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The G protein-coupled receptor (GPCR) kinases (GRKs) are a family of seven serine/threonine kinases that are 

recruited to and activated by almost all agonist-occupied GPCRs. Upon recruitment and activation, GRK2 

inhibits G protein-dependent signaling downstream of GPCRs both directly, for example by sequestering 

activated G proteins, and indirectly, by promoting the recruitment of β-arrestins, which sterically hinder further 

G protein activation and drive receptor internalization. In addition to switching off G protein signaling, GRK2 

also initiates a number of G protein-independent signaling pathways downstream of activated GPCRs by 

recruiting scaffolding proteins or by phosphorylating non-GPCR substrates. Furthermore, it has recently 

become clear that the GRKs regulate signaling downstream of receptors that belong to families other than the 

GPCRs, including the transforming growth factor β (TGFβ) receptor and the toll-like receptor TLR4. Here we 

focus on recent studies demonstrating an important role for GRK2 in regulating signaling in both positive and 

negative ways downstream of various receptor tyrosine kinases (RTKs), including platelet-derived growth factor 

(PDGF) receptors, epidermal growth factor (EGF) receptors and insulin-like growth factor 1 (IGF-1) receptors. 
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Structure and tissue distributions of the G protein- 

coupled receptor kinases (GRKs) 

The G protein-coupled receptor kinases (GRKs) are a 

family of seven serine/threonine kinases (GRKs 1-7) that 

are characterized by their highly conserved central 

catalytic domains [1, 2]. Their more variable amino-terminal 

and carboxyl-terminal regions allow them to be separated 

into three subfamilies based on sequence homology 

comparisons. GRKs 2 and 3 of the ‘GRK2 subfamily’ and 

GRKs 5 and 6 of the ‘GRK4 subfamily’ all have broad 

tissue distributions. GRK4 expression is limited to the 

testis, kidney and cerebellum while both members of the 

‘GRK1 subfamily’, GRKs 1 and 7, are limited to the retina, 

with GRK1 additionally expressed in the pineal gland [3]. 

The amino-terminal regions of the GRKs all contain a 

regulator of G protein signaling (RGS) homology (RH) 
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domain [1, 2]. Classical RGS domains bind to Gα subunits 

of heterotrimeric G proteins and promote their GTPase 

activity. The RH domain of GRK2 binds to GTP-bound 

Gαq, Gα11 and Gα14 but lacks GTPase-activating protein 

(GAP) activity [4]. Other binding partners have also been 

identified for the GRK2 RH domain, including 

adenomatous polyposis coil protein (APC) [5] and 

NFκB1p105 [6]. GRK2 binding to APC modulates Wnt 

signaling, whilst binding to NFκB1p105 attenuates 

NFκB1p105-dependent ERK activation, as discussed 

below. The binding partners for the RH domains of the 

other GRK family members remain to be identified. The 

carboxyl-terminal region of the GRKs is poorly conserved 

and variable in length. It contains lipid and protein binding 

sites that control plasma membrane targeting of the GRKs 

as well as sites for regulatory phosphorylation and lipid 

modifications [1, 2].  

This review will focus on the signaling functions of 

GRK2, the most extensively studied of the GRKs. Crystal 

structures of GRK2 show that the amino-terminal RH 

domain forms broad contacts with both the central 

catalytic domain and carboxyl-terminal domains. The RH 

domain and the carboxyl-terminal region are adjacent to 

each other in the three-dimensional folded structure with 

interactions mediated by a hydrophobic patch and ionic 

bridges [7, 8]. In fact, while the RH domain is predominantly 

amino-terminal, two of its helices are contributed by a 34 

amino acid sequence from the carboxyl- terminal region, 

causing the three domains of GRK2 to be arranged as the 

sides of an equilateral triangle and allowing binding events 

at the amino- terminal domain to be communicated 

allosterically to the carboxyl-terminal domain and vice-

versa [7, 8]. 

GRK2 modulation of GPCR signaling 

G protein-coupled receptors (GPCRs) constitute a large 

and important superfamily of cell surface receptors with 

roles in regulating most physiological processes. Although 

a huge variety of different proteins are known to interact 

with GPCRs either constitutively or in an agonist-

dependent fashion, many are selective to certain GPCRs or 

subfamilies of GPCRs. Two classes of proteins are unique 

in that they are directly recruited to the vast majority of 

agonist-occupied GPCRs. These are heterotrimeric G 

proteins and the GRKs. Upon agonist binding, GPCRs 

initially recruit and activate heterotrimeric G proteins 

causing their dissociation into Gα and Gβγ subunits, which 

interact with various downstream effectors. G proteins are 

recruited to GPCRs approximately 50 ms after agonist 

binding and are activated within 500 ms, remaining 

activated for 10-20 s [9]. Approximately 10 s after agonist 

binding, GRKs are recruited to activated GPCRs and are 

allosterically activated, thus triggering a GRK-mediated 

second phase of signaling events that can persist in the 

order of minutes or hours [9]. GRKs 2 and 3 are targeted to 

the plasma membrane in response to GPCR activation in a 

G protein-dependent manner. This is mediated by 

activated, membrane-localized Gβγ subunits which, in 

coordination with phosphatidylinositol-4, 5-bisphosphate 

(PIP2), bind to a pleckstrin homology (PH) domain 

contained within the carboxyl-terminal domains of GRKs 

2 and 3. Thus, GRKs 2 and 3 are recruited selectively to 

membrane regions containing agonist-occupied GPCRs [10, 

11].  

