example of how pathogens can utilize

the RGS16 protein to disrupt the host immune response and

promote inflammation. Recently Seung-Hoon Lee et al. detected

single nucleotide polymorphisms (SNPs) in the RGS16 region,

which were associated with PCV2 viral load in 22 identified SNPs
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and in both haplotype and double haplotype analyses, and in

conclusion, they demonstrated that RGS16 SNPs affect

PCV2 viral load (Lee et al., 2021).

RGS16 in biorhythms and metabolism

As one of the candidate biological clock/bio-clock control

genes, RGS16 is mainly expressed in the suprachiasmatic nucleus

(SCN) and thalamus of the brain and in the liver, suggesting that

RGS16 is associated with central and peripheral circadian clocks

(Grafstein-Dunn et al., 2001; Ueda et al., 2002; Hayasaka et al.,

2011). The SCN is the main circadian pacemaker in mammals

and is a network structure consisting of multiple types of

neurons. A key feature of RGS16 is that it functions in the

SCN in a time-specific manner (Mieda et al., 2015). G protein-

coupled receptor 176 (Gpr176) is an orphan SCN-rich GPCR

that determines the speed of the central clock of the SCN (Doi

et al., 2016). Naoto Hayasaka et al. demonstrated that RGS16 is

involved in two independent but interacting circadian rhythm

systems, light-entrainable oscillator and food-entrainable

oscillator. Compared with wild-type mice, RGS16 knockout

mice exhibited shorter rhythms of locomotor activity and

reduced total activity. In addition, SCN-controlled food

anticipatory activity was diminished when feeding was

restricted during the day in these knockout mice, suggesting

that RGS16 is closely associated with Gpr176 and regulates

central biological rhythmic processes via the GPCR pathway

(Hayasaka et al., 2011).

In terms of the peripheral biological clock, Huang J reported

that RGS16 is predominantly expressed in periportal hepatocytes

during the last hours of the daily fast, which are predominantly

lipolytic and gluconeogenic (Huang et al., 2006). Interestingly, it

has been previously demonstrated that RGS16 mRNA and

protein are upregulated during fasting and rapidly

downregulated upon resumption of fasting (Huang et al.,

2006). Compared with wild-type mice, RGS16 knockout mice

developed fatty liver after 10 days of a high-fat, high-

carbohydrate diet and exhibited higher fatty acid oxidation

rates and plasma β-ketone levels, in contrast to transgenic

mice expressing RGS16 protein specifically in the liver, which

exhibited the opposite phenotype and low glucose levels and

developed fatty liver after overnight fasting. The glucose-

dependent transcription factor carbohydrate response element-

binding protein (ChREBP) induces fatty acid synthesis, which in

turn is required to induce RGS16 expression during fasting,

suggesting that RGS16 feedback inhibits fatty acid oxidation

in the liver (Sae-Lee et al., 2016). Furthermore, Zhang Y et al.

revealed that arginase 2 (Arg2) was a fasting-induced hepatocyte

factor and was upregulated under fasting conditions and after

treatment with alginate, an inhibitor of ChREBP, to prevent liver

and peripheral fat accumulation, liver inflammatory response,

insulin, and poor glucose tolerance in an obese mouse model.

Interestingly, Arg2 can inhibit RGS16 expression and

RGS16 gene recombination can reverse the effects of

Arg2 overexpression, suggesting that Arg2 reduces hepatic fat

accumulation in hepatocytes by inhibiting RGS16 (Zhang et al.,

2019). Circadian-induced expression of G0/G1 switch 2 and

RGS16 in hepatocytes, which regulates substrate oxidation in

resting hepatocytes, has recently been reported to reduce liver

inflammation and fibrosis in obese mice, suggesting that

RGS16 is essential for maintaining liver health (Bai et al.,

2021). Therefore, RGS16 expression in hepatocytes is

controlled by feeding and fasting and can inhibit fatty acid

metabolism through ChREBP and promote lipid synthesis

under the control of Arg2. Apart from being influenced by

biorhythms in the liver, RGS16 has also been reported to be

influenced by biorhythms in the pancreas. Mice with deletion of

the RGS16 gene develop a dedifferentiated exocrine pancratia at

2 months of age and become malnourished, underweight,

hypoglycemicand hypothermic (Zolghadri et al., 2018).

RGS16 and RGS8 are expressed in embryonic pancreatic

progenitor and endocrine cells and disappear in adults;

however they are reactivated in type I and II diabetes models,

which suggests that the RGS16 and RGS8 proteins may become a

novel target for further treatment of diabetes (Villasenor et al.,

2010). In rodent and human islets, RGS16 is a novel regulator of

β-cell function that promotes insulin secretion and β-cell
proliferation by limiting the tonic inhibitory signal exerted on

islets through δ-cell-derived somatostatin (Vivot et al., 2016).

Overall, RGS16 may be an active therapeutic strategy for the

treatment of fat accumulation, liver inflammatory diseases, and

insulin and glucose intolerance mediated by biorhythms.