GRK recruitment and activation plays a critical role in 

determining the nature of the signal emanating from an 

activated GPCR. G protein-dependent signaling down- 

stream of GPCRs is inhibited by GRK2 both indirectly and 

directly. GRK2-mediated phosphorylation of GPCRs (at 

serine and threonine residues usually within the third 

intracellular loop and/or carboxyl- terminal tail) promotes 

β-arrestin engagement, which sterically hinders G protein 

activation and recruits β-arrestin-binding components of 

clathrin-coated pits such as the clathrin adaptor AP2, 

which promote receptor internalization [2]. GRK2 can 

directly switch off G protein signaling by binding and 

sequestering activated Gq via its RH domain [12] and, 

presumably, Gβγ via its PH domain or by directly 

recruiting proteins that promote receptor internalization 

such as GRK interacting protein 1 (GIT1) [13], 

phosphatidylinositol-3-kinase (PI3K) [14] and clathrin [15]. 

Conversely, activated GRK2 also initiates a number of 

signaling pathways downstream of various GPCRs, by 

recruiting scaffolding proteins or by phosphorylating non-

GPCR substrates (see following section). Finally, since β-

arrestins are themselves scaffolding proteins that regulate 

the activity of a variety of signaling pathways, the GRK2-

dependent recruitment of β-arrestins to GPCRs represents 

another means by which GRK2 can indirectly activate 

signaling downstream of agonist- occupied GPCRs. 

Representative examples of GPCR signaling pathways 

initiated by GRK2 

In response to Gq-coupled GPCR activation, for 

example activation of the muscarinic type 1 receptor 

(M1MR), GRK2 promotes epithelial cell membrane 

ruffling by phosphorylating the membrane-cytoskeleton 

linker protein ezrin at threonine residue 567, causing it to 

adopt a functional conformation for plasma membrane and 

actin binding [16]. Radixin, another member of the closely 

related ezrin/radixin/moesin (ERM) family of membrane-

cytoskeleton linker proteins, is also phosphorylated by 

GRK2 at the equivalent activating threonine residue, 

promoting membrane protrusion and motility of epithelial 

cells [17].  
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Epithelial cell motility is also enhanced by GRK2-

mediated phosphorylation of histone deacetylase 6 

(HDAC6), a cytoplasmic HDAC with substrates including 

tubulin, the building block of microtubules [18]. 

Phosphorylation of HDAC6 by GRK2 increases tubulin 

deacetylation at the leading edge of both epithelial cells 

and fibroblasts, increasing cell migration. Note that tubulin 

itself is a GRK2 substrate that is phosphorylated in 

response to GPCR activation, however it is not clear 

whether tubulin phosphorylation by GRK2 influences its 

deacetylation or vice versa [19, 20].  

GRK2 can also initiate signaling via kinase- 

independent mechanisms in response to GPCR activation. 

In some instances this provides another mechanism for 

GRK2-mediated regulation of cell motility. For example, 

downstream of the sphingosine-1-phosphate receptor 

(S1PR), GRK2 recruits GIT1 and promotes GIT1 

scaffolding of the ras-related C3 substrate (Rac)/ P21- 

activated kinase (PAK)/ MEK/ ERK MAP kinase cascade 

in order to promote ERK activation and epithelial cell 

migration [21]. Sequential phosphorylation of GRK2 at 

tyrosine residues within its amino terminus followed by 

phosphorylation at serine 670 in its carboxyl terminus is 

thought to promote and disrupt GIT1 binding respectively, 

resulting in a transient interaction of GRK2 with GIT1 and 

a cyclical pattern of S1P-mediated ERK activation at the 

leading edge of the migrating cells [21].  

As well as initiating a number of signaling events 

directly, including those described above, GRK2 can 

initiate additional signaling pathways indirectly by 

promoting the recruitment of β-arrestins to agonist- 

stimulated GPCRs. Once bound to GRK- phosphorylated 

GPCRs, β-arrestins sterically block further G protein 

activation but also adopt conformations that allow them to 

act as scaffold proteins for the recruitment and activation 

of many different signaling components. For example, 

GRK2 and β-arrestin-2 are required for endothelin type A 

(ETA) receptor-induced migration of vascular smooth 

muscle cells [22]. The scaffolding functions of β-arrestins 

have been reviewed extensively elsewhere [23, 24] and so are 

not discussed in detail here. 

GPCR signaling pathways attenuated by GRK2 

As well as directly initiating G protein-independent 

signaling pathways, such as those described in the 

previous section, there are other examples of G protein- 

independent signaling pathways downstream of GPCRs 

that are attenuated by GRK2. The GPCR frizzled, in 

response to its ligand Wnt, promotes the release of β-

catenin from a multi-protein degradation complex that also 

contains axin and APC. This stabilizes β-catenin, allowing 

it to translocate to the nucleus and activate its target genes 

[25]. GRK2 binds to APC via its RH domain and promotes 

β-catenin degradation, thus inhibiting Wnt signaling [5]. In 

sinusoidal epithelial cells, GRK2 has been shown to 

directly bind Akt via its carboxyl-terminal region, 

inhibiting Akt kinase activity [26]. This is proposed to occur 

due to displacement of Akt from its proper subcellular 

localization and is thought to reduce Akt-induced nitric 

oxide production, which occurs downstream of endothelin 

type B (ETB) receptor activation [26]. 

GRK2-dependent regulation of MAPK signaling 

downstream of GPCR activation is complex. As described 

above, GRK2 can increase ERK activation by directly 

recruiting the ERK scaffold GIT1 to the S1P receptor in 

order to promote cell motility. In contrast, phosphorylation 

of p38 by GRK2 at a specific residue within its docking 

groove prevents its activation by upstream MAPK MKK6, 

thus attenuating p38 signaling [27]. Downstream of 

chemokine receptors, GRK2 has also been found to 

attenuate ERK activation by directly binding and 

sequestering MEK, the upstream activator of ERK [28-30].  

GRK2 regulation of other families of receptors 

An important development in our understanding of the 

functions of GRKs has been the discovery that they 

regulate signaling by other receptor families in addition to 

the GPCRs. The transforming growth factor β (TGFβ) 

receptor has intrinsic serine/threonine kinase activity and 

phosphorylates cytoplasmic SMAD proteins in response to 

TGFβ binding, promoting their shuttling to the nucleus, 

where they regulate gene expression. GRK2 can 

phosphorylate SMADs 2 and 3 at threonine residue 197, 

preventing receptor-induced SMAD phosphorylation and 

thus attenuating TGFβ receptor signaling [31]. Members of 

the NFκB family of transcription factors translocate to the 

nucleus and regulate gene expression in response to 

activation of various different receptors. This requires 

phosphorylation and subsequent degradation of IκB 

inhibitory proteins that otherwise sequester NFκB in the 

cytoplasm. GRK2 binds to NFκB1p105 [6] and negatively 

regulates NFκB1p105-dependent ERK activation 

downstream of lipopolysaccharide (LPS) activation of the 

toll-like receptor TLR4 [32]. Presumably, the ability of 

GRK2 to bind to NFκB1p105 via its RH domain [6] 

prevents IκB-mediated phosphorylation and degradation 

of NFκB1p105.  

Another study has shown that GRK2 localizes to 

mitochondria in response to TLR4 activation in macro- 

phages, where it promotes mitochondrial biogenesis and 

reduces the production of reactive oxygen species (ROS) 
[33]. GRK2 also localizes to mitochondria in 

cardiomyocytes in response to stress-induced 

phosphorylation of GRK2 at serine residue 670, which 
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promotes binding of GRK2 to the mitochondrial 

chaperone Hsp90 [34]. While mitochondrial GRK2 has a 

protective effect in macrophages, it promotes cell death in 

cardiomyocytes. The mechanism of mitochondrial 

translocation also appears to differ in macrophages where 

translocation is induced by expression of the carboxyl-

terminal peptide mimic of GRK2 [33], while expression of 

the same peptide reduces mitochondrial GRK2 in 

cardiomyocytes [34]. 

A focus on modulation of receptor tyrosine kinase 

(RTK) signaling by GRKs 

GRKs have been found to regulate signaling 

downstream of several different receptor tyrosine kinases 

(RTKs) [35], a comprehensive list of RTKs known to be 

regulated by GRKs is presented in Table 1. Agonist 

Table 1．A list of RTKs known to be regulated by GRKs 

RTK GRK Effect Reference 

IGF-1 receptor GRK2 Reduced ERK activation [37] 

Increased Akt activation [37] 

GRK5, GRK6 Increased ERK and Akt activation [37] 

PDGF receptor GRK2 Reduced Akt activation [50] 

Reduced receptor activation, as assessed by receptor tyrosine 

phosphorylation 

[39] 

EGF receptor GRK2 Increased ERK activation due to ERK scaffolding by GRK2 [42] 

Increased ERK activation due to PDEγ phosphorylation by GRK2 [41] 

Insulin receptor GRK2 Sequestration of Gq, reduced GLUT4 translocation to the plasma 

membrane 

[45] 