Effect of RGS16 in coagulation

Platelets have no nucleus and are cytoplasmic fragments

derived from bone marrow megakaryocytes (Rendu and

Brohard-Bohn, 2001). Their principal function is to promote

hemostasis and accelerate clotting by responding, together with

clotting factors, to bleeding from vascular injury (Ross et al.,

1988). Additionally, RGS16 protein is highly expressed in

megakaryocytes and platelets (Berthebaud et al., 2005; Kim

et al., 2006). It has recently been proposed that

RGS16 moderate’s platelet function and thus influences the

coagulation process (Zhang et al., 1999; Berthebaud et al.,

2005; Karim et al., 2016; Hernandez et al., 2019). Previously,

it has been observed that overexpression of RGS16 in the

megakaryocyte MO7e cell line inhibitsSDF-1-induced

migration and leads to MAPK and AKT inactivation, thereby

affecting platelet coagulation (Berthebaud et al., 2005). The

platelet-secreted chemokine CXCL12 activates platelets in an

autocrine/paracrine manner (Walsh et al., 2015). Compared with

wild-type mice, platelets in a RGS16 knockout mouse model

exhibited increased protease-activated receptor 4 and collagen-
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induced aggregation, as well as markedly increased agonist-

dependent platelet aggregation, dense granule and alpha

granule release, integrin αIIbβ3 activation, and

phosphatidylserine exposure after CXCL12 stimulation. In

addition, ERK and Akt phosphorylation levels in platelets

were also considerably enhanced after CXCL12 stimulation.

These phenomena suggest that RGS16 serves an important

role in the coagulation process by regulating platelet activation

through CXCL12 (Karim et al., 2016). Similarly, the

RGS16 protein attenuates the stimulation of MAPK p38 by G

protein-coupled platelet-activated factor PAF receptor,

potentially affecting the function of the PAF receptor in

coagulation (Zhang et al., 1999). Based on the above,

RGS16 protein may also affect platelet function through some

non-classical pathways, which is not well studied, but may be a

potential mechanism for the treatment of coagulation disorders.

Conclusion and prospects

Since its discovery at the end of the 20th century, there has

been tremendous progress in understanding the structure,

function and regulatory mechanisms of RGS16, as well as its

potential role in various pathophysiological states. Despite its

simple structure, the studies discussed in the present review

suggest that RGS16 is an important regulator in immune,

inflammatory, tumor, biological rhythm and metabolic

disorders, and coagulation dysfunction. It has been

demonstrated that the function of RGS16 can be affected at

the transcription and post-translation levels, including by

induced expression, and modification through

phosphorylation and palmitoylation, although this has not

been well established and has mostly been reported in cell

models, with a lack of studies on specific cells or disease

models. RGS16 is expressed in a variety of immune cells and

affects the function of these immune cells involved in the

development of immune and inflammatory diseases, and this

aspect has not been studied in detail. In addition, RGS16 serves a

non-negligible role in tumorigenesis, especially in the

progression of breast cancer, for which it may be a novel

therapeutic target, and its expression levels are also a

biomarker for the diagnosis and prognosis of pancreatic

cancer, PDA, colorectal cancer and glioma; however, its

expression has only been tested in relation to prognosis. In

addition, RGS16 is a candidate biomarker for the regulation

of central and peripheral biorhythms, and its role has been

confirmed in knockout mice; however, the specific mechanism

is not clear. Furthermore, it also affects platelet function, and

thus, the development of coagulation through non-classical

signaling pathways. Finally, although RGS16 is involved in the

regulation of classical and other non-classical signaling pathways,

its specific interacting molecules and phosphorylation or

palmitoylation modification status in these signaling pathways

remain to be studied. In conclusion, RGS16 serves an important

regulatory role in the development and process of various

diseases via GPCRs and other non-classical signaling

pathways. Although this has not yet been examined in-depth,

it may suggest potential mechanisms and targets for the

treatment of these diseases.
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Glossary

GPCRs G protein-coupled receptors

GDP Guanosine diphosphate

GEFs Guanine-nucleotide exchange factors

GTP Guanosine triphosphate

RGS Regulators of G protein signaling

GTPase guanosine triphosphatase

MAPK mitogen-activated protein kinase

PI3K phosphoinositide 3-kinase

AKT protein kinase B

Rho A Ras homolog family member A

SDF-1 stromal cell-derived factor 1

CXCR4 C-X-C motif chemokine receptor 4 pathways

GAPs GTPase activating proteins

ERK extracellular regulated protein kinases

TNFα tumor necrosis factor α
TLR toll-like receptor

MHC major histocompatibility complex

PAR2 protease-activated receptor 2

HER2 human epidermal growth factor receptor-2

EGFR epidermal growth factor receptor

EMT epithelial-mesenchymal transition

GFP green fluorescent protein

PDA pancreatic ductal adenocarcinoma

HBeAg hepatitis B e antigen

NF-κB nuclear factor-κB

cAMP cyclic adenosine monophosphate

IL interleukin

LPS lipopolysaccharide

AHR airway hyperresponsiveness

GC germinal center

CXCL12 C-X-C motif chemokine ligand 12

CD4+ cluster of differentiation 4-positive

PCV2 porcine circovirus type 2

ORF3 open reading frame 3

SNPs single nucleotide polymorphisms

SCN suprachiasmatic nucleus

Gpr176 G protein-coupled receptor 176

ChREBP carbohydrate response element binding protein

Arg2 arginase 2
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