Phosphorylation of IRS-1 by GRK2 [47] 

NGF receptor GRK2 Increased ERK activation [38] 

VEGF receptor GRK5 Reduced ERK and Akt activation [55] 

induced interactions with GRK2 have been demonstrated 

for platelet-derived growth factor (PDGF) receptors, 

epidermal growth factor (EGF) receptors and insulin-like 

growth factor 1 (IGF-1) receptors [36, 37] and GRK2 

interacts constitutively with the nerve growth factor (NGF) 

receptor TrkA [38]. In most cases this has been found to 

result in diminished signaling; GRK2 phosphorylation of 

PDGF and IGF-1 receptors reduces receptor activation [37, 

39], reminiscent of the GRK- mediated blockade of G 

protein signaling at GPCRs. However, recent work has 

shown that GRK recruitment to some agonist-activated 

RTKs, including the EGF receptor, results in initiation of 

specific signaling pathways [40-42], demonstrating that the 

GRKs play a vital role in signaling downstream of both 

GPCRs and RTKs, selectively switching off some 

pathways and initiating others. A surprising number of 

parallels are in fact emerging between GPCR and RTK 

signaling; as well as recruiting GRKs, some RTKs have 

been found to couple to heterotrimeric G proteins [43]. The 

insulin receptor is one example of an RTK that signals via 

Gq [44]. GRK2 binds and sequesters Gq via its RH domain, 

attenuating insulin-induced glucose transporter type 4 

(GLUT4) translocation to the plasma membrane [45]. 

GRK2 also regulates insulin signaling by phosphorylating 

insulin receptor substrate 1 (IRS-1), promoting its 

degradation [46, 47]. This has been observed in both 

adipocytes [48] and cardiomyocytes of the failing heart [47], 

and is thought to mediate insulin resistance in both cases.  

GRK2 potentiates ERK activation downstream of the 

NGF receptor TrkA in a mechanism that is thought to 

involve recruitment of β-arrestin and subsequent β- 

arrestin-dependent ERK scaffolding [38]. In contrast, 

GRK2-mediated phosphorylation of the IGF-1 receptor 

reduces IGF-1-induced ERK activation. GRK2-mediated 

IGF-1 receptor phosphorylation may however function to 

increase Akt activation, since siRNA knockdown of 

GRK2 was found to reduce IGF-1-induced phospho-Akt 

levels in HEK-293 cells [37]. Our work has identified a 

novel interaction between GRK2 and the activated, GTP-

bound, form of the small GTPase RhoA that occurs 

downstream of the EGF receptor to promote ERK 

activation [42]. GRK2 does not interact with the inactive, 

GDP-bound, form of RhoA, or with the active forms of 

other small GTPases, including Ras, Rac, Arf6 or Cdc42. 

Stimulation of the EGF receptor promotes direct binding 

of RhoAGTP to the catalytic domain of GRK2. This does 

not affect the kinase activity of GRK2 but rather promotes 

the binding of GRK2 to the three components of the 

Raf/MEK/ERK MAP kinase cascade [42]. We found that 

scaffolding of Raf, MEK and ERK by GRK2 promotes 

ERK activation downstream of the EGF receptor in a 

RhoAGTP-dependent fashion, thus un- covering GRK2 as a 

novel Rho effector. Activation of the EGF receptor also 

promotes binding of GRK2-K220R, a kinase-dead mutant 
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of GRK2, to activated RhoA and activated ERK, 

indicating that RhoAGTP-dependent ERK scaffolding and 

activation is a kinase-independent function of GRK2 [42]. 

GRK2 has previously been shown to initiate signaling 

downstream of the EGF receptor using a kinase-dependent 

mechanism. Phosphorylation of pho- sphodiesterase-γ 

(PDEγ) by GRK2, in response to EGF receptor 

stimulation, promotes the formation of a signaling 

complex containing GRK2, PDEγ and Src, resulting in 

increased Src-mediated ERK activation [41, 49]. Thus GRK2 

appears to have multiple signaling functions downstream 

of EGF receptor activation. 

The PDZ domain-containing sodium/hydrogen ex- 

changer regulatory factor (NHERF), which is required for 

PDGF but not EGF receptor dimerization, dissociates from 

the PDGF receptor upon receptor phosphorylation by 

GRK2 [50]. This may explain how phosphorylation by 

GRK2 can negatively regulate PDGF receptor but not EGF 

receptor activation. It should also be noted that, while 

PDGF receptor activation as measured by its tyrosine 

phosphorylation is reduced, PDGF-induced ERK 

activation is unaffected by GRK2 [50]. It would be 

interesting to test whether RhoAGTP-dependent ERK 

scaffolding by GRK2 can also occur downstream of the 

PDGF receptor as this may offset the loss of Grb2/ 

Sos1/Ras-mediated ERK activation that occurs due to 

reduced receptor activation, potentially explaining why 

overall ERK activation appears unaffected.  

Signaling specificity of GRK2 

Given that GRK2 is capable of regulating many 

different signaling pathways, both positively and 

negatively, it is important to understand how it achieves 

selectivity such that it performs the correct function 

depending on the particular receptor or cellular context. 

How, for example, can GRK2 function as an ERK scaffold 

to increase ERK activation downstream of the EGF 

receptor but inhibit ERK activation by sequestering MEK 

downstream of chemokine receptors? Our work has shown 

that ERK MAPK scaffolding by GRK2 is dependent on 

RhoGTP binding to the kinase [42]. However, GRK2 

negatively regulates ANGII-induced ERK activation by 

phosphorylating and internalizing the receptor in HEK-

293 cells [51] and in vivo [52], despite the fact that the 

angiotensin receptor (AT1R) is also known to activate Rho 
[53]. GRK2 has previously been demonstrated to be an EGF 

receptor substrate [54] and unpublished data from our lab 

suggests that EGF-induced RhoGTP binding to GRK2 is 

prevented in a previously-described GRK2 mutant lacking 

three tyrosine residues, 13, 86 and 92 within the GRK2 

amino-terminal domain [21]. This suggests that tyrosine 

phosphorylation of GRK2 is required for EGF-induced 

RhoGTP binding and subsequent ERK scaffolding by 

GRK2. Therefore ERK scaffolding by GRK2 may be 

specific to receptors that both activate Rho and stimulate 

phosphorylation of GRK2 at these sites. Future studies will 

no doubt further our understanding of how the many 

various functions of GRK2 are regulated downstream of 

both GPCRs and RTKs.  

Summary 

GRKs are recruited to agonist-activated GPCRs, where 

they function as signaling modulators that block some 

pathways and initiate others, depending on the receptor or 

cellular context. Once activated, GRK2 can promote such 

diverse cellular responses as apoptosis or cell migration by 

phosphorylating or binding to a variety of different 

signaling proteins. GRK2 may simultaneously attenuate 

alternative G protein-dependent or G protein-independent 

signaling pathways. It is now clear that this central role of 

the GRKs is not limited to GPCRs but rather operates 

downstream of many receptor families, not least the RTKs. 

How a group of only four ubiquitously expressed kinases 

can accurately perform such a variety of different 

functions is not fully understood but likely depends on 

their selective recruitment to specific receptor 

conformations, their phosphorylation and/or their 

association with different binding partners following 

receptor recruitment. A more detailed understanding of 

these regulatory mechanisms may help to elucidate how to 

regulate specific GRK functions in a therapeutically useful 

fashion.  

References 

1. Pitcher JA, Freedman NJ, Lefkowitz RJ. G protein-coupled 

receptor kinases. Annual review of biochemistry 1998;67: 653-

692. 

2. Premont RT, Gainetdinov RR. Physiological roles of g protein-

coupled receptor kinases and arrestins. Annual review of 

physiology 2007;69:511-534. 

3. Ribas C, Penela P, Murga C, Salcedo A, Garcia-Hoz C, Jurado-

Pueyo M, et al. The g protein-coupled receptor kinase (grk) 

interactome: Role of grks in gpcr regulation and signaling. 

Biochimica et biophysica acta 2007;1768:913-922. 

4. Day PW, Wedegaertner PB, Benovic JL. Analysis of g-protein-

coupled receptor kinase rgs homology domains. Methods in 

enzymology 2004;390:295-310. 

5. Wang L, Gesty-Palmer D, Fields TA, Spurney RF. Inhibition 

of wnt signaling by g protein-coupled receptor (gpcr) kinase 2 

(grk2). Mol Endocrinol 2009;23:1455-1465. 

6. Parameswaran N, Pao CS, Leonhard KS, Kang DS, Kratz M, 

Ley SC, et al. Arrestin-2 and g protein-coupled receptor kinase 

5 interact with nfkappab1 p105 and negatively regulate 

lipopolysaccharide-stimulated erk1/2 activation in 

macrophages. J Biol Chem 2006;281:34159-34170. 

file:///F:/吴万红的RCI文件夹/166－RCI/166-RCI.docx%23_ENREF_42
file:///F:/吴万红的RCI文件夹/166－RCI/166-RCI.docx%23_ENREF_41
file:///F:/吴万红的RCI文件夹/166－RCI/166-RCI.docx%23_ENREF_49
file:///F:/吴万红的RCI文件夹/166－RCI/166-RCI.docx%23_ENREF_50
file:///F:/吴万红的RCI文件夹/166－RCI/166-RCI.docx%23_ENREF_50
file:///F:/吴万红的RCI文件夹/166－RCI/166-RCI.docx%23_ENREF_42
file:///F:/吴万红的RCI文件夹/166－RCI/166-RCI.docx%23_ENREF_51
file:///F:/吴万红的RCI文件夹/166－RCI/166-RCI.docx%23_ENREF_52
file:///F:/吴万红的RCI文件夹/166－RCI/166-RCI.docx%23_ENREF_53
file:///F:/吴万红的RCI文件夹/166－RCI/166-RCI.docx%23_ENREF_54
file:///F:/吴万红的RCI文件夹/166－RCI/166-RCI.docx%23_ENREF_21


Receptors & Clinical Investigation 2014; 1: e166. doi: 10.14800/rci.166; © 2014 by James D Robinson, et al. 

http://www.smartscitech.com/index.php/rci 
 

6 
 

7. Lodowski DT, Pitcher JA, Capel WD, Lefkowitz RJ, Tesmer 

JJ. Keeping g proteins at bay: A complex between g protein-

coupled receptor kinase 2 and gbetagamma. Science 

2003;300:1256-1262. 

8. Tesmer VM, Kawano T, Shankaranarayanan A, Kozasa T, 

Tesmer JJ. Snapshot of activated g proteins at the membrane: 

The galphaq-grk2-gbetagamma complex. Science 

2005;310:1686-1690. 

9. Lohse MJ, Nuber S, Hoffmann C. Fluorescence/ 

bioluminescence resonance energy transfer techniques to study 

g-protein-coupled receptor activation and signaling. 

Pharmacological reviews 2012;64:299-336. 

10. Pitcher JA, Inglese J, Higgins JB, Arriza JL, Casey PJ, Kim C, 

et al. Role of beta gamma subunits of g proteins in targeting the 

beta-adrenergic receptor kinase to membrane-bound receptors. 

Science 1992;257:1264-1267. 

11. Pitcher JA, Touhara K, Payne ES, Lefkowitz RJ. Pleckstrin 

homology domain-mediated membrane association and 

activation of the beta-adrenergic receptor kinase requires 

coordinate interaction with g beta gamma subunits and lipid. J 

Biol Chem 1995;270:11707-11710. 

12. Carman CV, Parent JL, Day PW, Pronin AN, Sternweis PM, 

Wedegaertner PB, et al. Selective regulation of galpha(q/11) by 

an rgs domain in the g protein-coupled receptor kinase, grk2. J 

Biol Chem 1999;274:34483-34492. 

13. Premont RT, Claing A, Vitale N, Freeman JL, Pitcher JA, 

Patton WA, et al. Beta2-adrenergic receptor regulation by git1, 

a g protein-coupled receptor kinase-associated adp ribosylation 

factor gtpase-activating protein. Proc Natl Acad Sci U S A 

1998;95:14082-14087. 

14. Perrino C, Naga Prasad SV, Schroder JN, Hata JA, Milano C, 

Rockman HA. Restoration of beta-adrenergic receptor 

signaling and contractile function in heart failure by disruption 

of the betaark1/phosphoinositide 3-kinase complex. 

Circulation 2005;111:2579-2587. 

15. Shiina T, Arai K, Tanabe S, Yoshida N, Haga T, Nagao T, et 

al. Clathrin box in g protein-coupled receptor kinase 2. J Biol 

Chem 2001;276:33019-33026. 

16. Cant SH, Pitcher JA. G protein-coupled receptor kinase 2-

mediated phosphorylation of ezrin is required for g protein-

coupled receptor-dependent reorganization of the actin 

cytoskeleton. Mol Biol Cell 2005;16:3088-3099. 

17. Kahsai AW, Zhu S, Fenteany G. G protein-coupled receptor 

kinase 2 activates radixin, regulating membrane protrusion and 

motility in epithelial cells. Biochimica et biophysica acta 

2010;1803:300-310. 

18. Lafarga V, Aymerich I, Tapia O, Mayor F, Jr., Penela P. A 

novel grk2/hdac6 interaction modulates cell spreading and 

motility. The EMBO journal 2012;31:856-869. 

19. Pitcher JA, Hall RA, Daaka Y, Zhang J, Ferguson SS, Hester 

S, et al. The g protein-coupled receptor kinase 2 is a 

microtubule-associated protein kinase that phosphorylates 

tubulin. J Biol Chem 1998;273:12316-12324. 

20. Carman CV, Som T, Kim CM, Benovic JL. Binding and 

phosphorylation of tubulin by g protein-coupled receptor 

kinases. J Biol Chem 1998;273:20308-20316. 

21. Penela P, Ribas C, Aymerich I, Eijkelkamp N, Barreiro O, 

Heijnen CJ, et al. G protein-coupled receptor kinase 2 

positively regulates epithelial cell migration. The EMBO 

journal. 2008;27:1206-1218. 

22. Morris GE, Nelson CP, Brighton PJ, Standen NB, Challiss RA, 

Willets JM. Arrestins 2 and 3 differentially regulate eta and 

p2y2 receptor-mediated cell signaling and migration in arterial 

smooth muscle. American journal of physiology. Cell 

physiology. 2012;302:C723-734. 

23. Shukla AK, Xiao K, Lefkowitz RJ. Emerging paradigms of 

beta-arrestin-dependent seven transmembrane receptor 

signaling. Trends Biochem Sci 2011;36:457-469. 

24. DeFea KA. Beta-arrestins as regulators of signal termination 

and transduction: How do they determine what to scaffold? Cell 

Signal 2011;23:621-629. 

25. Smalley MJ, Dale TC. Wnt signalling in mammalian 

development and cancer. Cancer metastasis reviews 1999;18: 

215-230. 

26. Liu S, Premont RT, Kontos CD, Zhu S, Rockey DC. A crucial 

role for grk2 in regulation of endothelial cell nitric oxide 

synthase function in portal hypertension. Nature medicine 

2005;11:952-958. 

27. Peregrin S, Jurado-Pueyo M, Campos PM, Sanz-Moreno V, 

Ruiz-Gomez A, Crespo P et al. Phosphorylation of p38 by grk2 

at the docking groove unveils a novel mechanism for 

inactivating p38mapk. Current biology: CB 2006;16: 2042-

2047. 

28. Jimenez-Sainz MC, Murga C, Kavelaars A, Jurado-Pueyo M, 

Krakstad BF, Heijnen CJ et al. G protein-coupled receptor 

kinase 2 negatively regulates chemokine signaling at a level 

downstream from g protein subunits. Mol Biol Cell 

2006;17:25-31. 

29. Jurado-Pueyo M, Campos PM, Mayor F, Murga C. Grk2-

dependent desensitization downstream of g proteins. Journal of 

receptor and signal transduction research. 2008; 28:59-70. 

30. Kleibeuker W, Jurado-Pueyo M, Murga C, Eijkelkamp N, 

Mayor F, Jr., Heijnen CJ, et al. Physiological changes in grk2 

regulate ccl2-induced signaling to erk1/2 and akt but not to 

mek1/2 and calcium. Journal of neurochemistry. 2008;104: 

979-992. 

31. Ho J, Cocolakis E, Dumas VM, Posner BI, Laporte SA, Lebrun 

JJ. The g protein-coupled receptor kinase-2 is a tgfbeta-

inducible antagonist of tgfbeta signal transduction. The EMBO 

journal. 2005;24:3247-3258. 

32. Patial S, Saini Y, Parvataneni S, Appledorn DM, Dorn GW, 

2nd, Lapres JJ, et al. Myeloid-specific gpcr kinase-2 negatively 

regulates nf-kappab1p105-erk pathway and limits endotoxemic 

shock in mice. Journal of cellular physiology 2011;226:627-

637. 

33. Sorriento D, Fusco A, Ciccarelli M, Rungi A, Anastasio A, 

Carillo A, et al. Mitochondrial g protein coupled receptor 



Receptors & Clinical Investigation 2014; 1: e166. doi: 10.14800/rci.166; © 2014 by James D Robinson, et al. 

http://www.smartscitech.com/index.php/rci 
 

7 
 

kinase 2 regulates proinflammatory responses in macrophages. 

FEBS Lett 2013;587:3487-3494. 

34. Chen M, Sato PY, Chuprun JK, Peroutka RJ, Otis NJ, Ibetti J, 

et al. Prodeath signaling of g protein-coupled receptor kinase 2 

in cardiac myocytes after ischemic stress occurs via 

extracellular signal-regulated kinase-dependent heat shock 

protein 90-mediated mitochondrial targeting. Circulation 

research 2013;112:1121-1134. 

35. Hupfeld CJ, Olefsky JM. Regulation of receptor tyrosine kinase 

signaling by grks and beta-arrestins. Annual review of 

physiology 2007;69:561-577. 

36. Freedman NJ, Kim LK, Murray JP, Exum ST, Brian L, Wu JH, 

et al. Phosphorylation of the platelet-derived growth factor 

receptor-beta and epidermal growth factor receptor by g 

protein-coupled receptor kinase-2. Mechanisms for selectivity 

of desensitization. J Biol Chem 2002;277:48261-48269. 

37. Zheng H, Worrall C, Shen H, Issad T, Seregard S, Girnita A, et 

al. Selective recruitment of g protein-coupled receptor kinases 

(grks) controls signaling of the insulin-like growth factor 1 

receptor. Proc Natl Acad Sci U S A 2012;109:7055-7060. 

38. Rakhit S, Pyne S, Pyne NJ. Nerve growth factor stimulation of 

p42/p44 mitogen-activated protein kinase in pc12 cells: Role of 

g(i/o), g protein-coupled receptor kinase 2, beta-arrestin i, and 

endocytic processing. Molecular pharmacology 2001; 60:63-

70. 

39. Wu JH, Goswami R, Kim LK, Miller WE, Peppel K, Freedman 

NJ. The platelet-derived growth factor receptor-beta 

phosphorylates and activates g protein-coupled receptor 

kinase-2. A mechanism for feedback inhibition. J Biol Chem 

2005;280:31027-31035. 

40. Gao J, Li J, Ma L. Regulation of egf-induced erk/mapk 

activation and egfr internalization by g protein-coupled 

receptor kinase 2. Acta biochimica et biophysica Sinica 

2005;37:525-531. 

41. Wan KF, Sambi BS, Tate R, Waters C, Pyne NJ. The inhibitory 

gamma subunit of the type 6 retinal cgmp phosphodiesterase 

functions to link c-src and g-protein-coupled receptor kinase 2 

in a signaling unit that regulates p42/p44 mitogen-activated 

protein kinase by epidermal growth factor. J Biol Chem 

2003;278:18658-18663. 

42. Robinson JD, Pitcher JA. G protein-coupled receptor kinase 2 

(grk2) is a rho-activated scaffold protein for the erk map kinase 

cascade. Cell Signal 2013;25:2831-2839. 

43. Waters C, Pyne S, Pyne NJ. The role of g-protein coupled 

receptors and associated proteins in receptor tyrosine kinase 

signal transduction. Seminars in cell & developmental biology 

2004;15:309-323. 

44. Imamura T, Vollenweider P, Egawa K, Clodi M, Ishibashi K, 

Nakashima N, et al. G alpha-q/11 protein plays a key role in 

insulin-induced glucose transport in 3t3-l1 adipocytes. 

Molecular and cellular biology 1999;19:6765-6774. 

45. Usui I, Imamura T, Satoh H, Huang J, Babendure JL, Hupfeld 

CJ, et al. Grk2 is an endogenous protein inhibitor of the insulin 

signaling pathway for glucose transport stimulation. The 

EMBO journal 2004;23:2821-2829. 

46. Garcia-Guerra L, Nieto-Vazquez I, Vila-Bedmar R, Jurado-

Pueyo M, Zalba G, Diez J, et al. G protein-coupled receptor 

kinase 2 plays a relevant role in insulin resistance and obesity. 

Diabetes 2010;59:2407-2417. 

47. Ciccarelli M, Chuprun JK, Rengo G, Gao E, Wei Z, Peroutka 

RJ, et al. G protein-coupled receptor kinase 2 activity impairs 

cardiac glucose uptake and promotes insulin resistance after 

myocardial ischemia. Circulation 2011;123:1953-1962. 

48. Usui I, Imamura T, Babendure JL, Satoh H, Lu JC, Hupfeld CJ, 

et al. G protein-coupled receptor kinase 2 mediates endothelin-

1-induced insulin resistance via the inhibition of both 

galphaq/11 and insulin receptor substrate-1 pathways in 3t3-l1 

adipocytes. Mol Endocrinol 2005;19:2760-2768. 

49. Wan KF, Sambi BS, Frame M, Tate R, Pyne NJ. The inhibitory 

gamma subunit of the type 6 retinal cyclic guanosine 

monophosphate phosphodiesterase is a novel intermediate 

regulating p42/p44 mitogen-activated protein kinase signaling 

in human embryonic kidney 293 cells. J Biol Chem 

2001;276:37802-37808. 

50. Hildreth KL, Wu JH, Barak LS, Exum ST, Kim LK, Peppel K, 

et al. Phosphorylation of the platelet-derived growth factor 

receptor-beta by g protein-coupled receptor kinase-2 reduces 

receptor signaling and interaction with the na(+)/h(+) 

exchanger regulatory factor. J Biol Chem 2004;279: 41775-

41782. 

51. Kim J, Ahn S, Ren XR, Whalen EJ, Reiter E, Wei H, et al. 

Functional antagonism of different g protein-coupled receptor 

kinases for beta-arrestin-mediated angiotensin ii receptor 

signaling. Proc Natl Acad Sci U S A 2005;102:1442-1447. 

52. Eckhart AD, Ozaki T, Tevaearai H, Rockman HA, Koch WJ. 

Vascular-targeted overexpression of g protein-coupled receptor 

kinase-2 in transgenic mice attenuates beta-adrenergic receptor 

signaling and increases resting blood pressure. Molecular 

pharmacology 2002;61:749-758. 

53. Bhattacharya M, Babwah AV, Ferguson SS. Small gtp-binding 

protein-coupled receptors. Biochemical Society transactions 

2004;32:1040-1044. 

54. Chen Y, Long H, Wu Z, Jiang X, Ma L. Egf transregulates 

opioid receptors through egfr-mediated grk2 phosphorylation 

and activation. Mol Biol Cell 2008;19:2973-2983. 

55. Zhou RH, Pesant S, Cohn HI, Soltys S, Koch WJ, Eckhart AD. 

Negative regulation of vegf signaling in human coronary artery 

endothelial cells by g protein-coupled receptor kinase 5. 

Clinical and translational science 2009;2:57-61. 


